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Abstract
Animal welfare and productive performance are compromised when animals are housed in environments which place them 
outside their thermal comfort zone. However, the identification of thermal stress, when based on air properties, suggests the 
use of outdated and generic indices. The objective of this work was to develop and validate a methodology for classifying 
and diagnosing heat stress in production animals based on psychrometric air relations. The model was created for broilers, 
pigs, dairy cattle, and laying birds, categorized into a total of 21 breeding phases. For each phase, a bibliographic search was 
carried out for the psychrometric parameters of the air—dry bulb temperature (AT) and relative humidity (RH)—that satis-
fied the animals’ critical and ideal thermoneutral zones. Adding the local atmospheric pressure (AP), the parameters were 
used to calculate the enthalpy (h), resulting in five comfort ranges. Based on this, a decision tree was elaborated, consisting 
of three attributes (AT, RH, and h) and seven diagnostic classes, based on the psychrometric principles of air. The proposed 
methodology was used in a case study, with a database extracted from an individual shelter for calves. For the evaluation 
of the decision tree, two induction algorithms, ID3 and c4.5, were compared, both of which presented high accuracy and 
proposed simpler tree models than the one theoretically developed for the methodology. In conclusion, the methodology 
represents a great potential to characterize the thermal comfort of the animals, diagnose the causes of stress, and recommend 
possible corrective actions. The study revealed that decision trees can be adapted and simplified for each creation phase.
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Introduction

Heat stress stands out for its negative influence on the 
productive performance and well-being of farm animals, 
since they need to allocate energy resources to maintain 
thermoregulation (He et al. 2019; Polsky and Von Keyser-
lingk 2017). Heat stress represents a significant contributor 
to economic losses within the livestock farming industry, 
exerting adverse impacts on various aspects such as meat 
production, milk yield, physiological functions, reproductive 

outcomes, and animal survival rates and overall health 
(Abdelnour et al. 2019; Bin-Jumah et al. 2020; de Castro 
Júnior and Silva 2021; Theusme et al. 2023). For instance, 
Silveira et al. (2021) showcased how the thermal conditions 
significantly affect the performance of Brahman bulls. This 
issue becomes critical in animals housed in tropical climate 
regions, which represent most of the Brazilian territory.

The success of a production depends, among other fac-
tors, on the physical properties of the housing environment, 
such as air temperature, relative humidity, solar radiation, 
and wind speed, which will directly influence the thermal 
exchanges between the animal and the environment (Aziz 
et al. 2016; Bin-Jumah et al. 2020).

Over time, different combinations of air properties were 
proposed, categorizing thermal stress based on obtaining 
comfort indexes, such as the Temperature Humidity Index 
(THI), by Thom (1959); the Buffington Black Globe Tem-
perature and Humidity Index (BGHI) (1981); and Radiant 
Heat Load (RHL), proposed by Esmay (1979). Nonetheless, 
the primary limitations of thermal comfort indices lie in 
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the fact that they were developed and parameterized in tem-
perate regions. Moreover, they frequently classify animals 
without distinguishing between species and breeding phases.

Another evaluative approach that is based on the physical 
characteristics of the air is psychrometric relations. Britto 
(2010) points out that psychrometric relations represent the 
area of research that investigates changes in the proper-
ties of humid air. As one of these properties, enthalpy is 
considered the energy content (amount of total heat) pre-
sent in a unit mass of air, incorporating latent and sensible 
heat contents. With such characteristics, enthalpy has been 
explored as an indication of the thermal comfort situation 
for humans (Chu and Jong 2008; Heidari et al. 2016; Hei-
dari et al. 2018) and production animals (Rodrigues et al. 
2011; Sarnighausen 2019).

Created in the 1960s, decision trees have consolidated 
themselves as one of the most effective statistical models for 
data mining, helping to determine priorities and decision-
making from the manipulation of large data sets (Song and 
Lu 2015). Studies have used decision trees to indicate the 
thermal comfort of animals (Nascimento et al. 2011; Per-
issinotto and Moura 2007; Silveira et al. 2023; Vale et al. 
2008), but their application in the diagnosis of causes and 
possible solutions to mitigate or reduce the thermal stress of 
animals are not reported in literature. The methodological 
proposal presented in this article can serve as a protocol for 
diagnosing heat stress in farm animals (dairy cattle, poul-
try, laying hens, and swine), representing a crucial tool for 
making informed decisions grounded in psychometric air 
relationships.

The objective of this work was to develop and validate an 
evaluative methodology for diagnosing heat stress in produc-
tion animals, at different stages of rearing, using psychro-
metric air relationships and decision trees as tools.

Material and methods

Methodological proposal

Being a methodological proposal, this study followed a 
serial sequence of seven dependent elements (Fig. 1), whose 
individual results were used as input data in the subsequent 
steps. The final objective—the last element of the methodo-
logical sequencing—was to obtain a diagnosis of the ani-
mals’ thermal comfort.

In the first element (choice of animals of interest), the 
most relevant domestic animals in the Brazilian animal pro-
tein production chain were considered, extracting beef cattle. 
Poultry farming, pig farming, dairy cattle farming, and lay-
ing poultry farming were contemplated. When it comes to 
thermal comfort, it is important to highlight that the critical 
and thermoneutral ranges—intervals that indicate the sever-
ity of thermal stress—of each species vary according to the 
stage of development of the animals (Ribeiro et al. 2018). In 
this sense, in addition to determining the animals of interest, 
it was necessary to subdivide them into their rearing phases, 
as the second element of the methodology. Obtaining the 
breeding phases (Table 1) followed the traditional nomen-
clature of each production chain.

Bibliographic review

The next step was the survey of the psychrometric param-
eters through the bibliographic review (the third element of 
the methodology). Within the set of psychrometric proper-
ties of the air, the most known and used variables are the dry 
bulb temperature (AT) and the relative humidity of the air 
(RH), since they are easy to collect and represent the biocli-
matic properties of greatest interest in studies of ambience.

Fig. 1   Methodological sequence: elements (boxes in shades of blue) and their respective individual results (between the arrows). h, enthalpy; 
Tbs, dry bulb temperature; RH, relative humidity
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For each of the 21 breeding phases listed in this work, 
the classic parameters of AT and RH used in the evalu-
ation of zootechnical installations were investigated in 
literature. Values recorded for the thermal comfort zone 
(TCZ), lower critical zone (LCZ), and upper critical zone 
(UCS) were obtained, which characterize the thermoneu-
tral regions of homeothermic animals. As a bibliographic 
search method, a systematic review was used (Pereira and 
Galvão 2014) following the following steps:

1)	 Compilation of scientific articles published in the main 
national and international databases that used thermon-
eutrality zones in their evaluations

2)	 Identification of the theoretical framework (source text) 
of the thermoneutrality values used in the articles

3)	 Search for source texts in gray literature
4)	 Cataloging of the ZCT, LCZ, and UCS ranges, accord-

ing to the source text, year of publication, and object of 
study (creation phase)

Next, the source texts were compared with each other, 
in order to establish a single acceptable limit of ZCT, 
LCZ, and UCS for AT and RH. In this standardization, 
the agreement of at least two authors for each of the ther-
mal zones for the different rearing stages was used as a 
decision criterion.

Psychrometric properties: local atmospheric 
pressure (AP)

Still, in the third element, Beltrán-Prieto et al. (2015) point 
out that the psychrometric properties of air vary according 
to the local atmospheric pressure (AP) and, consequently, 
the altitude (A) of the evaluated environment. Thus, the Bra-
zilian municipalities of greater and lesser A were defined, 
according to the Register of Selected Brazilian Localities, 
belonging to the Brazilian Institute of Geography and Sta-
tistics (IBGE), using a database of 21,304 municipalities, 
towns, indigenous villages, and national rural settlement 
areas (IBGE 2016). The maximum and minimum altitude 
values were converted into minimum and maximum AP, 
respectively, according to Eq. (1), proposed by Allen et al. 
(1998):

Prospecting a future use of this methodology in large-
volume databases, three fixed values of Pa were determined, 
facilitating subsequent computational processing that may 
not support a large number of possible Pa. From the ampli-
tude obtained from the maximum and minimum AP, 3 sub-
intervals of the same spacing were generated: the group of 

(1)AP = 101.3 x

(

293 − 0, 0065xA

293

)5,26

Table 1   Productions of interest 
and their respective creation 
phases

Production Creation phases Description

Poultry 1st week Animals from 0 to 7 days old
2nd week Animals from 8 to 14 days old
3rd week Animals from 15 to 21 days old
4th week Animals from 22 to 28 days old
5th week Animals from 29 to 35 days old
6th week Animals from 36 to 43 days old

Dairy cattle Calves Animals from 0 to 2 months old
Heifers Animals from 2 to 24 months old
Lactating cows Adult females during the period of gestation and lactation
Dry cows Adult females during the dry period
Bulls Adult breeding males

Swine Reproduction Adult sows
Reproduction Adult breeding males
Piglets Animals from 0 to 21–28 days old (ideal weight of 8 kg)
Nursery Animals from 21 to 28 to 63 days old (ideal weight 20–24 kg)
Growth Animals weighing between 20 and 55 kg
Finisher Animals weighing over 55 kg

Laying hens 1st week Animals from 0 to 7 days old
Growing (Stage 1) Animals from 1 to 6 weeks old
Growing (Stage 2) Animals from 7 to 17 weeks old
Laying hens Animals from 18 to 80 weeks old
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places with low A and high Pa, the group of places with 
medium A and AP, and the group with places of high A and 
low AP. The fixed values of high AP, medium AP, and low 
AP were extracted from the arithmetic mean of each of the 
sub-intervals, respectively.

Specific Air Enthalpy Index (h)

In the fourth element of the methodology, after obtaining the 
critical and comfort zones of AT and RH, added to the con-
siderations made for AP, the Specific Air Enthalpy Index (h) 
is calculated (Eq. (2)) corrected by Rodrigues et al. (2011):

Using the ideal and critical values of AT and RH, it was 
possible to determine the ideal and critical enthalpies for 
each production phase, for each of the three Pa scenarios. 
Such results were used in the fifth element to determine the 
LCZ, UCZ, and ZCS, obtaining five enthalpy categorization 
intervals. Environments with h below the LCZ and above 
the UCZ were considered emergency situations of thermal 
stress; environments with h between LCZ and the minimum 
value of the UCZ and with h between the maximum value 
of the ZCT and the UCZ were considered alert situations; 
environments with h inside the ZCT do not pose risks to the 
thermal comfort of the animals.

Diagnosis of thermal comfort

From the ranges obtained, it was possible to elaborate the 
diagnosis of thermal comfort using the principles of the 
decision tree (sixth and penultimate element). When car-
rying out an analysis of the enthalpy formula of Rodrigues 
et al. (2011) and the relationships stipulated by the psychro-
metric chart (Kresta and Ayranci 2018), it was possible to 
observe that h and AT, as well as h and RH, are dependent 
and directly proportional quantities.

(2)
h = 1,006Tbs +

(

RH

AP

)

∗ 10

[

7,5AT

237,3+AT

]

∗ (71, 28 + 0,052AT)

Causes of h outside the ideal situation of thermal com-
fort of the animals are consequences of AT and/or RH in 
critical or emergency states. Thus, in order to diagnose h 
stress, it is necessary to understand the primary causes, since 
AT is related to the heating or cooling of the environment, 
and RH corresponds to the humidification and drying pro-
cesses (Britto 2010). Table 2 summarizes the variation of 
h, its dependence on AT and RH, and the diagnosis of each 
problem.

Each stage of creation of the productions proposed in this 
work requires different responses (modifications in the envi-
ronment) according to the type of problem, using different 
techniques and air conditioning devices. For this purpose, a 
general decision tree was elaborated, from a theoretical point 
of view, for the diagnosis of the comfort situation of produc-
tion animals, using the 7 possibilities of possible diagnoses.

At first, without using a working data set, a theoretical 
decision tree with three nodes (AT, RH, and h) was pro-
posed, using the dependent variable (h) as the main attrib-
ute, AT as a secondary attribute—because it is more studied 
when evaluating the thermal comfort of the animals—fol-
lowed by RH, as the third attribute. In this theoretical for-
mulation, considerations found in the literature were used, 
based on possible paths determined by a set of rules “IF 
<conditional> THEN <consequent>” (Andrade et al. 2016; 
Perissinotto and Moura 2007). As each variable had spe-
cific classification ranges, listed in the previous elements in 
this work, the decision tree was elaborated with ordinarily 
qualitative values (high, low, and ideal), and not numerical 
ones. Each diagnosis represented a leaf of the decision tree.

Case study

In a second moment, as a case study, the already final-
ized modeling was used and evaluated, in order to obtain 
decision trees built from a database of a facility for dairy 
calves. The collections were carried out in the dairy cattle 
sector of the Faculty of Animal Science and Food Engi-
neering (FZEA), the campus of the University of São 

Table 2   Possible diagnoses for 
thermal stress problems

h enthalpy, Tbs dry bulb temperature, RH relative humidity, ZCI lower critical zone, TCZ thermal comfort 
zone, ZCS upper critical zone

Diagnosis Dependent variable Variable
Independent

Problem

D1 h = ZCT (ideal) - Ideal environment
D2 h > TCZ (high) AT and RH > TCZ (high) Hot and humid environment
D3 AT > TCZ (high) Hot environment
D4 AT > TCZ (high) Humid environment
D5 h < TCZ (low) AT and RH < TCZ (low) The environment is dry and cold
D6 AT < TCZ (low) Environment is cold
D7 RH < TCZ (low) Environment is dry
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Paulo (USP), Pirassununga, SP. The municipality is at an 
altitude of 620 m, latitude 21° 59′ 46″ south and longitude 
47° 25′ 33″ west. The climate, according to the Köppen 
characterization, is Cwa: tropical with rainy summers and 
dry winters.

As an object of study, an individual shelter for calves 
was used—a tropical house—with dimensions of 1.57-m 
long, 1.17-m wide, maximum ceiling height of 1.15 m (in 
front of the installation), and minimum 1.10 m (at the back), 
obtaining a useful volume for the calf of 2.4 m3. The shelter 
was sealed on the sides and bottom with flat plywood sheets 
0.05-m thick and painted white. The covering used was cor-
rugated fiber cement tiles, 1.80-m long, 1.50-m wide, and 
0.05-m thick, also painted white. The interior of the shelter 
contained sand bedding and a feeding trough. There were no 
physical barriers that caused shading in the shelter during 
any moment of the day.

To collect the physical variables of the environment, a 
HOBO datalogger positioned in the geometric center of the 
installation was used. AT and RH values were collected 
every 1 h over 24 h, for 65 days (between April, May, and 
June), in autumn. From the extracted values, the h was cal-
culated, which is the AT and the RH nominally classified 
between low, ideal, and high according to the parameters for 
calves extracted from the methodology of this work, follow-
ing the methodology used by Perissinotto and Moura (2007).

Statistical analysis

For obtaining the decision tree for this case study, based 
on data mining, the Waitato Environment for Knowledge 
Analysis (WEKA®) software, version 3.8 of easy manipula-
tion algorithms aimed at machine learning and data mining 
(Perissinotto and Moura 2007; Smith and Frank 2016; Zhao 
and Zhang 2008) was used.

The data set was initially evaluated according to the bal-
ancing of its attributes, determining whether there were 
more recurrent diagnoses from D1 to D7 in the evaluated 
experimental period. After that, two supervised classification 
algorithms, ID3 and c4.5, were used to create the decision 
trees. ID3 is a pioneering and widely used recursive algo-
rithm in the induction of decision trees, allowing the use of 
categorical attributes (Quinlan 1986). The c4.5 algorithm is 
characterized as an evolution of ID3, using a gain ratio meas-
ure which promotes a better division of examples than the 
information gain, which is used in ID3 (Quinlan 1993). Both 
models were executed using cross-validation as a test crite-
rion. The two algorithms were evaluated according to their 
accuracy (data correctly classified), and the trees obtained by 
the models were compared with the theoretical tree proposed 
in the methodological development of this study.

Results

In obtaining the AT and RH parameters which are specific 
for each of the phases of the four productions (Table 3), 
a total of 189 records were catalogued through the sys-
tematic bibliographic review. It is worth noting that some 
source texts contained more than one catalogued record.

Of the records, 58 (31%) focused on the classification 
of broiler chickens and 51 (27%) on pigs, which were the 
groups which presented more stages of creation, six each. 
Cattle farming was represented by 49 (26%) of the records, 
while laying hens had the lowest number of observations, 
with 31 (16%) of the records.

Within the developmental stages of broilers, the cata-
logued zones were similar for all weeks, and many of the 
base texts brought a compilation of thermoneutrality zones 
for all weeks. As for pig farming, a greater expression of 
records was catalogued for sows and piglets, compared to 
the other production stages, as they present antagonistic 
situations of thermal comfort that coexist in the same pro-
duction environment.

For dairy cattle, most of the work—39% of records for 
cattle—was catalogued for lactating cows, which are of 
greater economic interest. The same phenomenon occurred 
with laying hens, with base texts that bring only the ther-
moneutrality zones for laying hens—42% of the total 
records for this production.

The established thermoneutral zones indicate that 
younger animals, in general, demand warmer environ-
ments for their survival, increasing the demand for colder 
environments throughout their growth.

Considering the classification for the local atmospheric 
pressure, it was highlighted that the highest city in the coun-
try is Campos do Jordão, SP, with its headquarters located at 
1639.3 meters of altitude. The municipality with the lowest 
recorded altitude was Grossos-RN, at 0 meters above sea 
level. By the conversion of Allen et al. (1998), the lowest 
atmospheric pressure (Pa) in Campos do Jordão was 625.29 
mmHg, while the highest Pa in Grosso was 759.81 mmHg, 
generating a possible range of 134.52 mmHg in amplitude.

Dividing the interval into three groups and obtaining 
the arithmetic mean for each of them, the three fixed AP 
values were extracted: cities with Pa between 625.29 and 
670.13 mmHg were grouped in the low Pa group, approxi-
mating its actual value to low AP = 647.71 mmHg. Cities 
with AP between 670.14 and 714.97 mmHg were grouped 
in the average AP group, with the fixed value of medium 
AP = 692.55 mmHg. The cities with Pa between 714.98 
and 759.81 mmHg had their approximate values for high 
AP = 737.39 mmHg.

The Tbs and RH values retrieved and standardized 
from the literature (Table 3), and the three Pa conditions 
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obtained were used to calculate the LCZ, ZCT, and UCZ 
of enthalpy for the 21 phases of interest (Table 4). Gener-
ally speaking, it is possible to observe that the ranges of 
h have higher values for younger animals and progres-
sively decrease as the animals grow. Furthermore, with an 
increase in Pa, the values of h decrease.

As the final purpose of the methodology, the theoretical 
decision tree was elaborated based on the enthalpy values 
obtained (Fig. 2). The root attribute (orange square) was 
enthalpy, which is the system-dependent variable. According 
to its result, the AT nodes are opened and, shortly after, the 
RH (green circles). Nodes that respond to the ideal AT only 
assume that the humidity is high and/or low. The diagnoses 
(gray triangles) are reached following the criteria used in 
Table 2.

In the case study with the database of an individual calf 
shelter, 1559 instances (data pair of AT and RH) were used. 
The methodology developed in this work was applied: AT 
and RH data were categorized into “low,” “ideal,” and 
“high” according to Table 3, using the classification for 
calves; the real atmospheric pressure of Pirassununga, of 
692.55 mmHg, was approximated to the fixed value of high 
AP = 705.15 mmHg; and the enthalpy was calculated and 
classified as “low,” “ideal,” or “high” using Table 4. The 
comfort diagnosis was determined by Table 2, classifying 
the dataset from D1 to D7.

The data set was initially evaluated by balancing the 
attributes. By the distribution of the diagnoses (Fig. 3A), 
it was possible to observe that the majority of the instances 
(40%) presented as classification the diagnosis D1 (ideal 
environment), followed by D3 (hot environment) and D4 
(humid environment), with 25 % and 18%, respectively. 
Diagnoses D2 (hot and humid environment) and D5 (cold 
environment) presented, respectively, 9% and 7% of the 
diagnosed instances. Only one record was classified as D5 
(cold and dry environment), and there was no record of diag-
nosis D7 (dry environment).

In the distribution of the enthalpy attribute (Fig. 3B), it 
was possible to observe the imbalance through the greater 
number of instances classified as high h (812 instances), 
followed by ideal h (634 instances), and finally low h (113 
instances). Within the high category, the final diagnoses 
were D4 (285 instances), D3 (384 instances), and D2 (143 
instances). All environments with ideal h were diagnosed 
as D1, as well as all those with low h were cataloged as D6 
(112 instances) and D5 (1 instance).

The dry bulb temperature (Fig. 3C) was the attribute that 
showed the least imbalance, still maintaining an irregular 
distribution of diagnoses within each Tbs classification. Out 
of the 571 instances that were classified as high Tbs, 44 were 
diagnosed as D1, 143 as D2, and 384 as D3. Out of the 537 
classified as ideal Tbs, 252 were destined for D1 and 285 for 

Table 3   Thermoneutrality zones 
for Tbs and UR for rearing 
phases based on literature 
review

LCZ lower critical zone, TCZ thermal comfort zone, UCZ upper critical zone

Dry bulb temperature (°C ) Relative humidity (%)

LCZ TCZ UCZ LCZ TCZ UCS

Poultry 1st week 30 32–35 39 30 50–70 90
2nd week 26 28–32 38 40 50–70 90
3rd week 23 26–28 33 40 50–70 90
4th week 15 18–28 32 40 50–70 90
5th week 15 16–28 32 40 50–70 90
6th week 14 16–28 32 40 50–70 90

Swine Sows 0 10–23 30 30 50–70 90
Boars 0 12–21 30 30 60–70 90
Piglets 15 27–34 35 30 50–70 90
Nursery 10 20–24 31 30 50–70 90
Growing 5 16–21 27 30 50–70 90
Finishing 5 12–21 27 30 50–70 90

Dairy cattle Calves 10 16–21 26 20 50–70 90
Heifers − 5 12–26 30 20 50–70 90
Dairy cows − 5 0–25 30 20 50–70 90
Dry cows − 10 0–21 27 20 50–70 90
Bulls − 10 0–21 27 20 50–70 90

Laying hens Chicks 30 33–35 39 30 40–60 90
Growing (stage 1) 12 18–27 30 30 40–60 90
Growing (stage 2) 12 18–25 30 30 40–70 90
Laying hens 12 14–28 30 30 40–70 90
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D4. Out of the 451 instances classified as low Tbs, 338 were 
diagnosed as D1, 112 were classified as D6, and 1 as D5.

Relative air humidity (Fig. 3D) was the attribute that 
showed the greatest imbalance. A total of 1064 instances 
were classified as high RH, which was diagnosed as D1 
(531), D2 (143), D4 (284), and D6 (106). A total of 322 
instances were classified as ideal RH. Out of these, 72 
were diagnosed as D1, 243 as D3, and 6 as D6. For the 173 
records cataloged as low RH, 31 were diagnosed as D1, 141 
as D3, and 1 as D5.

Data obtained from calf shelters were trained by ID3 
and c4.5 algorithms. For ID3, an accuracy of 99.55% was 
obtained, with 7 instances misclassified by the cross-valida-
tion test. The algorithm did not recognize the D5 diagnosis, 
classifying the instance as D6. There is also classification 
confusion between D1 and D6 (2 errors) and D4 and D3 (4 
errors). The c4.5 presented an accuracy of 99.87%, accumu-
lating 2 classification errors: D5 was classified by the algo-
rithm as D6 and D3 as D4. Fig. 4 presents the decision trees 
proposed by the two algorithms. ID3 used enthalpy as the 
root attribute, with four nodes (Fig. 4A). The D7 diagnosis 

was not presented, as it was not indicated in the calf shelter 
database. Algorithm c4.5, in turn, also placed enthalpy as 
the first evaluated attribute (Fig. 4B). However, the gener-
ated decision tree was leaner, with only two nodes, which 
did not diagnose D5 and D7.

Discussion

When it comes to using AT and RH as thermal comfort 
parameters for animals based on an assessment of the envi-
ronment, studies use different base references to compare 
the collected records with the ideal for the species. However, 
the base texts differ from each other in determining comfort 
within the same creation phase, which can lead to diagnostic 
variations in ambience studies, depending on the criteria 
used for choosing the theoretical framework.

Moreover, when grouping the base texts, it was possible 
to observe some limitations of these studies: Many of them 
present only the ideal zone of thermal comfort, without char-
acterizing the critical zones; most of the works establish 

Table 4   Thermoneutral zones 
for enthalpy (in kJ/kg of dry air)

LCZ lower critical zone, TCZ thermal comfort zone, UCZ upper critical zone

Low AP = 647.70 mmHg Medium AP = 692.55 
mmHg

High AP = 737.39 mmHg

ZCI TCZ ZCS ZCI TCZ ZCS ZCI TCZ ZCS

Poultry
1st week 57.7 76.1–108.0 155.9 52.1 73.2–103.3 148.3 50.8 70.7–99.1 141.7
2nd week 50.9 63.0–93.6 148.7 49.3 60.7–89.6 141.5 47.9 58.7–86.1 135.2
3rd week 43.8 57.1–76.9 116.8 42.4 55.1–73.7 111.4 41.3 53.3–70.9 106.6
4th week 27.6 37.0–76.9 111.1 26.8 35.8–73.7 106.0 26.1 34.7–70.9 101.5
5th week 26.6 32.7–76.9 111.1 26.8 31.6–73.7 106.0 26.1 30.7–70.9 101.5
6th week 25.8 34.8–76.9 111.1 25.0 33.7–73.7 106.0 24.4 32.7–70.9 101.5
Swine
Sow 3.4 21.3–59.2 100.5 3.1 20.5–56.9 96.0 2.9 19.9–54.8 92.0
Boar 3.4 24.9–53.0 100.5 3.1 24.0–51.0 96.0 2.9 23.3–49.1 92.0
Piglet 24.5 60–103.0 128.8 23.9 57.8–98.5 122.7 23.3 56.0–94.6 117.4
Nursery 16.8 41.5–62.5 105.7 16.4 40.2–60.0 100.9 16.0 38.9–57.8 96.7
Growing 9.8 32.7–53.0 86.2 9.5 31.6–51.0 82.3 9.2 30.7–49.1 79.0
Finishing 9.8 24.9–53.0 86.2 9.5 24.0–51.0 82.3 9.2 23.3–49.1 79.0
Dairy cattle
Calves 14.6 32.7–53.0 81.7 14.3 31.6–51.0 78.1 14.0 30.7–49.1 75.0
Heifers − 3.6 24.9–69.4 100.5 − 3.7 24.0–66.6 96.0 − 3.8 23.3–64.1 92.0
Lactating cows − 3.6 5.6–65.9 100.5 − 3.7 5.2–63.2 96.0 − 3.8 4.9–60.9 92.0
Dry cows − 9.1 5.6–53.0 86.2 − 9.2 5.2–51.0 82.3 − 9.2 4.9–49.1 79.0
Bulls − 9.1 5.6–53.0 86.2 − 9.2 5.2–51.0 82.3 − 9.2 4.9–49.1 79.0
Laying birds
Chicks 53.7 70.4–97.6 155.9 52.1 68.0–93.6 148.3 50.8 65.9–90.0 141.7
Growing (stage 1) 19.8 33.2–66.5 100.5 19.3 32.3–64.0 96.0 18.8 31.4–61.7 92.0
Growing (stage 2) 19.8 32.2–65.9 100.5 19.3 32.3–63.2 96.0 18.8 31.4–60.9 92.0
Laying hens 19.8 25.8–76.9 100.5 19.3 25.0–73.7 96.0 18.8 24.4–70.9 92.0
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h – enthalpy; Tbs – dry bulb temperature; RH – relative humidity.

Fig. 2   Generic decision tree for diagnosing thermal comfort. D1, ideal environment; D2, hot and humid environment; D3, hot environment; D4, 
humid environment; D5, cold and dry environment; D6, cold environment; D7, dry environment

Fig. 3   Distribution of diagnoses in the database (A) and distribution 
of enthalpy (B), dry bulb temperature (C), and relative humidity (D) 
per diagnosis. h, enthalpy; AT, dry bulb temperature; RH, relative 

humidity; D1, ideal environment; D2, hot and humid environment; 
D3, hot environment; D4, humid environment; D5, cold and dry envi-
ronment; D6, cold environment; D7, dry environment
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clear parameters for AT, but few present specific limits for 
RH, placing this variable as a secondary characteristic in the 
determination of thermal comfort; in the production of milk 
and eggs, there is a greater interest in establishing criteria 
for producing animals (dairy cows and laying birds), lacking 
parameters for young animals; many of the studies—both 
national and international—date from the 1980s and 1990s, 
with few updates for modern breeds and lineages. Cassuce 
et al. (2013) updated the thermoneutral zones for broilers 
from 0 to 21 days (31.3, 1st week; 25.5, 2nd week; and 21.8 
°C, 3rd week), and Andrade et al. (2019) presented similar 
work for laying hens in the growing phase.

Finally, although several authors agree that the species, 
breed, sex, age, physiological state, the acclimatization pro-
cess, and other factors must be considered to understand 
the thermoneutral ranges of production animals (Martello 
et al. 2004; Nascimento et al. 2019), literature uses generic 
parameters. In this context, the standardization of AT and 
RH based on records found in literature as part of the meth-
odology presented in this study (Table 3) minimized some 
of the deficiencies in the use of these indices by proposing 
ranges of LCZ, ZCT, and UCZ that unified the set of base 
references from the affinities of these texts.

Still, in the development of a methodology that uses the 
psychrometric ratios of the air, the standardization of the 
AT and RH ranges was important to establish the critical 
and comfort zones for the enthalpy. This work updates the 

enthalpy ranges established by Barbosa Filho et al. (2007) by 
incorporating the considerations made in Table 3 and allow-
ing us to obtain the enthalpy based on location (by local 
atmospheric pressure). When calculating the enthalpy, Bar-
bosa Filho et al. (2007) used the equation presented by Fur-
lan (2001), which uses only AT and RH as input variables. 
Queiroz et al. (2012) recalculated the enthalpy for broil-
ers considering the calculations by Rodrigues et al. (2011), 
but only for regions at sea level (with pressure at 1 atm). 
Table 4 shows that for lower altitude locations (and higher 
atmospheric pressure), the h values are adjusted downwards, 
mainly the UCZ, concluding that this variable is greatly rel-
evant to obtain a more accurate thermal comfort diagnosis.

Although the h, by itself, already indicates the situation 
of thermal comfort of the production animals, the methodol-
ogy developed in this work aimed to discuss the causes and 
possible indications of improvements in the housing envi-
ronment, being necessary, therefore, to also evaluate the AT 
and the RH. Diagnoses 1 to 7 start from the psychrometric 
curves, which indicate how AT and RH can be adjusted to 
insert the animals within the ideal zone of h, as graphically 
exemplified by Kumar et al. (2016) with thermal comfort 
zones for humans.

The D1 diagnosis indicates that h is within the ideal range 
of thermal comfort for production animals. In this sense, the 
recommendation is to keep the psychrometric conditions of 
the environment constant.

Fig. 4   Structural decision trees, from the Weka ® software, and their graphical representation, using the ID3 algorithm (A) and c4. 5 (B)
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High enthalpy offshoots are diagnosed at D2, D3, and 
D4. The D2 result indicates that AT and RH are above what 
is considered comfortable for the animals. In these environ-
ments, it is recommended to promote ventilation through 
curtain management, fans, and/or localized air ducts, with 
the aim of promoting heat exchange by convection and 
evaporation (better thermal sensation) (Khongsatit et al. 
2019; Santos et al. 2009). Unlike D2, D3 allows the use of 
RH, which is low or ideal, to regulate Tbs in environments. 
In this scenario, it is possible to activate mechanisms that 
use air humidification (e.g., sprinklers and nebulizers) in 
the air cooling process, with emphasis on evaporative adi-
abatic cooling systems (Smith et al. 2016). In response, the 
Tbs decreases, the RH increases, and the enthalpy stabilizes, 
always remembering that the RH should not exceed what is 
acceptable for the animals (Martello et al. 2004; Queiroz 
et al. 2017). D4, in turn, indicates that there are problems 
related to high humidity. Air renewal in this case is impor-
tant, as the accumulation of humid air inside the sheds must 
be removed. Jackson et al. (2018) highlight the importance 
of minimum ventilation in air exchange processes in facili-
ties for production animals.

Diagnostics D5, D6, and D7 come from environments 
with low h. The resulting D5 indicates that both AT and RH 
are below ideal, requiring heating and humidification of the 
environment. D6, in turn, indicates that the environment is 
cold, which is a common situation for young animals such 
as chicks and piglets (Braga et al. 2018; Sartor et al. 2018). 
For both diagnoses, it is possible to obtain an increase in 
Tbs with the use of artificial devices, such as hoods, wood 
stoves, heated floors, and protected areas (protection circles 
and concealed shelters), among others. For D5, attention 
should be paid to relative humidity, which can be managed 
by minimum ventilation (Menegali et al. 2013). D7 indicates 
that there is a problem with the dry environment. For such a 
diagnosis, it is important to promote humidification—with 
nebulizers—discontinuously, to avoid drastic changes in the 
temperature of the environment.

Diagnostics promote basic solutions, establishing priori-
ties for action in thermally uncomfortable environments for 
animals. In any case, the specificities and limitations (eco-
nomic, structural, and regional, among others) of each rural 
enterprise must be taken into account.

Studies use sophisticated techniques for predicting and 
determining the thermal comfort of production animals, such 
as neural networks and fuzzy modeling (Abreu et al. 2015; 
Damasceno et al. 2017; Sousa et al. 2016). As a method-
ology of practical use, this work defined the use of deci-
sion trees by the following criteria: (a) They are easy to 
interpret and can be represented graphically; (b) they do 
not demand a robust and laborious pre-processing of the 
input data; (c) they are sensitive to multiple label problems 
(when an instance is associated with more than one class 

simultaneously); (d) they allow operating with missing val-
ues, which is recurrent in environment data; and (e) they 
allow manipulation of categorical and numeric data. It is 
worth remembering that the decision tree resulting from the 
last stage of the developed methodology (Fig. 2) is generic 
and should be recognized as a starting point for specific stud-
ies, considering the animal and the rearing phase of interest, 
the time of year, and the experiment location.

The case study aimed to apply and validate the methodol-
ogy proposed in this work, evaluating an individual shelter 
for calves during the fall. The averages for the database were 
19.43 ± 6.21 °C for Tbs, 77.17 ± 18.33 % for RH, and 48.48 
± 12.35 kJ/Kg of dry air for h. Although diagnosis D1 (in 
comfort) obtained the highest number of instances, diag-
noses related to high enthalpy (D2, D3, and D4) character-
ized the shelter most of the time, adding together 812 (52%) 
instances. Even in autumn, diagnoses related to low enthalpy 
(D5, D6, and D7) represented 113 instances added (about 
7% of the entire database). The results highlight the diffi-
culty of housing calves in tropical and subtropical climates, 
as is often observed in the results of other studies (Araujo 
et al. 2016; Cabral et al. 2017).

The properties of the database used were decisive in the 
configuration of the decision trees proposed by the ID3 and 
c4.5 algorithms. As h is directly derived from Tbs and UR, 
data pre-processing was used (converting numerical values 
into ordinal categorical data), and all values and classes 
present in the database were known, both networks showed 
excellent accuracy. It is worth mentioning that in non-ideal 
situations (with missing values and uncertainties in the clas-
sification), the accuracy may decrease.

The good accuracy of decision trees is recurrent when 
applying them in thermal comfort classification. Perissinotto 
and Moura (2007) achieved 96% accuracy using numeric 
data from UTI. Vale et al. (2008) achieved 89% accuracy 
using wind speed and ambient temperature as attributes, 
which are quantities that do not have direct dependence. 
Nascimento et al. (2011) achieved a maximum accuracy of 
60% from several sets of rules, using a complex set of attrib-
utes such as relative humidity, dew point temperature, dry 
and wet bulb temperature, THI, black globe temperature, age 
of birds and surface temperatures.

When observing the decision trees generated by the algo-
rithms (Fig. 4), it is noted that they are more synthetic when 
compared to the theoretical model (Fig. 2). It is important 
to emphasize that the trained trees reflected the reality of 
the data used in the case study, giving greater emphasis to 
situations where h was high and discarding diagnoses D7, 
which did not appear in the database, and D5, misclassified. 
The case study thus denotes the importance of adapting the 
standard methodology—through the theoretical decision 
tree—for each circumstance of use, simplifying the proposed 
method when necessary.
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Conclusion

This work summarizes the development of a methodol-
ogy for evaluating the thermal stress of production animals 
using as a basic principle the psychrometric relations of the 
air. The methodology presents as a tool of great potential 
because it is simple to understand and to use, thus allowing 
its adaptation to particular cases. Even so, the methodology 
does not lose its character of a more complex constitution, 
which, in addition to classifying the comfort situation, sug-
gests possible changes in the environment.

When applying the methodology developed in the case 
study, problems of thermal stress in calves caused by the 
high enthalpy in the housing environment during a good part 
of the experimental period (autumn) were reported. Based 
on real data, it was possible to adapt decision-making to a 
specific system, simplifying decision trees and maintaining 
a high level of accuracy.

Author contribution  S. C. J. and I. J. O. S. led the research and investi-
gation process, data collection, and formal analysis; wrote the original 
draft; and participated in conceptualization and methodology and the 
project administration. R. M. F. S. participated in the critical review 
and wrote the original draft.

Funding  This study was financed by the Coordination for the Improve-
ment of Higher Education Personnel (CAPES).

Data availability  The data that support the findings of this study are 
available from the corresponding author, G. B. Mourão, upon reason-
able request.

Code availability  Not applicable.

Declarations 

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Conflict of interest  The authors declare no competing interests.

References

Abdelnour SA, Abd El-Hack ME, Khafaga AF, Arif M, Taha AE, 
Noreldin AE (2019) Stress biomarkers and proteomics alteration 
to thermal stress in ruminants: a review. J Therm Biol 79:120–
134. https://​doi.​org/​10.​1016/j.​jther​bio.​2018.​12.​013

Abreu LH, Yanagi Junior T, Fassani ÉJ, Campos AT, Lourençoni D 
(2015) Fuzzy modeling of broiler performance, raised from 1 to 
21 days, subject to heat stress. Eng Agríc 35:967–978. https://​doi.​
org/​10.​1590/​1809-​4430-​Eng.​Agric.​v35n6​p967-​978/​2015

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspira-
tion-guidelines for computing crop water requirements. In: FAO 
Irrigation and drainage paper 56. FAO, Rome

Andrade TC, Nery JMFG, Miranda S, Pitombo C, Moura T, Katzsch-
ner L (2016) Medição do conforto térmico em áreas públicas 

urbanas de Salvador-BA e calibração do índice de conforto pet 
usando a técnica árvore de decisão. Rev Eletrônica de Gestão e 
Tecnol Ambient 4:278–296. https://​doi.​org/​10.​9771/​gesta.​v4i2.​
16821

Andrade RR, Tinôco IDFF, Baêta FC, Albino LFT, Cecon PR (2019) 
Influence of different thermal environments on the performance 
of laying hens during the initial stage of rearing. Eng Agríc 
39:32–40. https://​doi.​org/​10.​1590/​1809-​4430-​Eng.​Agric.​v39n1​
p32-​40/​2019

Araujo JIM, Araujo AC, Rodrigues HTM, Oliveira LG, Junior CPB, 
Fonseca WJL, Souza Júnior SC (2016) Efeito de diferentes ambi-
entes climáticos sobre características fisiológicas de bezerros 
mestiços (Holandês X Gir). Rev de Cienc Agrovet 15:259–265. 
https://​doi.​org/​10.​5965/​22381​17115​32016​259

Aziz Z, Varma GG, Raji K, Gleeja VL (2016) Influence of temperature 
humidity index on the physiological parameters and growth rate 
of crossbred cattle calves. Int J Appl Pure Sci Agric 2:187–190

Barbosa Filho JAD, Vieira FMC, Garcia DB, Silva MAN, Silva IJO 
(2007) Mudanças e uso das tabelas de entalpia. Retrieved October 
19, 2023, from http://​www.​nupea.​esalq.​usp.​br/​tabel​as-​de-​ental​pia

Beltrán-Prieto JC, Beltrán-Prieto LA, Nguyen LHBS (2015) Estima-
tion of psychrometric parameters of vapor water mixtures in 
air. Comput Appl Eng Educ 24:39–43. https://​doi.​org/​10.​1002/​
cae.​21670

Bin-Jumah M, Abd El-Hack ME, Abdelnour SA, Hendy YA, Ghanem 
HA, Alsafy SA et al (2020) Potential use of chromium to combat 
thermal stress in animals: a review. Sci Total Environ 707:135996. 
https://​doi.​org/​10.​1007/​s11356-​022-​22962-5

Braga JS, Macitelli F, Lima VA, Diesel T (2018) O modelo dos “Cinco 
Domínios” do bem-estar animal aplicado em sistemas intensivos 
de produção de bovinos, suínos e aves. Rev Bras de Zoociências 
19:204–226. https://​doi.​org/​10.​34019/​2596-​3325.​2018.​v19.​24771

Britto JFB (2010) Considerações sobre psicrometria. Revista SBCCv 
45:35–41

Buffington DE, Collazo-Arocho A, Canton GH (1981) Black globe-
humidity index (BGHI) as a comfort equation for dairy cows. 
Trans Am Soc Agric Eng 24:711–714

Cabral MR, Nakanishi EY, Fiorelli J, Savastano H Jr (2017) Aval-
iação do desempenho térmico de bezerreiros com eco-forro de 
partículas de madeira e fibra de sisal. Rev Bras de Engenharia de 
Biossistemas 11:217–228. https://​doi.​org/​10.​18011/​bioen​g2017​
v11n3​p217-​228

Cassuce DC, Tinôco IDFF, Baêta FC, Zolnier S, Cecon PR, Vieira 
MDFA (2013) Atualização das temperaturas de conforto térmico 
para frangos de corte de até 21 dias de idade. Eng Agríc 33:28–36. 
https://​doi.​org/​10.​1590/​S0100-​69162​01300​01000​04

Chu CM, Jong TL (2008) Enthalpy estimation for thermal comfort and 
energy saving in air conditioning system. Energy Convers Manag 
49:1620–1628. https://​doi.​org/​10.​1016/j.​encon​man.​2007.​12.​012

Damasceno FA, Cassuce DC, Abreu LHP, Schiassi L, Tinôco IDFF 
(2017) Effect of thermal environment on the performance of 
broiler chickens using fuzzy modeling. Revista Ceres 64:337–343. 
https://​doi.​org/​10.​1590/​0034-​737×20176​40400​01

de Castro Júnior SL, Silva IJ (2021) The specific enthalpy of air as an 
indicator of heat stress in livestock animals. Int J Biometeorol 
65:149–161. https://​doi.​org/​10.​1007/​s00484-​020-​02022-8

Esmay ML (1979) Principles of animal environment. Environmental 
Engineering in Agriculture and Food Series. The AVI Publishing 
Company, Inc., New York

Furlan RA (2001) Avaliação da nebulização e abertura de cortinasna 
redução da temperatura do ar em ambiente protegido. Thesis (D. 
Sc.). Universidade de São Palo, Piracicaba, SP, Brazil

He J, Zheng W, Lu M, Yang X, Xue Y, Yao W (2019) Controlled heat 
stress during late gestation affects thermoregulation, productive 
performance, and metabolite profiles of the primiparous sow. J 
Therm Biol 81:33–40. https://​doi.​org/​10.​3168/​jds.​2017-​12651

https://doi.org/10.1016/j.jtherbio.2018.12.013
https://doi.org/10.1590/1809-4430-Eng.Agric.v35n6p967-978/2015
https://doi.org/10.1590/1809-4430-Eng.Agric.v35n6p967-978/2015
https://doi.org/10.9771/gesta.v4i2.16821
https://doi.org/10.9771/gesta.v4i2.16821
https://doi.org/10.1590/1809-4430-Eng.Agric.v39n1p32-40/2019
https://doi.org/10.1590/1809-4430-Eng.Agric.v39n1p32-40/2019
https://doi.org/10.5965/223811711532016259
http://www.nupea.esalq.usp.br/tabelas-de-entalpia
https://doi.org/10.1002/cae.21670
https://doi.org/10.1002/cae.21670
https://doi.org/10.1007/s11356-022-22962-5
https://doi.org/10.34019/2596-3325.2018.v19.24771
https://doi.org/10.18011/bioeng2017v11n3p217-228
https://doi.org/10.18011/bioeng2017v11n3p217-228
https://doi.org/10.1590/S0100-69162013000100004
https://doi.org/10.1016/j.enconman.2007.12.012
https://doi.org/10.1590/0034-737×201764040001
https://doi.org/10.1007/s00484-020-02022-8
https://doi.org/10.3168/jds.2017-12651


56	 International Journal of Biometeorology (2024) 68:45–56

1 3

Heidari H, Golbabaei F, Shamsipour A, Rahimi Forushani A, Gaeini 
A (2016) Determination of air enthalpy based on meteorological 
data as an indicator for heat stress assessment in occupational 
outdoor environments, a field study in Iran. J Res Health Sci 
16:133–140

Heidari H, Rahimifard H, Mohammadbeigi A, Golbabaei F, Sahrana-
vard R, Shokri Z (2018) Validation of air enthalpy in the evalu-
ation of heat stress using wet bulb globe temperature (WBGT) 
and body core temperature: a case study in a hot and dry climate. 
Health Saf Work 8:81–92

Instituto Brasileiro de Geografia e Estatística (2016) Cadastro de Local-
idades Brasileiras Selecionadas. Retrieved October 19, 2023, from 
ftp://​geoftp.​ibge.​gov.​br/​organ​izacao_​do_​terri​torio/​estru​tura_​terri​
torial/​local​idades/

Jackson P, Guy JH, Sturm B, Bull S, Edwards SA (2018) An innovative 
concept building design incorporating passive technology to improve 
resource efficiency and welfare of finishing pigs. Biosyst Eng 
174:190–203. https://​doi.​org/​10.​1016/j.​biosy​stems​eng.​2018.​07.​008

Khongsatit K, Pholdee N, Suriyawanakul J (2019) Three optimization 
models for air inlet positioning to enhance airflow profile in forced 
ventilation poultry houses. Farm Eng Autom Techno J 5:58–68

Kresta S, Ayranci I (2018) Psychrometric charts in color: an example 
of active learning for chemical engineering students and faculty 
members. Educ Chem Eng 22:14–19. https://​doi.​org/​10.​1016/j.​
ece.​2017.​07.​003

Kumar S, Mathur J, Mathur S, Singh MK, Loftness V (2016) An adap-
tive approach to defining thermal comfort zones on psychrometric 
chart for naturally ventilated buildings in the composite climate 
of India. Build Environ 109:135–153. https://​doi.​org/​10.​1016/j.​
build​env.​2016.​09.​023

Martello LS, Savastano Junior H, Silva SL, Titto EAL (2004) Res-
postas fisiológicas e produtivas de vacas holandesas em lactação 
submetidas a diferentes ambientes. Rev Bras Zootec 33:181–191

Menegali I, Tinoco IFF, Carvalho CCS, Souza CF, Martins JH (2013) 
Comportamento de variáveis climáticas em sistemas de ventilação 
mínima para produção de pintos de corte. Rev Bras de Eng Agri-
cola e Ambient 17:106–113. https://​doi.​org/​10.​1590/​S1415-​43662​
01300​01000​15

Nascimento GR, Nääs IA, Pereira DF, Dutra Junior WM, Maia APA, 
Zanetti LH (2011) Previsão de conforto térmico de frangos de 
corte utilizando mineração de dados. Rev Bras de Eng de Bioss-
istemas 5:36–46. https://​doi.​org/​10.​18011/​bioen​g2011​v5n1p​36-​46

Nascimento FGO, Bizare A, Guimarães EC, Mundim AV, Nascimento 
MRBM (2019) Efeito das estações do ano e da idade sobre as 
variáveis termofisiológicas e hematológicas de bezerros leiteiros 
mestiços em ambiente tropical. Acta Sci Vet 47:1–12. https://​doi.​
org/​10.​22456/​1679-​9216.​89413

Pereira MG, Galvão TF (2014) Etapas de busca e seleção de artigos 
em revisões sistemáticas da literatura. Epidemiol Serv Saude 
23:369–371. https://​doi.​org/​10.​5123/​S1679-​49742​01400​02000​19

Perissinotto M, Moura DJ (2007) Determinação do conforto térmico 
de vacas leiteiras utilizando a mineração de dados. Rev Bras de 
Eng de Biossistemas 1:117–126. https://​doi.​org/​10.​18011/​bioen​
g2007​v1n2p​117-​126

Polsky L, Von Keyserlingk MAG (2017) Effects of heat stress on dairy 
cattle welfare. J Dairy Sci 100:8645–8657. https://​doi.​org/​10.​
3168/​jds.​2017-​12651

Queiroz MLV, Barbosa Filho JAD, Vieira FMC (2012) Guia prático 
para a utilização de tabelas de entalpia. Retrieved October 19, 
2023, from http://​www.​neambe.​ufc.​br/​arqui​vos_​downl​oad/​Guia%​
20Pra​tico%​20de%​20Uti​liza%​C3%​A7%​C3%​A3o%​20das%​20Tab​
elas.​pdf

Queiroz MLV, Barbosa Filho JAD, Sales FAL, Lima LR, Duarte 
LM (2017) Variabilidade espacial do ambiente em galpões de 
frango de corte com sistema de nebulização. Rev Ciênc Agron 
48:586–595

Quinlan JR (1986) Induction of decision trees. Mach Learn 1:81–106
Quinlan JR (1993) C4.5: programs for machine learning. Morgan Kauf-

mannPublishers Inc., San Francisco, CA, USA
Ribeiro BPVB, Lanferdini E, Palencia JYP, Lemes MAG, Abreu MLT, 

Cantarelli VS, Ferreira RA (2018) Heat negatively affects lactat-
ing swine: a meta-analysis. J Therm Biol 74:325–330. https://​doi.​
org/​10.​1016/j.​jther​bio.​2018.​04.​015

Rodrigues VC, Silva IJO, Vieira FMC, Nascimento ST (2011) A 
correct enthalpy relationship as thermal comfort index for live-
stock. Int J Biometeorol 55:455–459. https://​doi.​org/​10.​1007/​
s00484-​010-​0344-y

Santos PA, Baeta FC, Tinôco IDFF, Albino LFT, Cecon PR (2009) 
Ventilação em modos túnel e lateral em galpões avícolas e seus 
efeitos no conforto térmico, na qualidade do ar e no desempenho 
das aves. Revista Ceres 56:172–180

Sarnighausen VCR (2019) Estimation of thermal comfort indexes 
for production animals using multiple linear regression models. 
J Anim Behav Biometeorol 7:73–77. https://​doi.​org/​10.​31893/​
2318-​1265j​abb.​v7n2p​73-​77

Sartor K, Barros JDS, Sarubbi J, Alonso JB, Rossi LA (2018) Thermal 
insulation with recycled material in creeps for piglets. Eng Agríc 
38:824–828. https://​doi.​org/​10.​1590/​1809-​4430-​Eng.​Agric.​v38n6​
p824-​828/​2018

Silveira RM, Ferreira J, Busanello M, de Vasconcelos AM, Valente FL, 
Façanha DA (2021) Relationship between thermal environment 
and morphophysiological, performance and carcass traits of Brah-
man bulls raised on tropical pasture: a canonical approach to a set 
of indicators. J Therm Biol 96:102814. https://​doi.​org/​10.​1016/j.​
jther​bio.​2020.​102814

Silveira RMF, Façanha DAE, McManus C, Ferreira J, da Silva JI 
(2023) Machine intelligence applied to sustainability: a systematic 
methodological proposal to identify sustainable animals. J Clean 
Prod 420. https://​doi.​org/​10.​1016/j.​jclep​ro.​2023.​138292

Smith TC, Frank E (2016) Introducing machine learning concepts with 
WEKA. In: Statistical genomics. Humana Press, New York

Smith JF, Bradford BJ, Harner JP, Potts JC, Allen JD, Overton MW, 
Ortiz XA, Collier RJ (2016) Effect of cross ventilation with or 
without evaporative pads on core body temperature and resting 
time of lactating cows. J Dairy Sci 99:1495–1500. https://​doi.​org/​
10.​3168/​jds.​2015-​9624

Song Y, Lu Y (2015) Decision tree methods: applications for clas-
sification and prediction. Shanghai Arch Psychiatry 27:130–135. 
https://​doi.​org/​10.​11919/j.​issn.​1002-​0829.​215044

Sousa RV, Canata TF, Leme PR, Martello LS (2016) Development 
and evaluation of a fuzzy logic classifier for assessing beef cattle 
thermal stress using weather and physiological variables. Comput 
Electron Agric 127:176–183. https://​doi.​org/​10.​1016/j.​compag.​
2016.​06.​014

Theusme C, Macías-Cruz U, Castañeda-Bustos V et al (2023) Holstein 
heifers in desert climate: effect of coat color on physiological vari-
ables and prediction of rectal temperature. Trop Anim Health Prod 
55:183. https://​doi.​org/​10.​1007/​s11250-​023-​03614-3

Thom EC (1959) The discomfort índex. Weatherwise 12:57–59
Vale MM, Moura DJ, Nääs IA, Oliveira SRM, Rodrigues LHA (2008) 

Data mining to estimate broiler mortality when exposed to the 
heat wave. Sci Agric 65:223–229. https://​doi.​org/​10.​1590/​S0103-​
90162​00800​03000​01

Zhao Y, Zhang Y (2008) Comparison of decision tree methods for 
finding active objects. Adv Space Res 41:1955–1959. https://​doi.​
org/​10.​1016/j.​asr.​2007.​07.​020

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

ftp://geoftp.ibge.gov.br/organizacao_do_territorio/estrutura_territorial/localidades/
ftp://geoftp.ibge.gov.br/organizacao_do_territorio/estrutura_territorial/localidades/
https://doi.org/10.1016/j.biosystemseng.2018.07.008
https://doi.org/10.1016/j.ece.2017.07.003
https://doi.org/10.1016/j.ece.2017.07.003
https://doi.org/10.1016/j.buildenv.2016.09.023
https://doi.org/10.1016/j.buildenv.2016.09.023
https://doi.org/10.1590/S1415-43662013000100015
https://doi.org/10.1590/S1415-43662013000100015
https://doi.org/10.18011/bioeng2011v5n1p36-46
https://doi.org/10.22456/1679-9216.89413
https://doi.org/10.22456/1679-9216.89413
https://doi.org/10.5123/S1679-49742014000200019
https://doi.org/10.18011/bioeng2007v1n2p117-126
https://doi.org/10.18011/bioeng2007v1n2p117-126
https://doi.org/10.3168/jds.2017-12651
https://doi.org/10.3168/jds.2017-12651
http://www.neambe.ufc.br/arquivos_download/Guia%20Pratico%20de%20Utiliza%C3%A7%C3%A3o%20das%20Tabelas.pdf
http://www.neambe.ufc.br/arquivos_download/Guia%20Pratico%20de%20Utiliza%C3%A7%C3%A3o%20das%20Tabelas.pdf
http://www.neambe.ufc.br/arquivos_download/Guia%20Pratico%20de%20Utiliza%C3%A7%C3%A3o%20das%20Tabelas.pdf
https://doi.org/10.1016/j.jtherbio.2018.04.015
https://doi.org/10.1016/j.jtherbio.2018.04.015
https://doi.org/10.1007/s00484-010-0344-y
https://doi.org/10.1007/s00484-010-0344-y
https://doi.org/10.31893/2318-1265jabb.v7n2p73-77
https://doi.org/10.31893/2318-1265jabb.v7n2p73-77
https://doi.org/10.1590/1809-4430-Eng.Agric.v38n6p824-828/2018
https://doi.org/10.1590/1809-4430-Eng.Agric.v38n6p824-828/2018
https://doi.org/10.1016/j.jtherbio.2020.102814
https://doi.org/10.1016/j.jtherbio.2020.102814
https://doi.org/10.1016/j.jclepro.2023.138292
https://doi.org/10.3168/jds.2015-9624
https://doi.org/10.3168/jds.2015-9624
https://doi.org/10.11919/j.issn.1002-0829.215044
https://doi.org/10.1016/j.compag.2016.06.014
https://doi.org/10.1016/j.compag.2016.06.014
https://doi.org/10.1007/s11250-023-03614-3
https://doi.org/10.1590/S0103-90162008000300001
https://doi.org/10.1590/S0103-90162008000300001
https://doi.org/10.1016/j.asr.2007.07.020
https://doi.org/10.1016/j.asr.2007.07.020

	Psychrometry in the thermal comfort diagnosis of production animals: a combination of the systematic review and methodological proposal
	Abstract
	Introduction
	Material and methods
	Methodological proposal
	Bibliographic review
	Psychrometric properties: local atmospheric pressure (AP)
	Specific Air Enthalpy Index (h)
	Diagnosis of thermal comfort
	Case study
	Statistical analysis

	Results
	Discussion
	Conclusion
	References


