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Simple Summary: Adequate environmental conditions are essential to ensure the wellbeing and
productivity of dairy cattle. The use of compost-bedded pack barn (CBP) systems in dairy farming
certainly improves animal welfare conditions, but it is necessary to evaluate and characterize the
thermal environment inside the facilities. The main objective of this study was to map the thermal
environment inside a CBP system with positive-pressure ventilation. Through mapping, it was
possible to identify regions with more challenging conditions for animals in terms of thermal comfort.
The results achieved can be used to direct decision-making processes to create adequate environmental
conditions for the hosted animals.

Abstract: The objective of this study was to evaluate and characterize the dependence and the spatial
and temporal distribution of variables and indices of the thermal environment in an open compost-
bedded pack barn system with positive-pressure ventilation (CBPPV) during the winter period. The
study was conducted in a CBPPV system located in the Zona da Mata region, Minas Gerais, Brazil.
The indoor environment was divided into a mesh composed of 55 equidistant points, where data on
dry-bulb air temperature (tdb) and relative humidity (RH) were collected. The collected data were
divided into four periods—dawn, morning, afternoon, and night—and mean values were obtained.
To evaluate the thermal microenvironment, the temperature and humidity index (THI) and the
specific enthalpy of air (h) were used. For spatial dependence analysis, geostatistical techniques were
applied. Through the results, a strong spatial dependence was verified for all variables evaluated.
Through THI and h maps, conditions of thermal comfort were found for dairy cattle. The highest
values of tdb, THI, and h were recorded in the afternoon period in the northwest region of the facility
(tdb = 23.2 ◦C, THI = 69.7, and h = 50.9 kJ·kg of dry air−1).

Keywords: dairy cattle; confinement systems; thermal comfort; thermal conditioning; geostatistics

1. Introduction

In dairy cattle production, the use of confinement systems is one of the main strategies
applied to improve the thermal environment [1,2]. Its main advantage is to enable the
control of environmental conditions and, consequently, ensure an adequate environment
for animals to express their maximum productive potential [3,4].

In recent decades, there has been a tendency to use housing systems without restraint
of animals in individual stalls; this approach, in addition to ensuring adequate conditions
of thermal comfort, allows greater freedom of movement and interaction between animals,
as well as reducing greenhouse gas emissions [5]. In Brazilian dairy farms, there has been

Animals 2022, 12, 2055. https://doi.org/10.3390/ani12162055 https://www.mdpi.com/journal/animals

https://doi.org/10.3390/ani12162055
https://doi.org/10.3390/ani12162055
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-2104-7428
https://orcid.org/0000-0002-8284-7496
https://orcid.org/0000-0001-6403-2210
https://orcid.org/0000-0002-5584-728X
https://orcid.org/0000-0002-0760-8604
https://doi.org/10.3390/ani12162055
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani12162055?type=check_update&version=2


Animals 2022, 12, 2055 2 of 20

an increase in the adoption of confinement systems known as compost-bedded pack barns
(CBPs). This system makes it possible to ensure improvements in the comfort, productivity,
health, and longevity of the herd. In addition, it has a lower implantation cost and greater
environmental focus, since it uses less water to clean waste, and produces a compost with
desirable agronomic characteristics [2,6,7].

The first CBP systems built in Brazil were designed according to the North American
model, idealized for temperate climate conditions [8]. However, given the tropical and
subtropical climate conditions present in the Brazilian territory, it has been decided to
use these facilities with open sides. In this case, natural ventilation was initially explored.
However, in places where the natural ventilation rate is low or the temperature and relative
humidity conditions are extreme, it is necessary to use mechanical ventilation systems,
either associated or not associated with evaporative adiabatic cooling [9–11].

The use of mechanical ventilation systems makes it possible to improve thermal
conditions inside the facility (i.e., temperature (tdb), relative humidity (RH), and air speed
(vair)), directly influencing the wellbeing and performance of dairy cattle [10]. However, the
ventilation systems used in Brazilian CBP facilities need to be evaluated and characterized
in detail, so that the necessary adjustments can be made in the design of new facilities
and/or the management of existing facilities [12].

In any animal production system, studies regarding the evaluation and characteri-
zation of the environment are important, because they make it possible to identify any
existing failures, to propose solutions, and to provide valuable information for produc-
ers [13]. This evaluation can be performed based on climatic elements, such as tdb and RH,
which enable us to make a generalized diagnosis. However, the use of thermal comfort
indices (TCIs) makes it possible to obtain more representative information, since they
consider the combined effect of these elements [14,15].

Because it is easy to obtain, requiring only tdb and RH, the temperature and humidity
index (THI) has been widely used for evaluation of the thermal environment in milk
production systems [2]. Another index widely used to evaluate the thermal environment
in this type of system is the specific enthalpy of air (h, in kJ·kg of dry air−1), which uses
thermodynamic air properties (tdb and RH) to estimate the amount of energy contained in a
water–vapor mixture [16,17]. The use of this index has been highly appreciated in tropical
and subtropical climate regions, where elevated temperatures are recorded most of the year
and, therefore, there is high energy expenditure by animals to activate heat dissipation
mechanisms [2].

It is important that innovative computational tools are used that can assist in decision
making and contribute to improving the environment [18]. Among the tools used, geo-
statistics stands out, enabling the evaluation of dependence and spatial distribution, and
interpretation of the results from the data’s natural structure [19,20]. Although previous
studies have carried out the mapping of the thermal environment inside CBP systems,
few studies have evaluated this environment under Brazilian winter conditions. The use
of this tool in animal ambience is quite satisfactory, and has been carried out by several
researchers [10,11,20–24]. In view of the above, the objective of this study was to evalu-
ate and characterize the dependence and spatial distribution of the thermal environment
variables and indices in an open compost-bedded pack barn system with positive-pressure
ventilation (CBPPV) during the Brazilian winter period.

2. Materials and Methods

The study was conducted for three consecutive weeks in July 2021, during the winter
period in Brazil. In this climatic season, conditions of high relative humidity are usually
observed in the study region—a factor that can cause an increase in bed moisture and
compromise the viability of the CBP systems.

The research was approved by the Ethics Committee in Animal Use of the Federal Uni-
versity of Viçosa (protocol code 04/2021 with approval date 16 May 2022). All procedures
were performed in accordance with the guidelines recommended by this committee.
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2.1. Characterization of the Facility and Management Techniques

The experimental data were collected in a facility for dairy cattle confinement, in a
compost-bedded pack barn system with positive-pressure ventilation (CBPPV). The facility
where the study was carried out is located on a commercial property in the Zona da Mata
region, Minas Gerais, Brazil (coordinates 20◦46′41′ ′ S and 42◦48′51′ ′ W; altitude 670.0 m).
The climate is classified as Cwa—subtropical mesothermal, with rainy warm summers, and
dry cold winters—according to the Köppen classification [25].

The facility was built in July 2019, with a southeast–northwest orientation, and the
following constructed characteristics: 60.0 m length × 27.6 m width, 5.0 m of right-foot,
gable roof with structure and metal roof tiles, central opening with 1.0 m overlap, and 0.8 m
eaves. The internal spatial distribution of the CBPVP (Figure 1) is as follows: 864.0 m2

bed area (on compacted soil); 252.0 m2 feeding alley with a concrete floor, with four tipper
drinkers (separated from the pack area by a 1.2 m high concrete wall); 220.0 m2 drive-
through alley with a concrete floor (containing a single 60.0 m long trough), which is the
region where the tractor circulates for food distribution; and 85.8 m2 of service alley with a
concrete floor.
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Figure 1. Schematic representation, in (a) low plan and (b) cross-sectional views, of the compost-
bedded pack barn system, with data collection points indicated. AFD—air-flow direction; N—north
indication; i—roof pitch; dimensions in meters (m).

Ventilation in the CBPPV system was performed by positive pressure, provided by
means of six mechanical fans with low volume and high rotation: two three-propeller
fans, with 1.52 m diameter, 1.5 hp, and 86,000 m3·h−1 air flow, installed on the southeast
side; and four six-propeller fans, with 1.53 m diameter, 2.0 hp, and 55,000 m3·h−1 air flow,
installed two-by-two along the length of the facility, at 12.0 and 36.0 m, respectively, in
relation to the southeast face (Figure 1). The fans were installed 3.0 m high, with a 45◦

inclination, and remained on continuously (24 h·day−1).
The lighting inside the facility was provided by 18 100 W LED lamps, installed 4.8 m

above the bed, and distributed throughout the facility: 9 in the center of the bed area and
9 in the border region between the feeding alley and the drive-through alley. The lighting
system remained activated only at night (06:00 p.m. to 06:00 a.m.).

The bed area of the system was separated from the feeding alley by a small 0.2 m
high wall, with the function of avoiding the passage of bed material to the feeding alley
and/or waste from the feeding alley to the bed area. This small wall was present in the five
access passages from the bed area to the feeding alley. In the places where tipper drinkers
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were installed, taller walls (1.2 m) were built to contain the animals, preventing them from
having access to water directly from the bed area, which could wet it.

The CBPPV had a bed composed of a mixture of wood shavings and sawdust, with
a thickness of approximately 0.6 m. For the bed composition, initially, a 0.3 m thick dry
sawdust layer was added which, together with the feces and urine of the animals, started
the semi-composting process. The addition of dry substrate was performed whenever the
bed moisture was exceedingly high—a condition observed when there was an increase in
the animals’ dirtiness, excessive compaction, and consequent anaerobiosis in the compost.
Such an addition occurred twice during the experimental period. The present study started
about four months after the bed change and, during the experimental period, only minor
additions were performed.

The turning of the bed was performed using a hybrid implement (bed rototiller with
cultivator, 2.0 m of actuation width, five rods, 0.50 m maximum depth, 540 rpm of maximum
rotation, and effective depth of 0.30 m) driven by a tractor (light line, 78 hp, and 2400 rpm
of nominal rotation). This operation was performed twice daily (09:00 a.m. and 04:00 p.m.),
following the routine established on the farm.

In the normal farm routine, the animals housed in the CBPPV remained distributed in
two lots, according to their milk yield. The cows with higher productivity were housed
in a specific facility region (Lot 1) with a 518.4 m2 bed area (36.0 × 14.4 m), located near
the southeast face of the facility. The animals with lower productivity remained housed
in the specific facility region bounded by Lot 2, with a 345.6 m2 bed area (24.0 × 14.4 m),
located near the northwest face of the facility. During the experimental period, 80 lactating
Holstein cows (pure of origin (PO), 600 kg average weight) remained housed inside the
facility, of which 45 constituted Lot 1 (11.52 m2·animal−1), and 35 were confined in Lot 2
(9.87 m2·animal−1).

Throughout the experimental period, the standard routine of activities in the CBPPV
system was maintained, with milking and feeding twice a day. The milkings started at
04:00 a.m. and 04:00 p.m., with a 2 h 30 min average duration, and were performed in a
2 × 6 fishbone-type room attached to the CBPPV system. Throughout the daytime, the
animals had access to the feeding alley, where food and water were available without
restrictions. The feeding alley floor was washed once a day (in the morning), using a
flushing system.

2.2. Microclimatic Data Acquisition System

The microclimatic data acquisition (dry-bulb air temperature (tdb) and relative humid-
ity of the air (RH)), both inside the system and in the external environment (meteorological
shelter), was performed every 5 min, 24 h·day−1, throughout the experimental period,
comprising three consecutive weeks (July 2021).

To collect the data in the system, the animal-occupied zone (AOZ), composed of the
bed and feeding alley areas, was divided by a regular mesh (6.0 × 4.5 m) composed of
55 equidistant points, with markings made according to the facility’s constructed character-
istics (Figure 1a). The sensors were installed 2.5 m above the bed level and the feeding alley
floor (Figure 1b), so as to allow the passage of the tractor used for daily turning of the bed.

Measurements of the variables tdb and RH were performed using electronic components
(DHT22 sensors, model AM2302; temperature measurement range from −40.0 to 80.0 ◦C,
with 0.5 ◦C accuracy; humidity measurement range from 0 to 100%, with 2% accuracy;
Aosong Electronics Co. Ltd., Guangzhou, China) distributed at the 55 collection points
throughout the AOZ. For processing and recording the collected data, the mesh was divided
into 11 collection lines (CLs), composed of 5 sensors and a data collection and recording
module. Each of the 11 data collection and recording modules consisted of an Arduino
Uno R3 (ATmega328 microcontroller; 5.0 V supply voltage; 16 MHz clock speed; Atmel
Corporation, San Jose, CA, USA) connected to a Data Logger Shield with RTC and SD
Reader (SD card slot, integrated real-time clock DS1307; FAT16 or FAT32 card formatting;
3.3 V supply voltage; Dallas Semiconductor, Dallas, TX, USA) and a 16 × 2 LCD Display
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(I2C Backlight Blue, 5.0 V supply voltage; 4 or 8 bits communication; Beijing Qingyuan
Innovation and Technology Development Co. Ltd., Shenzhen, China), according to the
methodology adapted by Freitas et al. [26]. The Data Logger Shield with RTC and SD
Reader was used to control time and record data on an SD card, while the LCD display was
used to visualize the date, time, tdb, and RH data recorded.

To characterize the external environment near the CBPPV, a meteorological shelter was
installed, where tdb and RH data were collected. The tdb and RH records were taken using
a sensor recorder (HOBO®, model U14-002; temperature measurement range between
−20.00 and 50.00 ◦C, with 0.21 ◦C accuracy; relative humidity measurement range between
0 and 100%, with 2.5% accuracy). As well as inside the facility, external data were collected
every 5 min, 24 h·day−1, throughout the three weeks of the experimental period.

The average daily tdb and RH data obtained in four periods of the day were used:
dawn (12:00 a.m. to 05:59 a.m.), morning (06:00 a.m. to 11:59 a.m.), afternoon (12:00 p.m.
to 05:59 p.m.), and night (06:00 p.m. to 11:59 p.m.). This division was carried out with the
objective of identifying the occurrence of critical environmental conditions, according to
the methodology adapted by Andrade et al. [27].

2.3. Thermal Comfort Evaluation

The initial evaluation of the thermal environment was performed using the climatic
elements tdb and RH. To this aim, the tdb and RH ranges were delimited as optimal,
thermoneutral, or critical for lactating Holstein cows. These ranges were established based
on studies and technical materials published by various experts [1,15,28–34]. Table 1 lists
the tdb and RH ranges established in the present study, as well as the temperature and
humidity index (THI) and specific enthalpy of air (h) intervals calculated from the tdb and
RH values considered to be optimal, thermoneutral, and critical for lactating Holstein cows.

Table 1. Thermal comfort classification for lactating Holstein cows.

tdb
(◦C)

RH
(%) THI h

(kJ·kg of dry air−1) Classification

tdb < 4.0 RH < 30.0 THI < 46.0 h < 8.0 Critical zone
4.0 ≤ tdb < 12.0 30.0 ≤ RH < 50.0 46.0 ≤ THI < 55.0 8.0 ≤ h < 24.0 Thermoneutral zone

12.0 ≤ tdb < 18.0 50.0 ≤ RH < 60.0 55.0 ≤ THI < 63.0 24.0 ≤ h < 39.0 Optimal zone
18.0 ≤ tdb < 24.0 60.0 ≤ RH < 75.0 63.0 ≤ THI < 74.0 39 ≤ h < 62.0 Thermoneutral zone

tdb ≥ 24.0 RH ≥ 75.0 THI ≥ 74.0 h ≥ 62.0 Critical zone

tdb—Dry-bulb air temperature; RH—relative humidity of the air; THI—temperature and humidity index; h—
specific enthalpy of air.

The tdb and RH data recorded during the winter experimental period were used to
calculate the THI and the h, applied to the thermal comfort evaluation of dairy cattle housed
in the facility.

The THI was calculated using Equation (1), according to the model proposed by Mader
et al. [35]:

THI = 0.8× tdb + RH ×
(

tdb − 14.3
100.0

)
+ 46.3 (1)

The h (in kJ·kg of dry air−1) was calculated according to the model proposed by
Rodrigues et al. [16]:

h = 1.006× tdb +
RH
Pa
× 10(

7.5×tdb
237.3+tdb

) × (71.28 +−0.052× tdb) (2)

where Pa is the local barometric pressure (706 mmHg).
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2.4. Statistical Analyses
2.4.1. Descriptive Analysis of Environmental Data

The initial analysis of the thermal environmental data recorded in the experimental
period was performed using descriptive statistics. Primarily, the mean, absolute minimum,
and absolute maximum data of tdb and RH were obtained, and were used to evaluate the
behavior of these variables throughout the winter experimental period. Together, mean
hourly values of the variables (tdb and RH) and indices (THI and h) were calculated, and
were applied to the evaluation of the variation in these attributes throughout the day.

Finally, for the average daily data of tdb, RH, THI, and h per period (dawn, morning,
afternoon, and night), the mean, median, minimum, maximum, standard deviation (SD),
coefficient of variation (CV), kurtosis, and skewness values were obtained. To evaluate the
experimental data’s dispersion, the CV classification proposed by Warrick and Nielsen [36]
was adopted: CV < 0.12 = low dispersion; 0.12 ≤ CV < 0.24 = moderate dispersion;
CV ≥ 0.24 = high dispersion.

2.4.2. Analysis of Variability and Spatial Distribution

To evaluate the spatial behavior of the variables (tdb and RH) and indices (THI and h)
inside the facility, as well to verify whether they showed spatial dependence, geostatistical
techniques were used. Geostatistical analyses were performed using the R Development
Core Team computer system [37], through the geoR library [38].

To evaluate the spatial dependence of the variables in the facility’s internal area,
semivariogram adjustments were made using the Matheron estimator [39], according to
Equation (3):

γ̂(h) =
1

2N(h)

N(h)

∑
i=1

[Z(Xi)− Z(Xi + h)]2 (3)

where γ̂(h) is the semivariance, N(h) is the number of pairs of experimental observations
Z(Xi) and Z(Xi + h), and h is the distance between the experimental observations.

The experimental semivariogram adjustments were performed using the methods of
ordinary least squares (OLS) and restricted maximum likelihood (REML). For each method,
spherical, exponential, and Gaussian models (Equations (4)–(6), respectively) were tested,
as described by Vieira et al. [40].

γ̂(h) = C0 + C1 ×
[

1.5×
(

h
a

)
− 0.5×

(
h
a

)3
]

, if h ≤ aou γ̂(h) = C0 + C1, se h > a (4)

γ̂(h) = C0 + C1 ×
[

1− e(
−3h

a )
]

(5)

γ̂(h) = C0 + C1 ×
{

1− e[−3×( h
a )

2
]

}
(6)

where C0 is the nugget effect, C1 is the contribution, and a is the range.
For the evaluation and choice of the adjustments obtained, cross-validation proce-

dures were performed, and the mean error (ME), mean-error standard deviation (SDM),
reduced error (RE), and reduced-error standard deviation (SDR) were calculated. From
the adjustments obtained using the methods and models described, for each variable, the
adjustment was chosen in which the ME and RE were closer to zero, while the SDM and
SDR were closer to one, as recommended by Isaaks and Srivastava [41].

From the mathematical models γ̂(h) chosen for each variable, the following coefficients
of the semivariogram theoretical model were obtained: nugget effect (C0), contribution
(C1), sill (C0 + C1), range (a), and practical range (a′).

The verification of the occurrence of spatial dependence was performed using the
spatial dependence index (SDI), determined by the ratio between C0 and C0 + C1. For SDI
analysis, the classification of Cambardella et al. [42], which considers semivariograms with
SDI ≤ 0.25 as showing strong spatial dependence, semivariograms with 0.25 < SDI ≤ 0.75
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as showing moderate spatial dependence, and semivariograms with SDI > 0.75 as showing
weak spatial dependence.

Finally, after the theoretical semivariograms with better adjustments were chosen, as
well as the occurrence of spatial dependence, the ordinary kriging technique was used to
predict the levels of variables and indices in places that were not sampled inside the facility.
From the interpolated data, surface response maps were generated using the computational
program ArcGIS®, version 10.1, with license for use by the Department of Agricultural
Engineering of the Federal University of Viçosa.

3. Results and Discussion

Figure 2 illustrates the daily curves of the mean, absolute minimum, and absolute
maximum values of tdb (in ◦C) and RH (in %), recorded inside and outside the facility.

Animals 2022, 12, x FOR PEER REVIEW 7 of 20 
 

𝛾ො(ℎ) =  𝐶଴  + 𝐶ଵ × ൝ 1 − 𝑒ቈିଷ×ቀ௛௔ቁమ቉ൡ (6)

where 𝐶଴ is the nugget effect, 𝐶ଵ is the contribution, and 𝑎 is the range. 
For the evaluation and choice of the adjustments obtained, cross-validation proce-

dures were performed, and the mean error (ME), mean-error standard deviation (SDM), 
reduced error (RE), and reduced-error standard deviation (SDR) were calculated. From the 
adjustments obtained using the methods and models described, for each variable, the ad-
justment was chosen in which the ME and RE were closer to zero, while the SDM and SDR 
were closer to one, as recommended by Isaaks and Srivastava [41]. 

From the mathematical models 𝛾ො(ℎ) chosen for each variable, the following coeffi-
cients of the semivariogram theoretical model were obtained: nugget effect (𝐶଴), contribu-
tion (𝐶ଵ), sill (𝐶଴ + 𝐶ଵ), range (𝑎), and practical range (𝑎′). 

The verification of the occurrence of spatial dependence was performed using the 
spatial dependence index (SDI), determined by the ratio between 𝐶଴ and 𝐶଴ + 𝐶ଵ. For 
SDI analysis, the classification of Cambardella et al. [42], which considers semivariograms 
with SDI ≤ 0.25 as showing strong spatial dependence, semivariograms with 0.25 < SDI ≤ 
0.75 as showing moderate spatial dependence, and semivariograms with SDI > 0.75 as 
showing weak spatial dependence. 

Finally, after the theoretical semivariograms with better adjustments were chosen, as 
well as the occurrence of spatial dependence, the ordinary kriging technique was used to 
predict the levels of variables and indices in places that were not sampled inside the facil-
ity. From the interpolated data, surface response maps were generated using the compu-
tational program ArcGIS®, version 10.1, with license for use by the Department of Agri-
cultural Engineering of the Federal University of Viçosa. 

3. Results and Discussion 
Figure 2 illustrates the daily curves of the mean, absolute minimum, and absolute 

maximum values of tdb (in °C) and RH (in %), recorded inside and outside the facility. 

 
Figure 2. Daily curves of the mean, absolute minimum, and absolute maximum values of (a) dry-
bulb air temperature (tdb, in °C) and (b) relative air humidity (RH, in %) in the internal and external 
environments of the open compost-bedded pack barn system throughout the experimental period. 

Regarding tdb, it can be observed that the internal and external data curves (mean, 
absolute minimum, and absolute maximum values) had similar profiles throughout the 
experimental period, being close to one another (Figure 2a). This was already expected, 
since it was an open facility, in which there is usually a high correlation between internal 
and external temperatures [43]. 

Figure 2. Daily curves of the mean, absolute minimum, and absolute maximum values of (a) dry-bulb
air temperature (tdb, in ◦C) and (b) relative air humidity (RH, in %) in the internal and external
environments of the open compost-bedded pack barn system throughout the experimental period.

Regarding tdb, it can be observed that the internal and external data curves (mean,
absolute minimum, and absolute maximum values) had similar profiles throughout the
experimental period, being close to one another (Figure 2a). This was already expected,
since it was an open facility, in which there is usually a high correlation between internal
and external temperatures [43].

The absolute daily minimum tdb values recorded over the winter experimental period
were always higher than 4.0 ◦C (indoor and outdoor), and the lowest were recorded inside
the facility. The lowest values were recorded on the 18th day of collection, with values of
4.7 ◦C in the internal environment and 5.3 ◦C in the external environment.

Observing the mean and absolute maximum values of tdb recorded inside and outside
the facility (Figure 2a), it can be verified that the curves had behaviors similar to what
was observed for the absolute minimum tdb. This means that on the days when the
lowest absolute minimum tdb values were recorded, lower levels of mean tdb and absolute
maximum tdb were also observed. In fact, on days with colder dawns, there was also a
tendency to record lower mean and maximum temperatures.

The lowest mean values of tdb were recorded on the 15th day of collection, with values
of 12.2 ◦C in the internal environment and 12.8 ◦C in the external environment, while
the highest values were observed on the 13th day of collection (18.8 ◦C in the internal
environment, and 19.4 ◦C in the external environment). For the absolute maximum tdb, the
most critical condition occurred on the 6th day of collection, when the highest internal and
external values (30.3 and 29.6 ◦C, respectively) were recorded.

Regarding the minimum tdb levels, it was possible to observe that the values recorded
inside the system were higher than the lower thermal comfort limit (LTCL) for lactating
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dairy cattle (4.0 ◦C; see Table 1). Thus, it can be concluded that in the winter trial the lodged
animals were not exposed to hypothermic conditions, where they would not be able to
produce enough heat to keep their body temperature within the ideal range [15,44].

On the other hand, on most days of the experimental period, the absolute maximum
tdb values were recorded above the upper thermal comfort limit (UTCL) established for
lactating dairy cattle (24.0 ◦C; see Table 1). This means that at some point the tdb was above
the maximum critical temperature considered for the housed animals. When this happens,
the temperature control mechanisms of the animals are not able to ensure sufficient cooling
to maintain body temperature within the ideal range, leading to thermal stress, which
can generate productive losses and reduce the milk quality [15,45]. The observed results
indicate that, even during the winter period, the animals may have been exposed to
thermal stress conditions by hyperthermia at some points. Thus, it is recommended that
interventions should be performed - such as wetting of animals in the feeding alley, and
the use of low-static-pressure ventilation systems - to avoid productive losses, as suggested
by Mondaca et al. [46].

Regarding RH (Figure 2b), it is possible to verify that the behaviors of the mean and
absolute minimum data curves were similar, whereas the absolute maximum RH profile
inside the system was constant throughout the period (RH ∼= 100.0%), and had slight
variation outside the facility. Like tdb, RH levels had variable behavior over time, with
absolute minimum and maximum values equal to 20.6 and 100.0%, respectively. The
values recorded inside the system were always higher than those observed in the external
environment (meteorological shelter), with an average difference of 14.5%. It can be inferred
that the occurrence of higher levels of RH in the indoor environment was due to moisture
released during the process of bed semi-composting, evaporation of water from tipper
drinkers, and release of water by respiration and animal waste [10,21].

During the experimental period, only on the 14th day of collection was the recorded
RH value below the LTCL for lactating dairy cattle (30.0%) [32]. On this day, the absolute
minimum RH values recorded in the internal and external environments were 20.6 and
15.0%, respectively. Despite favoring heat dissipation, the low RH levels recorded may
have caused dryness of the mucous and airways of the housed animals [47].

The lowest mean RH levels were recorded on the 14th collection day (68.3% in the
internal environment, and 48.4% in the external environment), while the highest were
observed on the 3rd collection day (91.4% in the internal environment, and 75.2% in the
external environment). On most days of the experimental period, the mean RH within
the system was above the UTCL recommended by the literature for lactating dairy cattle
(75.0%) [29]. Only on the 14th day of collection was there a mean RH value lower than the
UTCL (68.3%). In addition to hindering heat dissipation, high RH levels can cause several
problems for producers, such as increased respiratory disease rates (pneumonia, bronchitis,
etc.), bed moisture, dirt rates, mastitis, somatic cell counts, etc. [2,8,15,48]. The recording of
high RH values is an indication that it is necessary to carry out interventions in this system,
with the objective of improving the environment for the hosted animals.

The average hourly tdb and RH curves in the internal and external environments of
the system are illustrated in Figure 3.

Through Figure 3a, it can be observed that the average hourly tdb values inside and
outside the system presented similar profiles, but the external tdb values were higher than
the internal ones most of the time. It is also possible to note that between 12:00 a.m. and
09:00 a.m., the average tdb values inside the system were close to those recorded outside
the facility and, from this time onwards (09:00 a.m. to 09:00 p.m.), the temperature levels
inside the facility tended to be lower (average difference of 1.2 ◦C between the internal and
external environments).
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The tdb values recorded within the facility in this study differ from those portrayed
by Pilatti et al. [49], who observed the occurrence of higher tdb values within CBP systems
when compared to the external environment. In this case, it can be inferred that the use of
mechanical ventilation (LVHS) made it possible to reduce the tdb levels inside the system at
the hottest times of day, as portrayed by Oliveira et al. [21] in a study conducted in Minas
Gerais, Brazil.

Regarding RH, the average hourly values inside the system were usually higher than
those recorded outside the facility (Figure 3b). It can be observed that the average hourly
RH curves showed constant differences throughout the day, with internal levels about
23.6% higher than the external ones. In open CBP systems, RH levels are influenced by
conditions inside (bed conditions, ventilation rate, hosted animal density, etc.) and outside
(local weather conditions, time of year, etc.) [2]. Therefore, it can be concluded that the
higher RH values recorded throughout the day inside the facility are an indication that the
internal environment had a great contribution to the elevation of this attribute.

Figure 4 illustrates average hourly curves of the temperature and humidity index
(THI) and specific enthalpy of air (h, in kJ·kg of dry air−1), obtained during the winter
period, in the internal and external environments of the CBPPV system.
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enthalpy of air (h, in kJ·kg of dry air−1) throughout the day in the internal and external facility
environments, during the experimental period.

Through Figure 4a, it can be observed that the average hourly THI curves had profiles
similar to those observed for tdb, which was expected, since this attribute has greater
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weight for THI composition. For these curves, it was found that the internal and external
values that we obtained remained practically the same throughout the day. In this case,
the occurrence of hours with higher external THI values was not observed, due to the high
internal RH values, which returned internal THI values close to those observed outside the
facility, even at times when higher external tdb was recorded.

Throughout the day (Figure 4a), it can be observed that the calculated THI values
remained within the range established in this study as thermal comfort for lactating dairy
cattle (46.0 ≤ THI < 74.0; see Table 1), and always below 74.0—the upper THI limit recom-
mended by Mader et al. [35]. Therefore, using this index, it can be concluded that during
the experimental winter period, the housed animals were not exposed to thermal stress
conditions within the CBPPV system.

Regarding h (Figure 4b), it was found that the average hourly curves of the internal
and external values had similar profiles, but that the internal levels were always higher
than those obtained outside the system. The occurrence of higher h levels inside the facility
was due to the high RH values recorded in this environment, which consequently increased
the h values obtained.

Even if higher h levels were obtained within the system, the observed values remained
within the thermoneutral range for lactating dairy cattle (8.0 ≤ h < 62.0 kJ·kg of dry air−1;
see Table 1). Therefore, it can be concluded that the amount of heat present inside the
facility during this period did not represent a problem in terms of thermal comfort.

Table 2 lists data from the descriptive analysis of the variables (tdb and RH) and
indices (THI and h) recorded within the CBPPV system in the periods of dawn (12:00 a.m.
to 05:59 a.m.), morning (06:00 a.m. to 11:59 a.m.), afternoon (12:00 a.m. to 05:59 p.m.), and
night (06:00 p.m. to 11:59 p.m.).

Table 2. Descriptive analysis of the average hourly values of the variables dry-bulb air temperature
(tdb, in ◦C), relative humidity (RH, in %), temperature and humidity index (THI), and specific
enthalpy of air (h, in kJ·kg of dry air−1) inside the compost-bedded pack barn system.

Variable Period Mean Median Minimum Maximum Standard
Deviation

Coefficient
of Variation Kurtosis Skewness

tdb

Dawn 10.5 10.5 10.0 10.9 0.2 0.02 2.28 0.04
Morning 15.7 15.6 15.0 16.4 0.2 0.01 3.60 0.43

Afternoon 21.7 21.6 21.1 23.2 0.3 0.01 6.19 1.78
Night 14.1 14.0 13.6 14.5 0.2 0.01 2.13 0.03

RH

Dawn 98.1 98.2 93.6 99.7 0.7 0.01 6.85 −1.38
Morning 86.7 86.9 80.4 90.5 1.2 0.01 3.91 −0.46

Afternoon 61.7 61.8 54.2 66.6 1.8 0.03 3.18 −0.48
Night 92.9 92.9 86.5 96.9 1.3 0.01 4.28 −0.43

THI

Dawn 50.9 50.9 50.0 51.6 0.3 0.01 2.27 0.05
Morning 60.0 60.0 58.9 61.2 0.3 0.01 3.41 0.34

Afternoon 68.3 68.2 67.3 69.7 0.4 0.01 4.42 1.17
Night 57.3 57.3 56.5 58.1 0.3 0.01 2.15 0.03

h

Dawn 31.2 31.2 29.8 32.4 0.4 0.01 2.23 0.14
Morning 41.5 41.5 39.3 43.4 0.6 0.01 2.86 −0.03

Afternoon 48.7 48.7 46.1 50.9 0.8 0.02 2.44 −0.02
Night 39.0 39.0 37.2 40.7 0.6 0.01 2.61 0.00

During the experimental period, the minimum and maximum tdb values were recorded
in the morning and afternoon periods, respectively (10.5 ± 0.2 and 21.7 ± 0.3 ◦C, respec-
tively) (Table 2). As expected, it was observed that the RH data had inverse behavior to the
tdb data, with higher values recorded in the dawn period (98.1 ± 0.7%) and lower values in
the afternoon period (61.7 ± 1.8%).

As THI and h are obtained from the combined effect of tdb and RH, it was observed that
the variations in values obtained for these indices were similar to those of tdb, which had
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greater weight in both compositions. Thus, the highest means occurred in the afternoon
period (THI = 68.3 ± 0.4 and h = 48.7 ± 0.8 kJ·kg of dry air−1), while the lowest were
recorded in the dawn period (THI = 50.9 ± 0.3 and h = 31.2 ± 0.4 kJ·kg of dry air−1).

For all variables and in all periods evaluated, it can be observed that the mean and
median values were close to one another, indicating that the data did not present marked
asymmetry. Therefore, it can be assumed that the distributions of the average hourly
recorded data were approximately normal [50].

Evaluating the data dispersion listed in Table 2 based on the coefficient of variation
(CV) classification proposed by Warrick and Nielsen [36], it was found that for all average
hourly data (tdb, RH, THI and h) the CV values were lower than 0.12, indicating low
dispersion. The low CV values obtained are also an indication that the variables had
approximately uniform distribution. These results corroborate those described by Andrade
et al. [27], who evaluated a closed CBP system in the same region where this study was
conducted, and obtained CV values below 0.12.

Considering the thermoneutral range for lactating dairy cattle (4.0 ≤ tdb < 24.0 ◦C; see
Table 1), it can be observed that in all of the periods evaluated, the average hourly levels
of tdb were within the range considered appropriate for the species (Table 2). Even in the
hottest period of the day, the tdb values recorded inside the facility were lower than the
UTCL and, therefore, did not indicate thermal discomfort.

Except for the afternoon period (Table 2), it was observed that mean hourly RH
levels obtained were above the superior threshold of thermal comfort recommended for
lactating dairy cattle (30.0 ≤ RH < 75.0%; see Table 1). However, it should be noted that
the occurrence of high RH values throughout the winter trial period did not impair the
productive performance of the animals, since the mean tdb levels remained below the
temperature considered critical for lactating dairy cattle (24.0 ◦C; see Table 1).

Regarding THI, Table 2 shows that the mean values in all periods evaluated were
within the thermal comfort range established in this study for lactating dairy cattle
(46.0 ≤ THI < 74.0; see Table 1). Even in the afternoon period, in which the highest
tdb values were recorded, the combination of these with low RH values caused THI values
below 74.0, indicating thermal comfort. For h, mean hourly values were also obtained
within the thermal comfort range for lactating dairy cattle (8.0 ≤ h < 62.0 kJ·kg of dry air−1;
see Table 1). From a global analysis of variables (tdb, RH, THI, and h), it can be seen that the
thermal environment within the studied CBP was within the ranges considered adequate
for cows to produce milk; for this reason, the energy expenditure for the activation of heat
dissipation mechanisms was minimal throughout the entire winter experimental period.

Table 3 lists the methods, models, and parameters estimated from the experimen-
tal semivariograms adjusted for the variables and indices of the thermal environment
evaluated during the winter experimental period.

Table 3. Methods, models, and parameters estimated from the semivariograms adjusted for dry-bulb
air temperature (tdb), relative humidity (RH), temperature and humidity index (THI), and specific
enthalpy of air (h).

Variable Period Method Model C0 C1 C0 + C1 a a’ SDI ME SDM RE SDR

tdb

Dawn OLS Spherical 0.0052 0.0371 0.0423 6.6380 6.6380 0.1229 −0.0001 0.2274 −0.0002 1.1110
Morning OLS Spherical 0.0097 0.0819 0.0916 5.8736 5.8736 0.1059 0.0000 0.2927 0.0001 0.9628

Afternoon REML Spherical 0.0180 0.2166 0.2346 40.6683 40.6683 0.0767 0.0048 0.2517 0.0094 1.0209
Night OLS Spherical 0.0056 0.0459 0.0515 5.0819 6.0819 0.1087 0.0000 0.2298 0.0000 1.0098

RH

Dawn OLS Spherical 0.1528 1.3156 1.4684 5.4654 5.4654 0.1041 −0.0003 1.2314 −0.0001 1.0084
Morning OLS Spherical 0.5867 3.9106 4.4973 5.1147 5.1147 0.1305 −0.0002 2.1239 −0.0001 0.9929

Afternoon OLS Spherical 0.0000 9.4850 9.4850 5.0397 5.0397 0.0000 −0.0004 3.0743 −0.0001 0.9895
Night OLS Spherical 0.3491 4.5540 4.9031 5.2721 5.2721 0.0712 −0.0004 2.2516 −0.0001 1.0085
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Table 3. Cont.

Variable Period Method Model C0 C1 C0 + C1 a a’ SDI ME SDM RE SDR

THI

Dawn OLS Spherical 0.0003 0.1718 0.1721 5.8403 5.8403 0.0017 −0.0001 0.4225 −0.0001 1.0146
Morning OLS Spherical 0.0000 0.2418 0.2418 5.0215 5.0215 0.0000 0.0000 0.4939 0.0000 0.9957

Afternoon OLS Spherical 0.0002 0.1731 0.1733 5.8705 5.8706 0.0012 −0.0001 0.4892 −0.0001 1.1706
Night OLS Spherical 0.0075 0.1565 0.1640 5.3975 5.3975 0.0457 0.0000 0.4047 0.0000 0.9917

h

Dawn OLS Spherical 0.0004 0.3014 0.3018 5.6248 5.6248 0.0013 −0.0002 0.5615 −0.0002 1.0160
Morning OLS Exponential 0.0000 0.5309 0.5309 5.0008 14.9812 0.0000 −0.0056 0.6372 −0.0046 1.0423

Afternoon OLS Spherical 0.0000 1.2355 1.2355 6.5328 6.5328 0.0000 −0.0033 1.1182 −0.0015 1.0121
Night OLS Spherical 0.0209 0.5211 0.5420 5.4957 5.4957 0.0386 −0.0002 0.7542 −0.0001 1.0173

C0—nugget effect; C1—contribution; C0 + C1—sill; a—range; a’—practical range; SDI—spatial dependence
index; ME—mean error; SDM—mean-error standard deviation; RE—reduced error; SDR—reduced-error standard
deviation; OLS—ordinary least squares; REML—restricted maximum likelihood.

The best experimental semivariogram adjustments were obtained using the spher-
ical and exponential models which, according to Webster and Oliver [51], are the most
frequently used in geostatistics. Based on cross-validation data (Table 3), it was found that
the adjustments obtained were adequate, given that ME and RE values close to zero were
obtained (<0.0100), as well as SDR values close to one, as recommended by Isaaks and
Srivastava [41].

Among the geostatistics parameters, one of the main parameters is the nugget effect
(C0), which refers to unexplained variability considering the distance between sampled
points [52]. For the variables and indices evaluated (Table 3), the C0 values were mostly
low (close or equal to zero), indicating that the variables and indices evaluated present low
unexplained variability, and that the adjusted semivariograms do not have discontinuity.

On the other hand, as the discontinuity represented by C0 can be attributed to several
factors (e.g., errors of collections and/or analyses, local variations etc.), and it is not possible
to quantify the contribution of each factor, it is important that other forms of evaluation
of C0 are used [53]. One of these ways is to use the spatial dependence index (SDI) and
express C0 in relation to the sill (C0 + C1), making it possible to make correlations through
the classification of Cambardella et al. [42].

When the SDI was used to evaluate the contribution of unexplained variability in
the composition of the level (Table 3), it was found that the SDI values obtained were
lower than 0.2500, indicating the occurrence of strong spatial dependence. The highest
SDI values were observed for the variables tdb (dawn) and RH (morning), in which values
equal to 0.1229 and 0.1305 were obtained, respectively. Therefore, it can be concluded that
the results obtained with the use of ordinary kriging are representative of the variables,
since the low contributions of the nugget effect to the sill return better results with the
interpolation techniques used by ordinary kriging [54].

Another very important parameter is the range (a), which represents the influence
distance of an observation by differentiating correlated samples (structured) from inde-
pendent samples (random) [55]. In all cases evaluated in this study, the a values obtained
were greater than the shortest distance between sampled points (4.5 m), and the occurrence
of spatial dependence was observed (Table 3). The lowest a values were observed for RH
(afternoon, a = 5.0397 m), THI (morning, a = 5.0215 m), and h (morning, a = 5.0008 m).
By analyzing the a values, it becomes evident that the distance between sampling points
was adequate.

After verifying the occurrence of strong spatial dependence for all variables (Table 3),
it was possible to use ordinary kriging to obtain the data from unsampled points. From the
kriging data, spatial distribution maps were generated, which made it possible to identify
regions with higher and lower levels of the studied variables [56].

Figure 5 illustrates the spatial distribution maps of the variables dry-bulb air tempera-
ture (tdb) and relative humidity of air (RH) during the winter experimental period, in the
dawn, morning, afternoon, and night.
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Figure 5. Spatial distribution of dry-bulb air temperature (tdb, in ◦C) and relative humidity of
air (RH, in %): (a,b) dawn (12:00 a.m. to 05:59 a.m.), (c,d) morning (06:00 a.m. to 11:59 a.m.),
(e,f) afternoon (12:00 a.m. to 05:59 p.m.), (g,h) and night (06:00 p.m. to 11:59 p.m.). AFD—air-flow
direction; N—north indication; tdb,Int-Min—minimum internal dry-bulb air temperature; tdb,Int-Max—
maximum internal dry-bulb air temperature; ∆tdb,Int—variation of internal dry-bulb air temperature;
tdb-Ext—mean external dry-bulb air temperature; RHInt-Min—minimum internal relative humidity of
air; RHInt-Max—maximum internal relative humidity of air; ∆RHInt—variation of internal relative
humidity of air; RHExt—mean internal relative humidity of air; dimensions in meters (m).

Figure 5a,c,e,g show that there was a low spatial variability of the mean tdb values,
and temperature values close to those recorded outside the facility were observed (meteo-
rological shelter). In the dawn, morning, and night periods, low variation amplitudes were
obtained (0.9, 1.4, and 0.9 ◦C, respectively). In the afternoon period, the tdb amplitude was
slightly higher (2.1 ◦C), with average values between 21.1 and 23.2 ◦C.

Even though low variation amplitudes were observed, the formation of a tdb gradient
throughout the facility was observed, with lower and higher tdb values always occurring in
regions near the southeast and northwest faces, respectively (Figure 5a,c,e). The occurrence
of a region with higher average temperatures is an indication that the ventilation system
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used was not effective in ensuring homogeneous thermal conditions, even during the
coldest season (winter).

For low-volume and high-speed (LVHS) mechanical fans, such as those used in the
CBPPV system, the distance between the longitudinal ventilation lines should be between
12.0 and 18.0 m, and it is recommended that it be 12.0 m [2]. Near the southeast face of
the studied facility, four ventilators (0.0 and 12.0 m shares, from southeast to northwest)
remained connected 24 h·day−1 and, in turn, made it possible to reduce the tdb in their
operational areas [21,57]. However, in the rest of the facility area, only two more fans
were present (dimension 36.0 m, from southeast to northwest), so the distance between
the second and third lines and the northwest end (24.0 m) was greater than recommended.
Thus, it is inferable that the number and arrangement of fans used were not satisfactory to
reduce the mean tdb values.

Specifically in relation to the region near the northwest face of the facility, the most
notable situation occurred in the afternoon, in which direct incident solar radiation was
observed within the facility and, consequently, higher mean tdb values were recorded
(23.2 ◦C; see Figure 5e). The direct incident solar radiation in this region occurred due
to two factors: facility orientation, and the absence of closure of the upper part of the
northwest face. The facility evaluated was oriented in the southeast–northwest direction
and, for this reason, some regions of the building were prone to receiving direct incident
solar radiation at some times of the day during the winter [2], as verified through the
tdb spatial distribution maps (Figure 5e). In these cases, it is recommended that closing
devices are installed on the top, near the roof, to minimize the direct incident solar radiation
inside the facility [58]. On the other hand, as this was only a small fraction of the area, it
is recommended that secondary modifications be applied, such as installation of closing
structures or shade nets in the upper part, which block the entrance of solar radiation and,
therefore, make it possible to reduce the average tdb levels in this region [15].

Considering the thermoneutral temperature range for lactating dairy cattle that was
established in this study (4.0≤ tdb < 24.0 ◦C; see Table 1), it can be observed that the average
hourly tdb values recorded during the winter period were within the range considered
ideal (Figure 5a,c,e,g). The highest mean tdb levels were recorded in the afternoon period
(23.2 ◦C) (Figure 5e), and occurred in a region near the northwest face of the facility which,
as already mentioned, received direct incident solar radiation.

Even though at the northwest face of the facility no mean tdb values above the UTCL
were recorded, this region can be deprecated by the animals in the hottest period of the
day (afternoon). When higher tdb values are recorded in each location, animals tend to
reject the region in question, and group in places with lower tdb levels and/or higher air
velocities. With this, there is a tendency to increase thermal discomfort, the risk of accidents
by tramping of teats and tails, bedding compaction, and quality deterioration [2].

Certainly, tdb exerts a strong influence on the thermal comfort and productive per-
formance of dairy cattle, but this variable should always be evaluated in association with
RH [15,29]. Through Figure 5b,d,f,h, it can be observed that the RH spatial distribution
maps denoted greater spatial variability, in accordance with what was observed in other
studies conducted in CBP systems [21,27], with the occurrence of high RH amplitudes. In
the dawn, morning, afternoon, and night periods, ranges of 6.2, 10.1, 12.4, and 10.4% were
observed, respectively, indicating the heterogeneous distribution of RH inside the facility.

In the dawn period (Figure 5b), it was possible to observe that there were more
homogeneous conditions (93.6 < RH ≤ 99.7%), while in the afternoon period (Figure 5f)
the RH distribution was more heterogeneous (54.2 < RH ≤ 66.6%). During the daytime
periods (morning and afternoon), there was a tendency to have lower RH levels in the
peripheral regions of the facility—especially near the northwest face (Figure 5d,f). In these
two periods, it can be confirmed that the recording of lower RH values was due to the
direct incident solar radiation and the influence of the external environmental conditions,
which contributed to the reduction in RH in the internal environment.
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In the night period (06:00 p.m. to 11:59 p.m., Figure 5f), an increase in RH was observed
due to the influence of the external environment and the bed conditions. In the dawn
(12:00 a.m. to 05:59 a.m., Figure 5b), the increasing RH trend was maintained, and a more
uniform distribution was observed (∆RHInt = 6.2%, lowest variation between periods).

Considering the RH range established in this study as thermoneutral for lactating
dairy cows (30.0 ≤ RH < 75.0%; see Table 1), it can be observed that the mean RH levels
within the evaluated system were higher than the UTCL in most periods (dawn, morning,
and night), being below 75.0% only in the afternoon period (Figure 5f). Since the evaluated
system did not use adiabatic evaporative cooling systems (AECSs), high RH levels may
represent a problem for the semi-composting process and bed management, as well as
animal health and milk quality [2,8]. In fact, in this type of system there is a tendency to
obtain elevated RH levels in the internal environment, because of steam released during
the semi-composting process, evaporation and water spillage from tipper drinkers, and
the animals’ respiration and waste [10,27]. For this reason, it is necessary to pay greater
attention to bed management, with more revolving operations, along with the addition and
incorporation of more dry bedding material, to reduce bed moisture and keep the resting
area dry, hygienic, and comfortable for the animals [8].

The THI and h spatial distribution maps are illustrated in Figure 6. As can be observed
in Figure 6a,c,e,g, the mean THI values’ spatial distributions had behaviors similar to those
observed for tdb, with low spatial variability. The variation amplitudes recorded were low
in the four periods evaluated (1.6, 2.3, 2.4, and 1.6, in the dawn, morning, afternoon, and
night, respectively).

Similarly to tdb (Figure 5), it was observed that in the periods with greater variation
amplitude (morning and afternoon), there was the formation of small gradients throughout
the facility, with lower values observed near the southeast face and higher values in the
northwest region (Figure 6). From Figure 6, it can be inferred that the ventilation system
installed on site was not effective in promoting homogeneous thermal comfort conditions.
Together, the absence of closing structures in the upper northwest face region of the facility
caused direct solar radiation to enter, increasing the tdb values and, consequently, the THI.

In all periods evaluated (Figure 6a,c,e,g), the THI values obtained were within the
thermoneutral range for lactating dairy cows (46.0 ≤ THI < 74.0; see Table 1), as was
expected for the season and climatic region under study. The situation closest to the
upper THI limit occurred in the afternoon period, in which the occurrence of a region with
THI ≥ 69.0 was observed.

The achievement of THI conditions considered to be thermally comfortable was due
to the low tdb values recorded inside the facility (Figure 5a,c,e,g), which are common in
winter. On the other hand, one cannot forget the elevated RH levels observed in the dawn,
morning, and night periods (Figure 5b,d,h) which, although not indicative of thermal stress,
may represent a problem for bedding management, herd health, and milk quality.

The THI results achieved in this study (Figure 6a,c,e,g) corroborate those observed
by Andrade et al. [27], who evaluated the microclimatic variables in a closed CBP system
with a tunnel-mode ventilation associated with AECSs, in the same climatic region as this
study. In the latter study, it was observed that the highest mean THI levels occurred in
the afternoon period, but were always lower than 74.0, being within the thermal comfort
range for lactating dairy cows. Based on the results obtained in the present study, it can be
concluded that in this region it is not necessary to make use of AECSs during the winter
period, since the conditions observed in open CBP systems already meet the animals’
thermal needs.

Studies characterizing thermal comfort in open CBP systems with mechanical ventila-
tion (LVHS) were also conducted in southern Minas Gerais by Mota et al. [59]. During the
winter period, the authors obtained mean THI values of 64.6 and 66.2 in the morning and
afternoon periods, respectively (with ventilators on). The results obtained in the present
study are also consistent with those reported by Mota et al.
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Figure 6. Spatial distribution of temperature and humidity index (THI) and specific enthalpy of
air (h, in kJ·kg of dry air−1): (a,b) dawn (12:00 a.m. to 05:59 a.m.), (c,d) morning (06:00 a.m. to
11:59 a.m.), (e,f) afternoon (12:00 a.m. to 05:59 p.m.), (g,h) and night (06:00 p.m. to 11:59 p.m.).
AFD—air-flow direction; N—north indication; THIInt-Min—minimum internal temperature and
humidity index; THIInt-Max—maximum internal temperature and humidity index; ∆THIInt—variation
of internal temperature and humidity index; THIExt—mean external temperature and humidity index;
hInt-Min—minimum internal specific enthalpy of air; hInt-Max—maximum internal specific enthalpy of
air; ∆hInt—variation of internal specific enthalpy of air; hExt—mean external specific enthalpy of air;
dimensions in meters (m).

As shown in Figure 6b,d,f,g, it was verified that the h distributions were relatively uni-
form, with the variation amplitudes throughout the facility always being lower than 5.0 kJ·kg
of dry air−1. The highest h values were obtained in the afternoon (hInt−Max = 50.9 kJ·kg of
dry air−1), which also had greater variation amplitude (∆hInt = 4.8 kJ·kg of dry air−1). On
the other hand, softer distributions were observed in the dawn and night periods, in which
lower variation amplitudes were obtained (2.6 and 3.5 kJ·kg of dry air−1, respectively).
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In all periods evaluated, it was observed that a small h gradient occurred throughout
the facility (Figure 5b,d,f,h), with lower levels in the vicinity of the southeast face, and
higher levels in the northwest region. The occurrence of higher h levels in the vicinity
of the northwest face was due to the direct incident solar radiation in this region of the
facility which, as already widely discussed, caused the increase in the mean tdb values
(Figure 5a,c,e,g) and, consequently, in h (Figure 5b,d,f,h).

Based on the h spatial distribution maps (Figure 5b,d,f,h), it was found that the average
hourly h levels obtained inside the system during the winter trial period were within the
range considered suitable for lactating dairy cows (8.0 ≤ h < 62.0 kJ·kg of dry air−1; see
Table 1). Therefore, it can be inferred that the levels of heat present inside the facility during
this period did not represent a problem in terms of thermal comfort.

The h results obtained in this study (Figure 5b,d,f,h) corroborate those described
by Andrade et al. [27], who evaluated the thermal conditions during the winter period
within a closed CBP system. The authors observed the occurrence of lower h values in
the dawn period (32.6 ± 0.7 kJ·kg of dry air−1) and higher values in the afternoon period
(53.0 ± 0.7 kJ·kg of dry air−1). In the study conducted by the authors, the occurrence of
higher h values in the afternoon period was due to the high RH levels recorded (76.6± 2.4%),
which justified using the AECS.

4. Conclusions

The temporal analysis of the microenvironment data allowed us to verify that, through-
out the study period, the average dry-bulb air temperature (tdb) remained within the ther-
mal comfort range (4.0 ≤ tdb < 24.0 ◦C), although on most days the absolute maximum tdb
reached values outside the thermal comfort zone for lactating dairy cows at some times. It
was also found that the average relative air humidity (RH) was above the thermal comfort
range (30.0 ≤ RH < 75.0%) on most days (from 12:00 a.m. to 10:00 a.m. and from 05:00 p.m.
to 12:00 p.m.). However, through the temperature and humidity index (THI) and specific
enthalpy of air (h), which consider the combination of these two factors, adequate thermal
comfort conditions were indicated at all times evaluated.

The application of geostatistical techniques allowed us to verify and characterize the
occurrence of spatial dependence of the variables evaluated. For all variables, a strong
spatial dependence was observed, making it possible to apply interpolation techniques via
ordinary kriging and generate spatial distribution maps.

Through the generated maps, it was possible to observe that the variables (tdb and
RH) and the indices studied (THI and h) presented spatial variability. The tdb and RH had
variable distribution throughout the facility, concentrated in the morning and afternoon
periods, but their combination returned THI and h maps with distribution within the
thermal comfort range. The highest tdb, THI, and h levels were recorded in the afternoon
period in the northwest area (tdb = 23.2 ◦C, THI = 69.7, and h = 50.9 kJ·kg of dry air−1),
which received direct incident solar radiation, while the lowest values were recorded in
the dawn period, in areas close to the fans (tdb = 10.0 ◦C, THI = 50.0 and h = 29.8 kJ·kg of
dry air−1).

The results found in this study describe the environmental thermal conditions inside a
CBP system with positive-pressure ventilation during the winter period in Brazil. It is rec-
ommended that new mapping studies be carried out in facilities with different construction
typologies, in different regions, and at different times of the year.
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24. Vieira, F.M.C.; Soares, A.A.; Herbut, P.; Vismara, E.S.; Godyń, D.; Dos Santos, A.C.Z.; Lambertes, T.S.; Caetano, W.F. Spatio-thermal
variability and behaviour as bio-thermal indicators of heat stress in dairy cows in a Compost Barn: A case study. Animals 2021,
11, 1197. [CrossRef] [PubMed]

25. Sá Júnior, A.; Carvalho, L.G.; Silva, F.F.; Alves, M.C. Application of the Köppen classification for climatic zoning in the state of
Minas Gerais, Brazil. Theor. Appl. Climatol. 2012, 108, 1–7. [CrossRef]

26. Freitas, L.C.S.R.; Tinôco, I.F.F.; Gates, R.S.; Barbari, M.; Cândido, M.G.L.; Toledo, J.V. Development and validation of a data logger
for thermal characterization in laying hen facilities. Rev. Bras. Eng. Agric. Ambient. 2019, 23, 787–793. [CrossRef]

27. Andrade, R.R.; Tinôco, I.F.F.; Damasceno, F.A.; Ferraz, G.A.S.; Freitas, L.C.S.R.; Ferreira, C.F.S.; Barbari, M.; Teles Junior, C.G.S.
Spatial analysis of microclimatic variables in compost-bedded pack barn with evaporative tunnel cooling. An. Acad. Bras. Cienc.
2022, 94, e20210226. [CrossRef]

28. Berman, A.; Folman, Y.; Kaim, M.; Mamen, M.; Herz, Z.; Wolfenson, D.; Arieli, A.; Graber, Y. Upper critical temperatures and
forced ventilation effects for high-yielding dairy cows in a subtropical climate. J. Dairy Sci. 1985, 68, 1488–1495. [CrossRef]

29. Nääs, I.A. Princípios de Conforto Térmico na Produção Animal, 1st ed.; Editora Ícone: São Paulo, Brazil, 1989; p. 183.
30. Bucklin, R.A.; Turner, L.W.; Beede, D.K.; Bray, D.R.; Hemken, R.W. Methods to relieve heat stress for dairy cows in hot, humid

climates. Appl. Eng. Agric. 1991, 7, 241–247. [CrossRef]
31. Igono, M.O.; Bjotvedt, G.; Sanford-Crane, H.T. Environmental profile and critical temperature effects on milk production of

Holstein cows in desert climate. Int. J. Biometeorol. 1992, 36, 77–87. [CrossRef]
32. Cortez, L.A.B.; Magalhães, P.S.G. Introdução à Engenharia Agrícola, 1st ed.; Editora Unicamp: Campinas, Brazil, 1993; p. 393.
33. Roenfeldt, S. You can‘t afford to ignore heat stress. Dairy Herd. Manag. 1998, 35, 6–12.
34. West, J.W. Effects of heat-stress on production in dairy cattle. J. Dairy Sci. 2003, 86, 2131–2144. [CrossRef]
35. Mader, T.L.; Davis, M.S.; Brown-Brandl, T. Environmental factors influencing heat stress in feedlot cattle. J. Anim. Sci. 2006,

84, 712–719. [CrossRef] [PubMed]
36. Warrick, W.A.; Nielsen, D.R. Spatial variability of soil physical properties in the field. In Application of Soil Physics, 1st ed.; Hillel,

D., Ed.; Academic Press: New York, NY, USA, 1980; pp. 319–344.
37. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:

Vienna, Austria, 2016.
38. Ribeiro Júnior, P.J.; Diggle, P.J. GeoR: A package for geostatistical analysis. R News 2011, 1, 14–18.
39. Matheron, G. Traité de Géostatistique Appliquée, 14th ed.; Editions Technip: Paris, France, 1962; p. 333.
40. Vieira, S.R.; Carvalho, J.R.P.; González, A.P. Jack knifing for semivariogram validation. Bragantia 2010, 69, 97–105. [CrossRef]
41. Isaaks, E.H.; Srivastava, R.M. An Introduction to Applied Geostatistics; Oxford University Press: New York, NY, USA, 1989; p. 561.
42. Cambardella, C.A.; Moorman, T.B.; Novak, J.M.; Parkin, T.B.; Karlen, D.L.; Turco, R.F.; Konopka, A.E. Field-scale variability of

soil properties in central Iowa soils. Soil Sci. Soc. Am. J. 1994, 58, 1501–1511. [CrossRef]
43. Endres, M.; Lobeck, K.; Janni, K.; Godden, S.; Fetrow, J. Barn environment study. In Minnesota Dairy Health Conference; University

of Minnesota Press: St. Paul, MN, USA, 2011; pp. 47–56.
44. Rosenberg, N.J.; Blad, B.L.; Verma, S.B. Human and animal biometeorology. In Microclimate: The Biological Environment, 2nd ed.;

Wiley-Interscience Publication: New York, NY, USA, 1983.
45. Akyuz, A.; Boyaci, S.; Cayli, A. Determination of critical period for dairy cows using temperature humidity index. J. Anim. Vet.

Adv. 2010, 9, 1824–1827. [CrossRef]
46. Mondaca, M.R.; Choi, C.Y.; Cook, N.B. Understanding microenvironments within tunnel-ventilated dairy cow freestall facilities:

Examination using computational fluid dynamics and experimental validation. Biosyst. Eng. 2019, 183, 70–84. [CrossRef]
47. Ferreira, R.A. Maior Produção com Melhor Ambiente para Aves, Suínos e Bovinos, 3rd ed.; Editora Aprenda Fácil: Viçosa, MG, Brazil,

2016; p. 528.
48. Black, R.A.; Taraba, J.L.; Day, G.B.; Damasceno, F.A.; Newman, M.C.; Akers, K.A.; Wood, C.L.; Mcquerry, K.J.; Bewley, J.M. The

relationship between compost bedded pack performance, management, and bacterial counts. J. Dairy Sci. 2014, 97, 2669–2679.
[CrossRef]

49. Pilatti, J.A.; Vieira, F.M.C.; Rankrape, F.; Vismara, E.S. Diurnal behaviors and herd characteristics of dairy cows housed in a
compost-bedded pack barn system under hot and humid conditions. Animal 2019, 13, 399–406. [CrossRef]

50. Little, T.M.; Hills, F.J. Agricultural Experimentation: Design and Analysis, 1st ed.; John Wiley & Sons: Hoboken, NJ, USA, 1978;
p. 368.

http://doi.org/10.15159/AR.19.116
http://doi.org/10.1016/j.jtherbio.2020.102782
http://doi.org/10.1590/0001-3765202120200384
http://www.ncbi.nlm.nih.gov/pubmed/34076182
http://doi.org/10.3390/ani11051197
http://www.ncbi.nlm.nih.gov/pubmed/33919438
http://doi.org/10.1007/s00704-011-0507-8
http://doi.org/10.1590/1807-1929/agriambi.v23n10p787-793
http://doi.org/10.1590/0001-3765202220210226
http://doi.org/10.3168/jds.S0022-0302(85)80987-5
http://doi.org/10.13031/2013.26218
http://doi.org/10.1007/BF01208917
http://doi.org/10.3168/jds.S0022-0302(03)73803-X
http://doi.org/10.2527/2006.843712x
http://www.ncbi.nlm.nih.gov/pubmed/16478964
http://doi.org/10.1590/S0006-87052010000500011
http://doi.org/10.2136/sssaj1994.03615995005800050033x
http://doi.org/10.3923/javaa.2010.1824.1827
http://doi.org/10.1016/j.biosystemseng.2019.04.014
http://doi.org/10.3168/jds.2013-6779
http://doi.org/10.1017/S1751731118001088


Animals 2022, 12, 2055 20 of 20

51. Webster, R.; Oliver, M.A. Geostatistics for Environmental Scientists, 2nd ed.; John Wiley & Sons: Chichester, West Sussex, 2007;
p. 315.

52. Ferraz, G.A.S.; Silva, F.M.; Oliveira, M.S.; Custódio, A.A.P.; Ferraz, P.F.P. Variabilidade espacial dos atributos da planta de uma
lavoura cafeeira. Cienc. Agron. 2017, 48, 91. [CrossRef]

53. Trangmar, B.B.; Yost, R.S.; Uehara, G. Application of geostatistics to spatial studies of soil properties. Adv. Agron. 1986, 38, 45–94.
[CrossRef]

54. Curi, T.M.R.C.; Conti, D.; Vercellino, R.A.; Massari, J.M.; Moura, D.J.; Souza, Z.M.; Montanari, R. Positioning of sensors for control
of ventilation systems in broiler houses: A case study. Sci. Agric. 2017, 74, 101–109. [CrossRef]

55. Andriotti, J.L.S. Fundamentos de Estatística e Geoestatística, 1st ed.; Editora Unisinos: São Leopoldo, RS, Brasil, 2003; p. 165.
56. Ferraz, P.F.P.; Yanagi Junior, T.; Ferraz, G.A.S.; Damasceno, F.A. Distribuição espacial do índice de temperatura do globo e

umidade em galpão de frangos na primeira semana de vida aquecido por fornalha industrial. Energia Agric. 2017, 32, 356–363.
[CrossRef]

57. Black, R.A.; Taraba, J.L.; Day, G.B.; Damasceno, F.A.; Bewley, J.M. Compost bedded pack dairy barn management, performance,
and producer satisfaction. J. Dairy Sci. 2013, 96, 8060–8074. [CrossRef] [PubMed]

58. Abreu, P.G.; Abreu, V.M.N. Ventilação na Avicultura de Corte, 1st ed.; Embrapa Suínos e Aves: Concórdia, SC, Brasil, 2000; p. 50.
59. Mota, V.C.; Andrade, E.T.; Leite, D.F. Caracterização da variabilidade espacial dos índices de conforto animal em sistemas de

confinamento Compost Barn. Pubvet 2019, 13, 170. [CrossRef]

http://doi.org/10.5935/1806-6690.20170009
http://doi.org/10.1016/S0065-2113(08)60673-2
http://doi.org/10.1590/1678-992x-2015-0369
http://doi.org/10.17224/EnergAgric.2017v32n4p356-363
http://doi.org/10.3168/jds.2013-6778
http://www.ncbi.nlm.nih.gov/pubmed/24404593
http://doi.org/10.31533/pubvet.v13n3a276.1-14

	Introduction 
	Materials and Methods 
	Characterization of the Facility and Management Techniques 
	Microclimatic Data Acquisition System 
	Thermal Comfort Evaluation 
	Statistical Analyses 
	Descriptive Analysis of Environmental Data 
	Analysis of Variability and Spatial Distribution 


	Results and Discussion 
	Conclusions 
	References

