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Abstract
Long-term assessments of thermal responses of housed Jersey cows raised in tropical conditions were performed to investigate
the effect of climate environment on their physiological performance and thermal equilibrium. Twelve Jersey dairy cows with
326.28 ± 30 kg of body weight, 17.66 ± 1.8 of milk yield, and 165.5 ± 6.8 of days in milking were assigned in two 12 × 12 Latin
square designs. Air temperature, relative humidity, partial vapor pressure, direct and diffuse short-wave solar radiation and black
globe temperature under the shade, and direct sunlight were recorded. Physiological responses as respiratory rate (RR, breaths
min−1), ventilation (VE, L s−1), proportion (%) of oxygen (O2) and carbon dioxide (CO2), saturation pressure (PS{TEXH}), and air
temperature (TEXH, °C) of the exhaled air were assessed protected from solar radiation and rain. Rectal temperature (TR, °C), skin
temperature (TEP, °C), and hair coat surface temperature (TS, °C) were also recorded. The thermal equilibrium was determined
from biophysical equations according to the principles of the energy conservation law in a control volume. Exploratory and
confirmatory analyses were performed from principal components and by the least square method, respectively. The cows were
evaluated under range of ambient air temperature from 26 to 35 °C, relative humidity from 27 to 89%, and short-wave radiation
from 0 to 729 W m−2. Exploratory and confirmatory analyses demonstrated that a similar level of nocturnal and diurnal air
temperatures evoked distinct (P < 0.05) responses for rectal (TR, °C) and skin (TEP, °C) temperatures, ventilation (VE, L s−1), tidal
volume (TV, L breaths−1), and oxygen consumption (ΔO2, %) and carbon dioxide output (ΔCO2, %), clearly revealing an
endogenous rhythm dependence. In conclusion, these findings clarify how the circadian rhythmicity of the thermal environment
and animal’s biological clock dictate dynamics of heat generated by metabolism, dissipated to the environment and physiological
parameters of the housed Jersey cows raised in tropical condition; therefore, it is fundamental to help us to understand how the
Jersey dairy cows under tropics are affected by the climatic conditions, leading to better ways of the environmental management.

Keywords Circadian cycle . Body temperature . Dairy cattle . Thermoregulation . Tropical climate

* Sheila Tavares Nascimento
sheila.tn@gmail.com

Alex Sandro Campos Maia
alex.maia@fcav.unesp.br

Vinícius de França Carvalho Fonsêca
vinicius_fonseca86@hotmail.com

Carolina Cardoso Nagib Nascimento
carolnagib@yahoo.com.br

Marcos Davi de Carvalho
marcoscarvalho@zootecnista.com.br

Maria da Graça Pinheiro
mgpinheiro@apta.sp.gov.br

1 Faculty of Agronomy and Veterinary Science, University of Brasília,
Darcy Ribeiro Campus, Brasília, DF 70910-900, Brazil

2 Innovation Group of Biometeorology, Behavior and Animal Welfare
(INOBIO-MANERA), Biometorology Laboratory, Sao Paulo State
University, Jaboticabal, Brazil

3 Brain Function Research Group, School of Physiology, University of
the Witwatersrand, Johannesburg, South Africa

4 Granja Piara, 149 Tonho da Nena Street, Patos de
Minas, MG 38703-062, Brazil

5 Agência Paulista de Tecnologia dos Agronegócios, 2419
Bandeirantes Avenue, Ribeirão Preto, SP 14030-670, Brazil

https://doi.org/10.1007/s00484-019-01734-w
International Journal of Biometeorology (2019) 63:1487–1496

/Published online: 2019May30

http://crossmark.crossref.org/dialog/?doi=10.1007/s00484-019-01734-w&domain=pdf
http://orcid.org/0000-0001-8396-753X
mailto:sheila.tn@gmail.com


Introduction

Heat tolerance is determined by the relationship between met-
abolic heat production and the ability to dissipate body heat
(Berman 2011). Cattle are physical systems in which thermal
energy is produced continuously by metabolic processes and,
at the same time, exchanges with its external environment by
sensible and latent pathways (Da Silva and Maia 2013).
Studies emphasizing the effect of hot climates on physiolog-
ical responses and thermal equilibrium of dairy cows are rel-
atively abundant in the literature (Kibler and Brody 1954;
Kibler 1960; Gebremedhin et al. 1981; Keren and Olson
2006; Usman et al. 2013; Willians et al. 2016), and most of
them aim to understand aspects of morphological traits and
physiological and behavioral responses that explain the heat
tolerance of dairy cattle, as well as, seeking strategies to mit-
igate negative effects of the high thermal load on dairy cattle
thermoregulation.

Early attempts to import high-yielding dairy cows from
temperate regions to be raised in hot climates did not present
satisfactory results (Berman 2011; Vilela et al. 2017); these
animals show high sensitivity to harsh environmental condi-
tions that may be associated with non-attainment of their ge-
netic potential (Ostojić-Andrić et al. 2017). Nevertheless, over
the last century, the dairy cattle populations in tropical regions
have acquired phenotypic characteristics that conferred a bet-
ter thermal tolerance to these environments. Investigations on
cutaneous surface traits, physiological responses and balance
of heat production, gain, and loss have been performed to
better understand the heat tolerance of dairy Holstein cows
raised in the tropical conditions (Da Silva 1999, 2000; Da
Silva et al. 2003, 2012; Maia et al. 2003, 2005a, b; Santos
et al. 2017). However, observing the scenario of the Brazilian
milk production chain, other breeds like Jersey have good
potential to be managed in tropical conditions due to their
genetic, adaptive, and productive characteristics. When com-
pared with the Holstein, the Jersey cattle have a relatively
higher relative surface area/mass ratio, better skin protection
against ultraviolet solar radiation, and greater sweating capac-
ity (Silva et al. 1988), but there is a lack of findings on thermal
equilibrium of Jersey dairy cows.

Furthermore, the majority of findings in the literature
highlighting the effect of thermal environment on physiological
responses of dairy cattle have been restricted to short measure-
ments across the day. Therefore, the findings of the present study
come to supply this information in the literature. The circadian
rhythmicity is an adaptive mechanism of the animal, which syn-
chronizes a wide range of physiological and behavioral functions
to counter with the possible offensive environmental conditions
(Maloney et al. 2013). In this view, the objectives of this study
were to perform long-term assessments of thermal responses of
the housed Jersey cows raised in tropical conditions and to in-
vestigate the effect of climate environment on their physiological

performance and thermal equilibrium. Research dealing with
these aspects may very well improve our understanding about
environmental management requirements and heat tolerance of
dairy cows raised in tropical environment.

Materials and methods

Animals, experimental design, and management

The study was carried out at the Paulista Agency for
Agribusiness Technology (APTA), Ribeirão Preto, São Paulo
State, Brazil (21° 10′ S, 47° 48′ W, 546 m altitude) in
September and November 2014. Twelve Jersey dairy cows with
326.28 ± 30 kg of body weight, 17.66 ± 1.8 of milk yield, and
165.5 ± 6.8 days inmilking were randomly assigned in two 12 ×
12 Latin square (LS) designs. Data were recorded from 08:00
AM to 08:00 PM on LS1 during 12 days; for example, the first
animal was evaluated between 08:00 and 09:00 h, the second
between 09:00 and 10:00 h, and so until the last evaluation was
performed between 07:00 PM and 08:00 h PM. Subsequently,
the same animals were randomly assigned on LS2 to perform
evaluations from 08:00 PM to 08:00 h AM during 12 different
days, totalizing 24 days of records. Between measurements, sub-
jects were housed in a free-stall barn, being fed a total mixed
ration of corn silage (70%) and grain (30%) at 06:00 and 17:00 h.
Fresh water was provided ad libitum.

Meteorological variables

Meteorological variables as ambient air temperature (TA, °C),
relative humidity (HR %), partial vapor pressure (PP{TA},
kPa), black globe temperature under the shade (TG(in), °C),
and direct sunlight (TG(out), °C) were registered at regular
10-min intervals with a Data Logger (model HOBO, onset).
Furthermore, a portable pyranometer (Model CMP-22, Kipp
and Zonen, Delft, Netherlands) was used to measure direct
and diffuse short-wave radiation (RS, W m−2; spectral range
(λ) = 200–3600 nm) on a horizontal surface.

Physiological responses

The cow was quietly moved to a chute squeeze to perform eval-
uations protected from solar radiation and rain. Physiological
variables as respiratory rate (RR, breaths min

−1), ventilation (VE,
L s−1), proportion (%) of oxygen (O2) and carbon dioxide (CO2),
saturation pressure (PS{TEXH}), and air temperature (TEXH, °C)
of the exhaled air were assessed. Rectal temperature (TR, °C),
skin temperature (TEP, °C), and hair coat surface temperature (TS,
°C) were also recorded. These parameters were obtained using a
physiological system for thermal equilibrium evaluation coupled
to the face mask adjusted to the animal’s muzzles, developed by
the Innovation Group of Animal Biometeorology. Details of the
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system as operation, mask design, devices used, and temperature
sensor resolution were described in previous reports (Maia et al.
2014, 2016; Nascimento et al. 2017; deMelo Costa et al. 2018a).
Biophysical equations were used to determine the metabolic heat
production (q″met, W m−2), heat exchanges by long-wave radia-
tion (q″RL) and surface convection (q″conv), and latent heat loss
by respiratory evaporation (q″er), as proposed by da Silva and
Maia (2013) and described by de Melo Costa et al. (2018a).

Statistical analyses

Confirmatory analyses were performed by the least-squares
method using the General Linear Models Procedure (PROC
GLM) of the Statistical Analysis System (SAS Institute, version
8), according to Littell and Freund (1991). The adjusted means
were compared by Tukey post hoc test (P ≤ 0.05). The linear
statistical model used to describe physiological variables was:

Y ijklm ¼ μþ Qi þ C j þ Dk Qið Þ þ Hl Qið Þ þ eijklm

where Yijklm is themth observation of the physiological variables;
Q is the fixed effect of the ith Latin square (i = 1 and 2); C is the
random effect of the jth cow (j= 1,…,12);D is the fixed effect of
the kth day within ith Latin square (i= 1 then k = 1,…,12; now
i= 2 then k = 13,…,24);H is the fixed effect of the Lth hour class
(L= 1,…,24) of the day within ith Latin square (i= 1 then L = 1,
from 8 until 9 AM; 2, from 9 until 10 AM; 3, from 10 until 11
AM so on until 12, 7 until 8 AM; if i = 2, then L = 13, from 9
until 10 PM; 14, from 10 until 11 PM so on until 24, from 7 until
8 AM); eijkLm is the residual term, including the random error;
and μ is the overall mean. Pearson correlations were tested be-
tween all variables.

Based on the physiological responses (TR, TEXH, TEP, TS,
RR, VE, ΔO2, and ΔCO2), principal component analyses were
performed to verify dissimilarity patterns of the diurnal and
nocturnal air temperatures. Note that nocturnal range of air
temperatures was taken from 5 AM to 6 PM. Before the anal-
yses, all the variables were standardized for residuals normal-
ity criteria (variance = 1; mean = 0). Using the correlation
matrix, levels of air temperatures were divided into three
groups under the two principal components (Z1 and Z2).

Data availability Partial data of the present workwere previously
published in the VII Brazilian Congress of the Biometeorology,
Ambience, Behavior and Animal Welfare (VII CBBiomet).

Results

Meteorological variables

The solar irradiance (RS) ranged between 0 and 729 ±
7.83Wm−2, which from 9 AM to 1 PM, the levels was above

500 Wm−2; the high value was recorded at noontime (Fig. 1).
The range of solar radiation resulted in a mean ambient air
temperature (TA) of 26.14 ± 0.06 °C and thermal amplitude
around 10 °C throughout 24 h. Minimal and maximal TAwere
respectively 22.25 ± 0.06 °C and 32.02 ± 0.07 °C, observed at
4 AM and 3 PM, respectively; between 8 PM and 8 AM,mean
of TAvaried from 23.80 ± 0.06 to 22.96 ± 0.06 °C and linearly
increased until 3 PM. The relative humidity (RH) was lower
than 50% from 9 AM to 6 PM, while at all other times, levels
were above 80%; minor percentage of humidity (27.48 ±
0.36%) was observed at 3 PM. It is interesting to note that
the peak of TA occurred 3 h after the largest level recorded for
solar radiation (Fig. 1); under indoor environment, the thermal
radiation is absorbed by the external surface of the roof, and
subsequently is emitted from long-wave radiation into the
facility.

Physiological responses

All the effects considered in the analysis of variance of phys-
iological data were significant (P < 0.05). These results indi-
cate, more importantly, the influence of day/night periods on
hair coat surface (TS), skin (TEP), rectal (TR), and exhaled air
(TEXH) temperatures; respiratory rate (RR); ventilation (VE);
and carbon dioxide (%CO2EXP) and oxygen (%O2EXP) pro-
portions in the exhaled air of Jersey dairy cows (Table 1).

The influence of meteorological variables on the thermal
equilibrium of the Jersey cows was corroborated by the prin-
cipal component analysis. According to the exploratory anal-
yses (Fig. 2), under a thermal oscillation higher than 10 °C
throughout 24 h of the day (21 to 33 °C), significant changes
of physiological responses were verified (P < 0.05), and con-
sequently affected the thermal equilibrium of Jersey dairy
cows.

Diurnal and nocturnal air temperatures were fitted under
the two principal components (Z1 and Z2), in which the Z1

absorbed 81.97% of total variance of the original variables
(Fig. 2). The classes of air temperature were separated into
three groups, in which the first and second groups had the
same air temperatures (i.e., TA = 21–26 °C) recorded during
nocturnal and diurnal periods, respectively, and a third group
structured by air temperatures above 28 °C (i.e., TA = 29–
34 °C). Six physiological responses (i.e., TR = 0.96, TEP =
0.98, RR = 0.93, VE = 0.87, ΔO2 = 0.91, ΔCO2 = 0.93) were
highly correlated with Z1. Notably, they were the most rele-
vant parameters to separate the first and second groups of
ambient air temperatures. Otherwise, three parameters (i.e.,
TS = 0.50, TEXH = 0.55, PS{TEXH} = 0.45) presented weak
correlations with Z2. Overall, these analyses showed that the
same level of nocturnally and diurnally ambient air tempera-
tures evoked different responses for TR, TEP, RR, VE, ΔO2, and
ΔCO2.
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The metabolic heat production (q″met) was lower at 5 AM
and higher at 7 PM (Fig. 3); from 8 PM to 5 AM, the q″met

ranged between 136.10 ± 4.71 and 87.42 ± 3.44 W m−2, in-
creasing until 211 ± 4.90 W m−2 at 7 AM; the times of high
ambient air temperature (3 PM) were combined with q″met of
194.04 ± 7.68 W m−2 (Fig. 3). The variation of q″met was
associated with the patterns of respiratory rate (RR), tidal vol-
ume (VT), ventilation (VE), and consequently volumes of ox-
ygen consumption (VO2) and carbon dioxide output (VCO2).
From 7 PM to 5 AM, mean of VO2 (117.66 ± 2.74 to 49.93 ±
1.92 L h−1) and VCO2 (146.78 ± 3.52 to 58.12 ± 2.47 L h−1)
substantially decreased (P < 0.05). At this interval, the drop on
the VO2 and VCO2 and in the metabolic heat production was
also linked with the significant alterations of the proportions
of O2 (%O2ATM −%O2EXP) and CO2 (%CO2EXP −%CO2ATM)
in the exhaled air.

The least square means of the physiological variables
depicted as a function of diurnal and nocturnal air tempera-
tures also confirmed the influence of day/night periods
(Fig. 4).

The rectal temperature continuously increased from 5 AM
to 9 AM (range, 38.57 ± 0.04 to 39.20 ± 0.03 °C) and

remained practically stable until 2 PM even with rise of the
ambient air temperature; after that, the TR increased again
reaching 39.7 ± 0.03 °C at 7 PM (Fig. 5). The peak of the TR
did not coincide with the high levels of air temperature, pre-
senting a moderate correlation between them (r = 0.59;
P < 0.0001). It seems that the variation of TR was much more
linked with the levels of metabolic heat production; as ob-
served with proportion of consumed oxygen and carbon diox-
ide production, rectal temperature under the same range of
nocturnal and diurnal TA evoked different (P < 0.05) re-
sponses (Fig. 4). For instance, the least square means calcu-
lated for proportions of O2 consumption and CO2 output un-
der classes of ambient air temperature from 22 to 26 °C in
nocturnal periods were lower than those observed at the same
levels of TA during daytime.

The skin temperature (TEP) increased from 33.42 ± 0.12 °C
at 5 AM to 35.80 ± 0.09 °C at 8 AM and changed moderately
throughout the day until the peak of 36.76 ± 0.07 °C at 6 PM
(Fig. 5). The alterations on skin temperature are mainly related
to the level of thermal tissue resistance, which is quite respon-
sive to ambient temperature and the content of body thermal
energy. We observed minor values of TEP and therefore

Table 1 Mean squares of hair coat surface (TS), skin (TEP), rectal (TR), and exhaled air (TEXH) temperatures; respiratory rate (RR); ventilation (VE); and
carbon dioxide (%CO2EXP) and oxygen (%O2EXP) proportions in the exhaled air of Jersey dairy cows

Source of variation DF TS TEP TR TEXH RR VE %CO2EXP %O2EXP

Latin square 1 300.76* 1438.93* 38.18* 984.67* 2903.51* 20.50* 128.18* 94.0*

Cow 11 10.71* 16.74* 1.42* 7.37* 1850.27* 0.92* 1.55* 1.03*

Day (Latin square) 22 13.99* 45.47* 1.65* 12.52* 153.01* 0.89* 7.01* 6.47*

Hour (Latin square) 22 44.94* 31.25* 4.87* 58.43* 504.63* 0.64* 0.62* 0.24*

Error 2166 0.40 0.43 0.053 0.58 11.84 0.032 0.064 0.043

R2 – 0.70 0.84 0.70 0.77 0.67 0.63 0.81 0.83

CV (%) – 1.79 1.86 0.59 2.40 9.43 14.10 9.41 1.12

*Significative at P < 0.05
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maximum vasoconstriction under times of lower ambient air
temperature and TR (from 4 to 5 AM); on the other hand, the
peak of TEP or maximum vasodilatation occurred at times of
high levels of TR, but did not coincide with the higher value of
TA, even with the high correlation observed between them
(TEP − TA = 0.92; P < 0.001). As noted with q″met and TR, con-
firmatory analyses showed distinct pattern of alterations in the
skin temperature as a function of similar diurnal and nocturnal
classes of air temperatures (Fig. 4).

The skin and hair coat temperatures (TS) interchanged
throughout the day (Fig. 5); from 8 PM to 7 AM, the TEP was
below the TS, which the difference between them was close to
0.5 °C. Conversely, at an interval between 8 AM and 6 PM, the
TEP was above (± 1 °C) of the TS. Different to those observed
on q″met, TR, and TEP, the alterations of TS seem to be highly
influenced by the levels of air temperature; the diurnal and
nocturnal classes of air temperature evoked similar responses
on TS, regardless of the time of the day (Fig. 4). The hair coat
surface temperature of the Jersey cows changed moderately
over 24 h (range, 34.28 ± 0.12 to 35.59 ± 0.07 °C), but the high
thermal amplitude altered substantially the fluxes of the heat
exchanges by long-wave radiation and surface convection
(Fig. 5). At an interval between 8 PM and 7 AM, the TS varied
from 35.54 ± 0.11 to 34.28 ± 0.12 °C following a drop of 6 °C
(range = 28.62 ± 0.06 to 22.90 ± 0.06 °C) in the ambient air
temperature; over this period, the thermal gradient (Δ = TS −
TA) was around 7 °C, reflecting in a range from 95.38 ± 1.20
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to 101.23 ± 1.25 W m−2 of sensible heat loss; such fluxes
accounted for approximately 90% of total metabolic heat pro-
duction. In contrast, from 8 AM to 3 PM, as the TA increases

(25 to 32 °C), the sensible ways become less significant; when
the ambient air temperature was above 28 °C, the heat transfer
by long-wave radiation and convection represented close to
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30% of the metabolism. Under these circumstances, the mois-
ture vaporization at the cutaneous and respiratory surfaces be-
comes the principal mean to maintain the thermal equilibrium
of Jersey dairy cows.

From 9 PM to 6 AM, the range of respiratory rate (RR;
36.75 ± 0.71 to 30.64 ± 0.72 breaths min−1), saturation pres-
sure (PS{TEXH}; 3.22 ± 0.05 to 2.96 ± 0.05 kPa), and temper-
ature of the exhaled air (TEXH; 30.68 ± 0.10 to 30.75 ± 0.09 °C)
coupled with ambient air temperature below 23 °C, and rela-
tive humidity above 80% resulted in a mean of respiratory
evaporation close to zero (q″er; 3.23 ± 0.33 to 1.58 ±
0.30 W m−2). On the other hand, between 8 AM and 3 PM,
as the ambient air temperature increases (22 to 32 °C), an
increment on the RR (30.64 ± 0.72 to 39.02 ± 0.20 breaths
min−1) and TEXH (30.75 ± 0.09 to 33.05 ± 0.10 °C), but small
changes on the PS{TEXH}, has driven the rise of the latent heat
transfer from the respiratory system to 20.61 ± 0.61 W m−2,
representing close to 10.29% of the metabolism. At this time,
sensible heat ways (64.12 ± 1.07 W m−2) still represented
33.68% of the metabolic heat production; then, considering
the q″met of 194.04 ± 1.71 W m−2 at 3 PM, it would need to
dissipate about 109 W m−2 by cutaneous evaporation to main-
tain the thermal equilibrium.

In summary, physiological responses of the Jersey dairy
cows changed over the circadian period, leading to significant
alterations on metabolic heat production and sensible and la-
tent heat loss. Certainly, most of these responses were driven
by the changes on ambient air temperature; indeed, most of the
physiological variables were highly or moderately correlated
with (TA − TR = 0.69; TA − TEP = 0.92; TA − TS = 0.92; TA −
TEXH = 0.99; TA − RR = 0.79; TA − VE = − 0.82; TA −VO2 =
− 0.87; TA −VCO2 = 0.78).

Discussion

The high levels of solar radiation, ambient air temperature, and
daily thermal amplitude are marked features of the regions lo-
cated in the tropics and certainly pose challenges to the body
thermal regulation for dairy cattle managed either indoor or
outdoor environments. Furthermore, this condition presents rel-
ative constancy throughout the year, being much different when
compared with temperate regions (Da Silva et al. 2010, 2012),
which has seasonal fluctuations on the meteorological variables.

The present investigation aims to understand how the bio-
logical circadian clock and ambient air temperature cycles
influence the physiological performance and thermal balance
of housed Jersey dairy cows managed in tropical conditions.
The cows were assessed under an explicit monophasic circa-
dian rhythm for ambient temperature. To the best of our
knowledge, this is the first long-term study on the Jersey dairy
breed under tropical conditions. Our study revealed three no-
table findings. Firstly, analyses of ambient air temperature

cycles showed that metabolism, ventilation, tidal volume,
and rectal and skin temperatures had apparently biological
rhythmicity dependence. Secondly, thermal conditions im-
posed did not cause any apparent disruption on thermal re-
sponses of Jersey cows. Thirdly, based on the significance of
ways to eliminate the metabolic heat production by sensible
heat transfer under the range of air temperatures from 21 to
34 °C, the upper critical temperature for Jersey dairy cows
protected from direct solar radiation is likely close to 28 °C.

The metabolic heat production and body temperatures have
robust circadian patterns, which in turn, either directly or indi-
rectly, influence the daily patterns of many physiological re-
sponses and heat balance (Todini 2007). Based on the obtained
findings herein, the metabolism of Jersey dairy cows followed
significant changes of the ambient air temperature cycle. In fact,
during the diurnal period (5 AM to 6 PM), means of VO2 and
VCO2, proportions of O2 consumption (ΔO2) and CO2 output
(ΔCO2), and metabolic heat production were significantly great-
er thanmetabolism during the night (7 PM to 4AM). Also, these
changes were associated with patterns of respiratory ventilation
(Fig. 3).Moreover, peaks ofmetabolic heat production (at 8 AM
and 7 PM) during the day occurred 2 h after feeding times.
Patterns of circadian changes on metabolism of Jersey cows in
the present study were similar to those observed by De Melo
Costa et al. (2018) during 24-h assessments with Nellore cattle
in tropical conditions. The survey demonstrated lower levels on
metabolic heat production during the night period, and two
peaks after feeding times. The thermogenic effect after the feed-
ing times has been well discussed in the literature with several
other mammals’ species (Hill et al. 2012).

The circadian changes on animal metabolism are associated
with the rhythms of environmental temperature and light, which
in turn are related to the alternation activity/rest throughout the
day. However, the question that arises is how the ambient air
temperature influenced the metabolic heat production of Jersey
dairy cows? The present study described distinct metabolic re-
sponses at the same level of ambient air temperature occurred in
different times throughout the day. The least square means of
proportions of O2 consumption and CO2 output under classes
of ambient air temperature from 22 to 26 °C in nocturnal pe-
riods were lower than those observed at the same levels of TA
during daytime (Fig. 4). Furthermore, the metabolic heat pro-
duction remained practically stable during the day as the air
temperature rose from 22 to 34 °C. Similarly, Camerro et al.
(2016) observed that the metabolism of Guzerat cattle remained
relatively stable, regardless of the variation in the air tempera-
ture from 25 to 34 °C. Similar responses were observed for
ventilation rate (Fig. 3), and clearly indicate that such changes
were much more related to attain oxygen demand than to ther-
mal regulation proposals. Interestingly, the increase on ventila-
tion rate was attained modifying the depth of breath, as ob-
served by significant changes on tidal volume, and stable respi-
ratory rate across the day.
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The peaks of body rectal and skin temperatures were not
observed at the higher levels of air temperature and were more
linked to the levels of metabolic heat production. As noted for
proportion of consumed oxygen and carbon dioxide production,
these body temperatures under the same range of nocturnal and
diurnal TA evoked different responses (Fig. 4). Moreover, our
findings showed that the skin temperature (TEP) and hair coat
temperature (TS) interchanged throughout the day. From 20:00
to 07:00 h, the TEP was below the TS, which the difference
between them was close to 0.5 °C. Conversely, at an interval
between 08:00 and 18:00 h, the TEP remained above (± 1 °C)
the TS. Nevertheless, different to those observed on q″met,TR, and
TEP, the alterations of TS seem to be highly primarily influenced
by the levels of air temperature (Fig. 4). The alterations on skin
temperature are mainly related to the level of thermal tissue re-
sistance, which is quite responsive to ambient temperature cycle
and the content of body thermal energy. The thermal conduc-
tance of manymammals changes in a circadianmanner, which is
higher during the active phase than the inactive phase during the
day (Aschoff 1981). Therefore, at night, the combination of low-
er metabolism and ambient air temperature has driven these ad-
justments on the skin temperature, which help the animals to
avoid the excess of heat loss, while at morning, as the metabo-
lism and ambient air temperature increase, the rise of the TEP
could be essential to maintain high rates of sweating, avoiding
the overheating of the body (Maia et al. 2005a; Silva and Maia
2011). Despite we did not measure the sweating activity in this
study, the skin temperature seems to be the main physiological
triggering mechanism for high rates of cutaneous evaporation
(Silva and Maia 2011).

Analyzing the influence of ambient air temperature on ther-
mal balance of Jersey dairy cows, and considering the average
of metabolic heat production (150 W m−2), findings of the
present study demonstrated that an air temperature range be-
tween 22 and 27 °C, the majority (> 50%) of the metabolic heat
production was dissipated by sensible ways, i.e., long-wave
radiation and surface convection (Fig. 6). Above 27 °C, sensi-
ble means becomes to represent less than 50% of the heat pro-
duced by metabolism, and at 34 °C close to 30%. Under these
circumstances, the moisture vaporization at the cutaneous and
respiratory surfaces should be the principal mean to maintain
the thermal equilibrium of Jersey dairy cows. However, the
importance of the respiratory tract as a way to lose latent heat
seems minor, ranging for 15 to 25 W m−2 when the air temper-
ature rose between 21 and 34 °C. At a level of air temperature
near to 34 °C, sensible heat ways and latent heat eliminated by
respiratory surface represented 30%; thus, it would need to
dissipate about 100 W m−2 from cutaneous evaporation to
maintain the thermal equilibrium. In fact, Silva et al. (1988)
recorded values near to 125 g m−2 h−1 for sweating rate or
100 W m−2 of energy transferred by moisture evaporation on
the skin surface of Jersey dairy cows protected from solar radi-
ation and exposed to a similar level of ambient air temperature.

Kibler and Brody (1954) also described that the portion of
the sensible heat loss of Jersey dairy cows managed under
controlled environment significantly decreased when the am-
bient air temperature exceeded 26 °C, representing close to
28% of the thermal energy produced by metabolism; the re-
maining was dissipated by latent ways, which the cutaneous
evaporation presented the largest significance. These authors
suggested that the upper critical temperature for Jersey dairy
cows should be between 25 and 27 °C. Similarly, Maia et al.
(2005a) investigating the thermal equilibrium of Holstein
cows managed under field in a tropical environment observed
that when the air temperature was above 26 °C, the body
thermal regulation was mainly governed by the cutaneous
evaporation. In this study, the Jersey dairy cows were able to
maintain the thermal equilibrium mainly by sensible ways
when the range of air temperature was between 22 and
27 °C; above 27 °C, thermoregulation was mainly governed
by the moisture evaporation at the skin surface, and in a minor
percentage from the respiratory surfaces. This thermal condi-
tion was generally observed from 09:00 to 19:00 h. At this
time, the potential for means to heat stress relief increases,
especially if the relative humidity is below 50% (Berman
1985). Our findings help to understand how the dairy cows
under tropics are affected by the climatic conditions, leading
to better ways of the environmental management.

Conclusion

The present study sheds basic evidences on how the circadian
rhythmicity of the thermal environment and animal’s biolog-
ical clock dictate dynamics of heat generated by metabolism,
dissipation to the environment, and physiological parameters
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Fig. 6 Sensible heat flow by convection and long-wave radiation (q″RL +
q″conv, W m−2), and evaporative heat loss by respiration (q″er, W m−2) of
Jersey dairy cows as a function of diurnal (D) and nocturnal (N) air
temperatures. Note that diurnal ambient air temperatures were taken
from 5 AM to 6 PM. Data are presented as mean ± SEM.
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of housed Jersey cows raised in tropical conditions. These
findings bear substantial evidences that the circadian cycle
of the metabolism and body rectal and skin temperatures of
housed Jersey dairy cows are primarily regulated by the en-
dogenous rhythms. The thermal condition imposed did not
cause any apparent disruption on thermal responses of housed
Jersey cows.
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