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ABSTRACT
The thermal environment inside a broiler house has a great influence on animal welfare and
productivity during the production phase. Enthalpy is a thermodynamic property that has
been proposed to evaluate the internal broiler house environment, for being an indicator
of the amount of energy contained in a mixture of water vapor and dry air. Therefore, this
study aimed to characterize the spatial variability of enthalpy in a broiler house during the
heating phase using geostatistics. The experiment was conducted in the spring season, in
a commercial broiler house with heating system consisting of two furnaces that heat the
air indirectly, in the first 14 days of the birds’ life. It was possible to characterize enthalpy
variability using geostatistical techniques, which allowed observing the spatial dependence
through kriging maps. The analyses of the maps allowed observing problems in the heating
system in regions inside the broiler house, which may cause a thermal discomfort to the
animals besides productive and economic losses.
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Variabilidade espacial da entalpia
em galpões avícolas na fase de aquecimento
RESUMO
Dentro de um galpão avícola o ambiente térmico exerce grande influência sobre o bem-estar
e a produtividade dos animais, ao longo do ciclo de produção. A entalpia é uma propriedade
termodinâmica que tem sido proposta para avaliação do ambiente interno de galpões de
criação de frangos de corte por ser um indicador da quantidade de energia contida em
uma mistura de vapor d’água e ar seco razão por que se objetivou, com o presente trabalho,
caracterizar a variabilidade espacial da entalpia em um galpão de frangos durante a fase
de aquecimento de pintinhos utilizando a geoestatística. O experimento foi conduzido
na primavera, em um galpão comercial com sistema de aquecimento constituído de duas
fornalhas de aquecimento indireto do ar, durante os primeiros 14 dias de vida das aves.
Utilizando as técnicas da geoestatística foi possível caracterizar a magnitude da variabilidade
espacial da entalpia permitindo a observação da dependência espacial por meio de mapas
de krigagem. A análise dos mapas permitiu observar a existência de falhas no sistema de
aquecimento em regiões do galpão, que podem ser possíveis causadoras de desconforto
térmico para os animais, além de perdas produtivas e econômicas.
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Introduction
Due to the current existing demands, the poultry
production system in Brazil has searched for knowledge and
techniques that aim to favor the maximum productivity of meat
with the lowest cost (Ponciano et al., 2011). In the first days
after hatching, chicks still do not have mature thermoregulatory
systems or enough energy reserve to be able to adapt to adverse
environmental conditions, which cause their body temperature
to suffer variations according to the thermal conditions of the
environment. According to Cordeiro et al. (2010), the first
weeks of a bird’s life are the most critical and mistakes made
in this stage cannot be properly corrected in the future.
According to Barbosa Filho et al. (2007), enthalpy (H) has
been proposed for the evaluation of internal environments of
broiler houses. By definition, H is a thermodynamic quantity
that indicates the amount of energy contained in a mixture of
water vapor and dry air (kJ kg-1 dryair). Therefore, in cases of
alteration of relative humidity for a same air temperature, the
energy involved in the process changes and, consequently, the
thermal exchanges in the environment are altered (Rodrigues
et al., 2010).
Homogeneity of variables inside the houses in a production
environment are expected and, according to Yanagi Júnior et al.
(2011), these variables can be evaluated through spatialization,
such as using geostatistical techniques. In this context, this
study aimed to analyze the structure and magnitude of
enthalpy spatial variability in a broiler house during the heating
phase of chicks, using geostatistics, through the analysis of
semivariograms, and the construction of isoline maps, through
interpolation by kriging.

Material and Methods
The field experiment was carried out in a broiler house of a
commercial broiler farm, in the western mesoregion of Minas
Gerais, Brazil, during the spring of 2010. The mean geographic
coordinates of the broiler house are 20° 12' 02'' S and 45° 02' 08''
W of Greenwich. The climate in the region is characterized as
mild temperate climate, with moderate temperatures, hot and
rainy summer, classified by Köppen as Cwa (Sá Júnior et al., 2012).
The broiler house is oriented in the Northeast-Southwest
direction, 13 m wide, 160 m long, with ceiling height of 3 m,
covered by 6-mm-thick fiber-cement tiles, with concrete floor,
rice husk litter, side curtains and top cover made of yellow
plastic canvas, positioned at a height of 2.45 m. Double curtains
were used on the sides of the house (one internal and another
external). Internal curtains were removed when the birds were
five days old and the external ones were managed according to
the climatic conditions, along the entire experimental period.
The internal environment of the house was heated by two
handmade furnaces with indirect air heating, made of bricks,
clay and manure on an iron structure, which used biomass
(firewood) as fuel. The furnaces were located 40 m distant
from each other. Each one was 1.88 m long, 1.27 m wide and
1.58 m high. A three-phase motor, with power of 2206 W and
1725 rpm, was used to insufflate heated air into the house
through a 10-cm-diameter metal tube.
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The internal area of the house was limited by plywood
sheets so that chicks remained as close as possible to the
heating systems. As the animals grew, these sheets were moved
in order to increase the available area. At the beginning of the
experiment, on the first day of life, the birds were distributed
at a density of 54 birds m-2; then, the useful area of the houses
increased in order to reduce the stocking density, gradually,
until 13 birds m-2 at the end of the heating phase.
The house contained 28,000 male Cobb chicks from 1 to 14
days old and the birds had access to water ad libitum along the
entire experimental period. The diets supplied to the animals
were formulated to meet the requirements of nutrients for the
different growth phases. A continuous lighting program was
adopted, according to Abreu et al. (2011).
For the characterization of the thermal environment inside
the house, the measurements of dry-bulb temperature (tdb), dew
point temperature (tdp) and relative air humidity (RH) were
performed at a height compatible with the zone occupied by
the birds, at 10.0 cm from the litter (Cordeiro et al., 2010), in
intervals of five minutes, from 8 to 10 a.m. Temperature and
relative air humidity were measured using sensors (Hobo Pro
Series – Onset®), with precision of ± 3% of the reading, and H
was then calculated using the equation developed by Albright
(1990), which, according to Rodrigues et al. (2010), is the most
reliable equation for animal environment studies.
H=
1.006 + W ( 2501 + 1.805t db )
where:
H
W
Tdb

(1)

- enthalpy, kJ kg-1 dryair;
- mixture ratio, kJ kg-1 dryair; and,
- dry-bulb temperature, °C.

For the spatialization of sensors and in order to map H, a
geographic coordinate (m) was selected for the house; its initial
point, the coordinate (0; 0) was located on the West end and the
final point was given by the coordinate (13; 160), positioned
on the East end. The indirect air-heating furnaces were located
at the coordinates (6.5; 60) and (6.5; 100).
The positions of the sensors changed as the position of
the plywood sheets changed, in order to always represent
the conditions to which the birds were subjected along the
experiment, as illustrated in Figure 1.
Since L is the width of the area available to the birds and C is
the length, the position of the containing sheets was established

Figure 1. Scheme of the position of sensors/recorders of drybulb temperature (tdb), dew point temperature (tdp) and relative
air humidity (RH) in the broiler houses
R. Bras. Eng. Agríc. Ambiental, v.20, n.6, p.570-575, 2016.
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on the first day of life of the chicks and changed on the sixth,
eighth and fourteenth days.
The spatial dependence of H in the broiler house during
the heating phase of the chicks was analyzed through fits of
semivariograms and interpolation by ordinary kriging. The
classical semivariogram was estimated using Eq. 2:
=
γˆ ( h )

( )
2
1
 Z ( x i ) − Z ( x i + h ) 
∑
2N ( h ) i =1 
N h

(1)

where:
N (h) - number of experimental pairs of observation Z(xi);
and,
Z (xi + h) separated by a distance h.
The semivariogram is represented by the graph of ^γ(h)
versus h. From the fit of a mathematical model to the calculated
^
values of γ(h),
the coefficients of the theoretical model for the
semivariogram were calculated: nugget effect (C0), sill value
(C0+C1) and range (a), as described by Bachmaier & Backers
(2011).
The semivariogram was fitted using the Residual Maximum
Likelihood (REML) method, which in general results in less
biased estimates for small samplings, according to Diggle &
Ribeiro Júnior (2007) and Kerry & Oliver (2007). According
to Marchant & Lark (2007), this method estimates the random
and deterministic components of the variation with smaller
bias, besides using combinations of data instead of using the
original data. The spherical mathematical model was used
for the fit of the semivariogram, which is widely used in
geostatistical studies.
In order to know the quality of the fit, the degree of spatial
dependence (DSD) of the attributes was used, as proposed
by Cambardella et al. (1994), which classify semivariograms
as follows: nugget effect < 25% of the sill - strong spatial
dependence; nugget effect between 25 and 75% - moderate
spatial dependence; and nugget effect > 75% - weak spatial
dependence.
Another way of evaluating estimation quality and the fit of
the semivariograms is through validation. According to Isaaks
& Srivastava (1989), validation is the technique of evaluation of

estimate errors that allows comparing predicted and sampled
values. It is possible to obtain some values very useful for
the choice and observe estimation quality and the fit of the
semivariogram, such as: mean error (ME), which must be as
close as possible to zero; standard deviation of mean error
(SDME), which must be as low as possible; reduced mean error
(RME), which must show values close to zero, and standard
deviation of reduced mean errors (SDRME), which must be as
close as possible to one.
After the fit of the semivariograms, the data were
interpolated by ordinary kriging in order to allow the
visualization of spatial distribution patterns of enthalpy
inside the broiler house during the heating phase. Kriging is
the interpolation method used in geostatistics to predict the
value of a variable of a non-sampled site through information
obtained from sampled data and with spatial dependence
expressed by the semivariogram between the neighboring
samplings (Isaaks & Srivastava, 1989).
Geostatistical analysis and the plotting of the maps were
performed using the R statistical program (R Development
Core Team, 2014), through the geoR package (Ribeiro Júnior
& Diggle, 2001).

Results and Discussion
According to the geostatistical analyses, all studied days
showed spatial variability of H inside the broiler house,
expressed by the semivariogram (Table 1). This result allows
inferring that, during the analyzed period, the heating system
was not working in such a way to guarantee the homogeneity
of the spatial distribution of this variable inside the house.
The nugget effect (C0) is an important parameter and
indicates unexplained variability, considering the used
sampling distance. Since it is possible to quantify the individual
contribution of these errors, the nugget effect can be expressed
as percentage of the sill, thus facilitating the comparison of the
DSD of the studied variables (Trangmar et al., 1985) (Table 1).
According to the classification of Cambardella et al. (1994), the
semivariograms fitted to days 1 and 13 have moderate DSD,
while the others have strong DSD.
The values of range (a) relative to the semivariograms
have considerable relevance in the determination of the limit

Table 1. Method, model and estimated parameters of the experimental semivariograms for enthalpy inside the house
as a function of the age of the chicks
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Method
REML
REML
REML
REML
REML
REML
REML
REML
REML
REML
REML
REML
REML
REML

Model
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical
Spherical

C0
7.627
0.000
1.526
3.465
2.579
0.891
4.689
0.449
7.638
0.000
0.000
6.982
31.434
1.343

C1
21.902
17.219
8.524
14.916
34.153
33.472
23.314
14.827
26.727
20.427
16.364
27.362
33.822
9.209

C0 + C1
29.529
17.219
10.050
18.381
36.732
34.363
28.003
15.276
34.365
20.427
16.364
34.344
65.256
10.552

a
2.104
2.301
2.328
2.399
3.811
2.400
5.855
4.381
10.179
3.224
3.315
4.761
3.285
3.900

DSD
25.829
0.000
15.184
18.851
7.021
2.594
16.745
2.940
22.226
0.000
0.000
20.330
48.170
12.727

ME
0.000
0.000
0.000
0.000
-0.001
0.000
-0.024
0.004
-0.061
0.000
0.000
0.026
0.000
0.000

SDME
0.000
0.000
0.000
0.000
0.000
0.000
-0.002
0.000
-0.004
0.000
0.000
0.002
0.000
0.000

RME
5.822
4.469
3.414
4.617
6.346
6.281
5.175
4.104
6.014
4.802
4.298
6.166
8.527
3.439

SDRME
1.035
1.038
1.038
1.038
1.034
1.035
1.036
1.028
1.057
1.031
1.031
1.031
1.027
1.029

C0 – Nugget effect; C1 - Contribution; C0 + C1 – Sill; a - range; DSD – Degree of spatial dependence; ME – Mean error; SDME – Standard deviation of mean error; RME – Reduced mean error;
SDRME – Standard deviation of reduced mean error; REML - Residual Maximum Likelihood
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Figure 2. Spatial distribution of enthalpy on days 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), 6 (F) and 7 (G) (kJ kg -1 dryair)
of spatial dependence, i.e., they indicate to what extent the
variable is influenced by the space; in the present study, the
range varied from 2.01 m (on the first day) to 10.18 m (on the
ninth day).
Figure 2 illustrates the spatial distribution of H (kJ kg-1 dryair)
from the first to the seventh day of life of the chicks. There was
great variability of H inside the house; regions with low H are
characterized by more bluish colors, while regions with high H
show more reddish colors. Figure 2 indicates an inefficiency of
the adopted heating system, at both heating the environment and
maintaining such heating uniformly.
According to the thermal conditions to which the chicks
were subjected during the studied period, H varied from 56 to
90 kJ kg-1 dryair in the first week of life. Ponciano et al. (2012)
claim that, in the first week of life, the ideal values of H range
from 73 to approximately 102 kJ kg-1 dryair. Figure 3 shows the
frequency of occurrence of H values along the broiler house,
obtained after interpolation by kriging.
According to Figures 2 and 3, it can be claimed that on the
first day of life, along the entire house, chicks were subjected
to H conditions below the recommended as ideal for this age
range. On the second and third day, this situation remained
critical and the birds were subjected to conditions of H below
the recommendation in about 72 and 93% of the house area,
respectively. From the fourth to the seventh studied day, H
120

<73 kJ kg -1 dryair
73-102 kJ kg -1 dryair
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Figure 3. Frequency of occurrence (%) of enthalpy intervals
in the classes below, ideal and above the recommended for
the first week of life, obtained after interpolation by kriging

values were higher and closer to the ideal, while on the sixth
day of life (Figure 2F) H values within the recommended
interval were observed in the entire house. However, based on
the light blue points in the maps in Figure 2D, 2E and 2G, it is
still evident that H values remained below that considered as
comfortable. Additionally, it is notorious that these light blue
points are close to the coordinates (6.5; 60), which indicate
the position of one of the furnaces, evidencing a failure in this
heating system.
According to Menegali et al. (2010), the control of the
thermal environment inside the facilities in which the birds are
housed must be greater during the first weeks of life, because
exposing the animals to such uncomfortable situation may
compromise the formation of the thermoregulatory system,
cause the development of diseases in the respiratory system and
harm the development and productivity of the birds, especially
during the initial life period of the chicks (Cordeiro et al.,
2011). In addition, according to the same author, due to the
intensity of the stress suffered by these animals, these failures
may not be satisfactorily corrected, which may compromise
the entire production phase.
As to the second week of life and according to Ponciano
et al. (2012), the chicks must be maintained in environments
with H values between 60 and 101 kJ kg-1 dryair. Based on
Figures 4 and 5, H values varied from 55 to 90 kJ kg-1 dryair.
For the studied period and despite the great data variability,
only on the 12th and 13th days of life there were points inside
the house with H below the recommended, in 0.11 and 40.5%
of the house area, respectively, i.e., in the second week of life,
the chicks were subjected to the condition of thermal comfort
in most of the time.
According to Carvalho et al. (2014), broiler production is
achieved when the animals are raised in a thermally adequate
environment, in which there is no need to spend energy to
compensate for thermal discomfort, either by cold or heat.
According to Nääs et al. (2001), the use of environmental
evaluations allows determining the reflex of the discomfort
in the flock of birds due to situations adverse to the thermal
comfort zone recommended by the literature. In many
moments during the studied period, the values of H obtained
in the environment remained out of the comfort zone for the
R. Bras. Eng. Agríc. Ambiental, v.20, n.6, p.570-575, 2016.
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Figure 4. Spatial distribution of enthalpy on days 8 (A), 9 (B), 10 (C), 11 (D), 12 (E), 13 (F) and 14 (G) (kJ kg -1 dryair)
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Figure 5. Frequency of occurrence (%) of enthalpy intervals
in the classes below, ideal and above the recommended
for the second week of life, obtained after interpolation
by kriging
birds; thus, it can be assumed that it was evident the occurrence
of inadequate and stressful situations for the birds, which are
the probable causes of productive and economic losses in the
studied flock of animals.

Conclusions
1. The semivariograms allowed the characterization of the
magnitude of spatial variability of enthalpy inside the studied
broiler house.
2. It was possible to make isoline maps that allowed the
observation of spatial variability, from the interpolation by
kriging.
3. It was also possible to identify the nonuniformity of
enthalpy distribution inside the broiler house.
4. The maps also allowed observing the existence of failures
in the heating system in some regions of the broiler house,
which may cause discomfort to the animals productive and
economic losses.
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