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Abstract

:

This paper explores the potential of infrared thermography and geostatistics in animal production and presents the results of the application of the combination of these techniques, contributing significantly to efforts to obtain animals’ responses to the environments in which they are located and thereby ensuring improvements in productivity and animal welfare. The objective was to verify the variability in surface temperature in pigs submitted to different climate control systems using geostatistics. Three growing animals per stall were selected. Dry bulb temperature (Tbd, °C), relative humidity (RH, %) and thermal images were recorded at 08:00 and 12:00 h. To analyze the data, semivariograms were made, the theoretical model was validated and kriging maps were constructed. The mean temperature of the pigs in the pen with adiabatic evaporative cooling (AEC) ranged from 32.40 to 36.25 °C; for the pigs in the forced ventilation (FV) pen, the range of variation was from 32.51 to 36.81 °C. In the control group (Con), with natural ventilation, the average temperature was 37.51 to 38.45 °C. The geostatistical analysis provided a mathematical model capable of illustrating the variation in temperature in the caudal–dorsal regions of the pigs according to the environments to which the animals were subjected.
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1. Introduction


The consumption of animal protein has increased considerably, according to a survey conducted by the Brazilian Association of Animal Protein [1], and, worldwide, Brazil is the fourth-largest consumer [2]. Among the main demands of consumers is a guarantee of the welfare of confined animals, thus requiring the application of ethical actions in the systems that are assigned to animal production [3]. As for the meaning of animal welfare, the Terrestrial Animal Health Code [4] defined it as the physical and mental state of the animal in relation to the conditions in which it lives and dies. Ref. [4] reported five conditions that animals need to experience under human management: the absence of hunger, malnutrition and thirst; freedom from fear and anguish; the absence of heat stress or physical discomfort; freedom from pain, injury and disease; and freedom to express normal patterns of behavior.



Thus, due to the increase in pig production, the comfort and well-being of pigs have been undergoing changes, either due to reductions in space, the impairment of movement or changes in social interactions, all of which contribute to the occurrence of problems related to thermal comfort and consequently to productivity, thus requiring that breeders show greater dedication to ensuring favorable animal production systems [5].



Ref. [6] points out that one of the ways to quantify animal welfare, from a thermal point of view, is by the evaluation of climatic variables. The climatic variables that most affect pig production are air temperature, relative humidity, radiation and wind speed [7,8]. High temperatures cause heat stress in animals and result in negative impacts that affect their physiological reactions as well as their behavior and the amount of food that they ingest [9].



According to [10], air quality control in pig facilities is also important because it improves productivity levels and decreases damage to the health of pigs. Ref. [11] illustrates the negative impacts on animal production by citing those pigs that have difficulty dissipating heat in hot environments and in conditions of high humidity; these factors limit evaporative losses through animal respiration, which decreases the appetite of the animals.



Several studies have been developed in order to describe the ideal production environment in terms of thermal comfort for animals, highlighting the study of the temperature and humidity index (THI) researched by [12], the black globe temperature and humidity index (BGTHI) developed by [13], the radiant heat load (RHL) recommended by [14] and the enthalpy (h) defined by [8,15].



The thermal condition of housing is an important determining factor for good pig productivity. A low capacity for heat regulation in pig housing ends up causing heat loss in a more critical way, as when there is a drop in temperature the pigs strive to increase their heat production. This happens through the thermogenesis of muscle tremors, which is associated with social and individual thermoregulatory attitudes; thus, it can be verified through their posture whether animals are comfortable or uncomfortable in their current environment [16].



Ref. [17] states that the best way to evaluate confined animal production environments is through non-invasive, innovative methods. According to [18], an innovative, non-invasive technique that was disclosed in a Brazil–Italy workshop is the use of infrared thermography. This technique has great potential for analyzing animal thermal comfort in production environments and works by mapping an animal or a part of its body and distinguishing areas of different temperatures through the artificial visualization of light within the infrared spectrum [18]. Ref. [19] reported that this is a non-invasive technique by means of which you can measure the animal’s body surface temperature without needing to have contact with the animal. Ref. [20] used infrared thermography to assess the stress condition of pigs. According to [21], infrared thermography has become one of the most popular technologies in the area of animal production and has been used in several studies because it is a non-invasive technique. It involves extracting temperature information through the energy emitted by the animal’s body surface and transforms it into a thermal image, and it has been evaluated as a highly effective and safe technique. Ref. [22] reports that infrared thermography has been used in both human and veterinary medicine with precision and practicality, since it can be used for the prevention, diagnosis and prognosis of diseases.



The results of infrared thermography can be interpreted by geostatistics, which, according to [23], is a statistical tool that assumes that the probability of variation of the sampled attributes, separated by the same distance, is equal, assuming stationarity within the range of spatial continuity. Ref. [24] stated that geostatistics is one of the procedures for analyzing space–time data that takes into account the existing interactions between spatial and temporal components, allowing interpolations in time and space. Among the advantages of using geostatistics, according to [25], is the fact that it is a tool that can use as much information as is available with respect to the variable of interest—which is difficult to collect—to estimate its values in non-sampled locations through the generation of a continuous surface of estimated points.



Ref. [26] used geostatistical analysis to evaluate the temporal dependence of the variables analyzed in the work and to determine the parameters of the theoretical models that best fitted the experimental semivariograms. Ref. [27] points out that such a tool is able to express the spatial variability within animal housing facilities by showing the distributions of environmental variables.



Such tools are of great importance in pig farming, since they allow the monitoring of animals without the need for direct contact with them, avoiding stress and contributing to thermal comfort, for the evaluation of their health and well-being, as well as to assess the quality of the environment in which they are being raised. Through thermal imaging, it is possible to visualize the body temperature distribution of animals, and valuable information can be obtained regarding thermal comfort and disease prevention. Geostatistics, on the other hand, can indicate the spatial variability of the surface temperature of animals and can also be used to evaluate the effectiveness of management practices and sanitary control measures, allowing the identification of areas that require further attention and monitoring. The application of thermal images and geostatistics in animal production has become increasingly relevant and promising, especially with regard to the evaluation of animal welfare and the identification of areas with higher productive potential. Thus, this study is important because it explores the potential of these techniques and presents the results of the application of the combination of these techniques, contributing significantly to efforts to obtain responses from animals in the environments in which they are located, thereby ensuring improvements in productivity and animal welfare.



Much research has been developed using thermal imaging of various parts of animals’ bodies; for example, the authors of [28] recorded the surface temperatures of lactating sows with thermal imaging. The authors of [29] collected the temperatures of the backs, eyes, vulvas and ears of 18 pigs using infrared thermography to predict rectal temperature (°C). In [30], the authors used infrared thermography to record the temperatures of the ear and back regions of pigs. However, research on the variation in the dorsal–caudal region in pigs exposed to environments with different grading systems using infrared thermography is scarce.



This work aims to verify the temperature variation in the dorsal–caudal region of pigs submitted to different acclimatization systems using thermal images and geostatistics.




2. Materials and Methods


2.1. Experiment Location


The research data were collected at the Bioterium of the Experimental pigs Facility on the campus of the Federal Rural University of Pernambuco in the municipality of Serra Talhada—the domain of the members of the university’s Ambience Research Group. The municipality of Serra Talhada is located in a region of arid climatic conditions which has an average altitude of 492 m and coordinates of latitude and longitude of 07°59′31″ S and 38°17′54″ W. According to the Köppen classification, the climate is BSwh (hot and dry) [31] and presents an average annual temperature of 24.8 °C and relative humidity near 62.5% [32].




2.2. Animal Facilities


Data collection was performed from 1 August to 30 December 2018 and lasted 92 days. The experiment was approved by the CEUA/UFRPE (Ethics Committee on Animal Use) under protocol no. 23082.021090/2016-81.



The animal housing used in this study was built along the longitudinal axis in the east–west direction; the roof was covered with ceramic tiles, the walls were built of masonry, and the floor was made of concrete and had an area of 6 m2. All stalls were equipped with feeders and drinking fountains installed 30 cm from the floor. The animals received water and balanced feed appropriate to their life stages. Figure 1 illustrates the arrangement of the stalls.



Three stalls were used, one for each treatment. Different acclimatization systems were installed in the three experimental pens: three stalls were fitted with an acclimatizer to study the effect of adiabatic evaporative cooling (AEC) on the animals; three stalls were fitted with an axial fan to study the effects of forced ventilation (FV) on the animals; and the last three stalls had no acclimatization system. The animals were analyzed under natural ventilation (Con). The air conditioners used in the stalls had an average flow rate of 3 L.h−1, with independent motors and a propeller rotation of 1750 RPM, with a central disk of 3450 RPM. The flow rate of the fans was 1200 m3 h−1, at 1780 RPM, and the propeller diameter was 11″. The climate control systems were randomly distributed in the pens to reduce the influence of external factors.



We used 9 animals that were available in the university’s experimental vivarium for research, which were distributed in threes in each bay. The animals were ¾ Duroc, ¼ Pietrain commercial strains in the growth phase. The growth phase comprises the physiological phase of the animal after weaning (about 21 to 28 days), and the animal remains in this phase from 63 to 110 days of life. The average weight of the pigs was approximately 35 kg, and the ages ranged from 28 to 110 days. In terms of feeding, the pigs received a balanced and controlled diet. They were fed a combination of commercially available pig feed consisting of grains, protein sources, vitamins and minerals. The feed was carefully formulated to meet the nutritional requirements of the pigs at their respective ages and weights. Water was available throughout the experiment to ensure adequate hydration.




2.3. Meteorological Variables of the Environment


The meteorological variables collected were dry bulb temperature (Tbd; °C), relative humidity (RH, %), black globe temperature (Tgb; °C) and wind speed (Ws, m.s−1). Tbd, RH and Tgb were recorded using a HOBO® datalogger model U12-012 (Onset Computer Corporation Bourne, USA, MA,) at 08:00 and 12:00 h. The instrument was installed according to the recommendations of [33], in which it is recommended that the equipment should preferably be installed in the central region of the shed. The instrument was installed according to the recommendations of [33], in which it is recommended that the equipment should preferably be installed in the central region of the shed. The Ws (m s−1) was collected using a digital thermo-anemometer, model TAFR-180, with a scale of 0.1 to 20.0 m s−1 and a resolution of 0.1 m s−1, at 1.50 m from the ground. The measurement times were selected based on [34], the authors of which took into consideration a time with a lower temperature and a time with a higher temperature. These variables were collected inside the stalls by means of a datalogger and outside by means of a meteorological shelter, both at 1.50 m height, and were used to verify the variations between treatments. The thermal characterization of the stalls was determined through a reclassification of the BGTHI for pigs, considering the minimum optimal temperature value (15 °C), the upper critical temperature (27 °C), the average values of the thermoneutral zone for the finishing phase (15 to 18 °C) mentioned by the authors of [35] in their reference study and the relative air humidity value range of 50 to 70% cited in [36] as a basis for the reclassification of the BGTHI. These temperature and humidity values were used to estimate the dew-point temperature (DPT, °C) using the Magnus–Tetens [37] equation (Equation (1)). Subsequently, the BGTHI was estimated using the equation given in [38], which was developed for cattle.


DPT = (c × γ × (Tbd, RH))/(b − γ(Tbd, RH))



(1)




where DPT is the dew-point temperature, γ(Tbd, RH) is the intermediate result, Tbd is the temperature, RH is the relative humidity, b is a constant with a value of 238.88 and c is a constant with a value of 17.368.




2.4. Physiological Variables of the Animals


To evaluate the effects of the different acclimatization systems on the animals’ thermal comfort, the following physiological variables were collected from the animals: rectal temperature (RT), respiratory rate (RR) and surface skin temperature (SST), at 08:00 and 12:00 h, once a week, throughout the experimental period. The RR was measured by counting the movement of the flank in 1 (one) minute, using a stopwatch, and then calculating the number of movements per minute. The animals’ body temperature was checked by means of thermal images obtained with a Flir i60 thermal imager. For thermal image registration, the camera angle was standardized, and the distance between the equipment and the animal was maintained at 1 m, as in [39,40]. The camera emissivity was set to 0.98, which is suitable for biological tissues [41], for image correction using Flir software, version 1.9.



The region selected in the animals was the dorsal–caudal region. This region in pigs was also studied by the authors of [42], who evaluated the temperatures of various body regions. Ref. [5] evaluated the welfare and surface temperatures of piglets submitted to different heating systems. Ref. [20] analyzed heat-stress indicators by means of eye temperature. Ref. [43] analyzed the influence of the environment on sow reproduction. Ref. [34] studied the body surface temperature of heifers using thermal imaging.



The extraction step for the coordinates of the selected region was performed with a software system developed in Python language with an interface using the Tkinter library. This step is of great importance for geostatistical analysis because when working with pixel-by-pixel temperatures it is necessary to know the location of each temperature value in the image.



When using the Flir software to perform image information extraction, one notices that it only extracts the temperature values as a whole or from a certain area within the image. This prompted the development of the software.



The routine used for the development consisted of importing and loading the image on the screen and opening a square, where it was moved to the desired region, considering the movement of the mouse over the image, selecting the ROI (lateral array) and displaying the coordinates of the selected window. The window was then closed and the program finished (Figure 2).



The software for extraction of the region of interest in the images was developed in Python language, using the Tkinter library to develop the interface and Opencv for analysis. Initially, by means of the “Open” button, the image is loaded from the user’s computer, which allows for its visualization—a feature developed by the function cv2.imread from the Opencv library.



After loading the image, multiple regions of interest can be selected using the “Select ROI” button, which uses the select ROIs function. Using this function in OpenCV, you can manually select precisely the areas of interest, which allows you to perform many tasks for that specific area of the image. It also makes it possible to use the specific area as input for another task, such as drawing a tracing figure (rectangle) using the coordinates or cutting the image with precision and freedom.




2.5. Statistics


The animal surface temperature data were submitted to exploratory and geostatistical analysis. The exploratory analysis included descriptive statistics and normality analysis, both performed in Excel 2016 software. The parameters determined were the mean, median, mode, standard deviation (SD), variance, coefficient of variation (CV), kurtosis, asymmetry, minimum value, maximum value and the point count. The coefficient of variation was classified according to the proposal of [44], ranging from low (CV < 12%) to medium (12% > CV < 24%) to high (CV > 24%). To study normality, the Kolmogorov–Smirnov test was used, with α = 0.05.



Geostatistics was applied according to the methodology proposed in [45] to characterize the temperature variation in the dorsal–caudal regions of the 3 animals in each of the 3 treatments at 8:00 a.m. and 12:00 p.m. We used GS+ software, version 7.0 [46] to generate the graphs.



Once the semivariograms were elaborated, the models that best fitted the data were verified. The models tested were the spherical, exponential and Gaussian models, which, according to [47], were the most relevant. To select the model that best fitted the data, the R2 value and the degree of spatial dependence (DSD) were determined through the relationship C/(C0 + C1), following the criteria recommended by [48], which classified DSD as strong spatial dependence (DSD < 25%), moderate dependence (25 ≤ DSD < 75%) and weak dependence (DSD ≥ 75%). The fitted semivariograms were selected and validated using the cross-validation criterion proposed by [49], in which it was observed whether the means and standard deviations of the errors between the observed and estimated data were close to 0 and 1, respectively—a step considered to be of great importance [50].



With the parameters of the semivariogram models selected, kriging maps were made using Surfer 13 software [51].





3. Results and Discussion


The characterization of the pens regarding thermal comfort at 08:00 and 12:00 h was evaluated through the classification of BGTHI for pigs developed in this study. The thermal comfort characterization of the stalls at 8 and 12 h was evaluated through the classification of the BGTHI for pigs developed in this study. The classification is presented in Table 1.



The reclassification of BGTHI for pigs took into account critical air temperature and humidity values for pigs. The threshold for the cold-stress class was the minimum optimal temperature, the threshold for the comfort class was the average of the thermoneutral zone for pigs, and the thresholds for the alert and emergency phases were based on the fragmentation of the upper critical temperature. The humidity range varied from 50 to 70%.



The BGTHI values were presented as comfortable in the pens with AEC at 8 and 12 h, ranging from 71.24 to 71.02. However, in the pens with FV, the BGTHI was evaluated as comfortable at 08:00 h, with a value of 73.69, but with stress the BGTHI reached 80.24 at 12:00 h. In the pens with Tbd, the condition was also evaluated as emergency at both time points, with a range of 73.63 to 81.43. These results were similar to those found according to the classification of [52] regarding the black globe temperature and humidity index (BGTHI) for the same facilities. The following Figure 3 presents the classification results.



As observed, the effect of high temperatures in the facilities influenced the respiratory rate of the pigs, indicating possible heat stress. In the FV and Con treatments, as the BGTHI increased, the respiratory rate of the animals also increased.



The results for Tbd and RH as functions of the environments of the treatments, of the external environment and of the times are shown in Table 2.



The ambient air temperatures and humidities in the stalls with AEC, FV and Tbd treatments at 08:00 a.m. were within the limits considered optimal for pigs in the growing phase, according to the recommendations of [52], which considered a temperature range of 20 to 27.3 °C to be comfortable for pigs in the growth phase and a temperature above 27 °C to be critical, from which it can be inferred that the animals were subjected to periods of heat stress at 12:00 p.m. However, the microclimate in the AEC treatment was already under the influence of the climate control equipment in the first hour. The microclimate of the stall with AEC had a lower value of 1.9 °C at 08:00 a.m., while in the other stalls there were no significant differences at this time. This fact shows the attenuation caused by the air conditioner, while in the stall with the fan it was not possible to detect a greater variation. However, the temperatures in this room were low due to the low solar radiation at this time.



Observing the environments, after 4 h of operation of the climatization systems, it was possible to notice, in relation to the control experiment, that the air conditioner reduced the temperature by up to 3.59 °C, while the fan operation decreased it by only 0.26 °C—a fact found by the authors of [53], who studied thermal comfort in the same facilities and found that the fan had low efficiency with respect to reducing the Tbd.



It can be seen that, in relation to the external environment, the acclimatization provided a high reduction in the Tbd in the hottest hours of the day compared with the non-acclimatized and non-shaded environment, which is favorable when dealing with pigs, which are homeothermic animals. This is explained by the characteristics of the climatizer that uses water evaporation to cool the air that circulates around the animals and reduces the temperature of the environment, providing greater thermal comfort for the pigs. According to [34], animals submitted to environments with temperatures outside the thermal comfort zone demand more energy for the maintenance of body temperature, which can affect the performance and, in more severe cases, cause the death of the animals.



Statistical Analysis


The descriptive statistics for the animals’ skin surface temperatures extracted from the thermal images and the KS test analysis are presented in Table 3 as a function of the treatments and their respective times.



The means and medians for each of the animals analyzed showed close values, which shows that the data were close to a normal distribution. Similar results were found in [6]. The coefficient of variation (CV) in statistical analyses serves as a first indicator of whether or not data heterogeneity exists. Considering the research of [44], the dorsal–caudal surface temperatures of the pigs in the three treatments showed low variability (CV < 12%), and the mean was representative. Most animals presented kurtosis and asymmetry values close to 0, except for the temperature collected at 12:00 p.m. in the AEC treatment, with values of 5.7 and −2.16, respectively. However, the Kolmogorov–Smirnov test results were not significant for all the animals analyzed.



It was observed that the animals in the stall with AEC had the lowest mean temperatures in the dorsal–caudal region (32.40 and 36.25 °C) when compared with the animals submitted to the FV treatment, which had values of 32.51, 32.59 and 36.81, and those under the Con treatment, which had values of 37.15, 37.53 and 38.45 °C, reflecting the importance of the acclimatization with AEC during the hours of 08 a.m. and 12 p.m. These results were close to those obtained by the authors of [42], who analyzed the temperatures of various body regions of pigs and found an average temperature for the caudal–dorsal region of 34.6 °C. For [54], in housing conditions within the thermoneutral zone, the skin temperature (SST) of pigs should be close to 34 ± 1 °C. Thus, the use of descriptive statistics was able to distinguish the animals submitted to the different acclimatization systems. Ref. [5] found the SSTs of pigs in concrete facilities to be similar to those recorded in this research, ranging from 39 to 41 °C. In the findings of [55], it was mentioned that body surface temperatures in the lumbar and dorsal regions have a high correlation with RT, which is considered the most suitable for evaluating temperatures in animals. Ref. [20] cited dorsal temperature as an indicator for describing the environment the animal is inhabiting.



Table 4 illustrates a proposed model fitted to the experimental data; the nugget effect, the sill, the range, the degree of spatial dependence (DSD) and the R2 value for each of the animals were analyzed.



The Gaussian model was the theoretical model with the best fit to the temperature data for the dorsal–caudal regions of the animals in all climatization systems. Such a model was validated by presenting the means between the actual values and those estimated by the model closer to zero and the standard deviation of one. According to [56], the validation of semivariograms is performed using the residuals, which is the way to check the assumptions of the model used in kriging, making the comparison between the actual values and the kriged ones, where such residuals show the performance of the model. The Gaussian model was also observed in the results of [34]—a study on the variability of body SST in cows—and in [57]—a study on the variability of udder temperature in cows.



For all the treatments analyzed, no pure nugget effect was detected, showing that there was a correlation between the different types of climatization and the SSTs of the animals; however, the results showed the low precision of the sampled grid [48]. In the AEC treatment, the nugget effect ranged from 0.51 to 0.12; in FV, the range was 0.20 to 0.03; and in Con, it was 0.01 to 0.001.



The sill indicates the point from which the samples become independent because of the distance separating them. In the facilities with AEC, the sill varied from 4.60 to 0.50. In the facilities with FV, it ranged from 0.66 to 0.10, and in the facilities with Tbd treatment, the sill ranged from 0.03 to 0.14. Similar plateau values were found in [56], which revealed that the lower the sill value, the more similar the neighboring values are.



The range indicates the distance (the region on the surface of the pig) over which the sample points (temperatures) are more similar to each other and could be used for estimating values with closer spacings than those separated by larger distances. In the AEC, the largest value was 22.60 mm at 12:00 p.m., and the smallest value was 05.10 mm at 08:00 a.m. The average value was 13.8 mm. In the FV treatment, the range was 27.20 to 43.20 mm at 08:00 a.m. and 12:00 p.m., and the average value was 35.2 mm. The Con treatment was similar to the FV treatment, with a greater range of 28.80 (08:00 a.m.) to 54.20 mm (12:00 p.m.) and an average value of 41.50 mm. The highest ranges obtained were for the Con treatment, followed by the FV treatment, and the lowest range was found for the AEC treatment.



According to the classification proposed in [48], the dorsal–caudal surface temperatures fell into the moderate-to-strong class of spatial dependence in all proposed models. This result was also found by the authors of [34], who, when studying temperature variability in cows, detected that the model with the best theoretical fit was the Gaussian model with a strong degree of spatial dependence.



The spatial variations of the temperatures analyzed in the dorsal–caudal region (Figure 4) of the animals are illustrated in Figure 5, Figure 6 and Figure 7.



These figures show the kriging maps, which are widely used in geostatistics to estimate unknown values at unsampled locations based on collected samples. In the context of the surface temperature of animals, kriging maps can be applied to estimate the spatial distribution of surface temperatures over the skin. The values estimated by kriging were similar to those found through the measurements of the authors of [39], obtained using infrared thermography in pigs, who found values ranging from 32 to 34 °C, similar to the values recorded for the animals in the AEC and FV treatments at 08:00 h in the morning. The authors of [39] also found temperature values in the caudal–dorsal region ranging from 35.8 to 37.7 °C, which were similar to the values found in this study for the animals at 12:00 h, validating the results of the kriging.



The elaborated kriging maps show the temperature distributions in the dorsal–caudal regions of the animals. Along the X- and Y-axes are the coordinates of the dorsal–caudal regions studied in millimeters. The isolines represent the estimated temperature values. These values varied from 28 to 36°C. The elaborated kriging maps showed the temperature distributions in the dorsal–caudal regions of the animals. In [24], the kriging maps also presented the distribution of air temperature values in the state of Minas Gerais. In this way, it was possible to visualize the highest temperature values in the hottest hours of the analyzed period (redder colors) in all treatments, showing the relationship between the animal’s skin temperature values and the environment.



Therefore, it can be seen that the highest temperatures found were for the animals in the stall with the Con treatment (natural acclimatization), followed by the animals in the stall with the FV treatment and, lastly, the animals in the stall with the AEC treatment. The animal housing for the Con treatment, by absorbing solar radiation in its structure, heats the microclimate, and as this, in turn, is not being influenced by air conditioning equipment capable of attenuating the temperature, it ends up heating the animal’s skin, thus increasing the temperature in the caudal–dorsal region. What happened in the FV treatment is explained by the inefficiency of the ventilator in controlling the temperature, while in the stall with AEC, the animals remained at temperatures considered optimal throughout the analyzed period, justifying the importance of acclimatization for the production environment.



In general, it was possible to visualize the information on the spatial dependence of the semivariograms expressed in the kriging maps. Such information reflects the variability in animal surface skin temperatures related to climate systems and is useful for identifying whether housings require more or less care.



Regarding the rectal temperatures of the animals subjected to AEC, the average data showed values of 38.3 °C and 38.8 °C for the animals at 08:00 and 12:00 h, respectively. The animals in the FV treatment had values of 38.5 °C and 38.7 °C at 08:00 and 12:00 h, while the animals in the control group had average values of 38.7 °C and 39.7 °C. As for the average respiratory rate, the animals in the AEC treatment had values of 49 and 52.73 breaths per minute, those in the FV treatment had values of 48.7 and 56.10 breaths per minute, and those in the Con treatment had values of 53.87 and 67.97 breaths per minute. These results indicate that the animals under the effect of the air conditioner showed lower physiological values compared to the other animals, with lower respiratory rates.





4. Conclusions


The results show that thermal imaging and geostatistical analysis are able to provide valuable information about the thermal behavior of pigs and the characteristics of their environments. Furthermore, a combination of these tools contributes to the implementation of appropriate management measures and the improvement of animal welfare. The geostatistical analysis provided a mathematical model capable of illustrating the variation in temperature in the caudal–dorsal regions of the pigs according to the environments to which the animals were subjected, showing the potential of these tools for monitoring the body temperature of pigs in different environments and combining this data with information on spatial variability transmitted by geostatistical analysis.



The work highlights the importance of using thermal imaging and geostatistics in animal production, highlighting their potential to provide accurate and auxiliary information on animal performance and welfare, as well as to assist in decision making regarding production management. The use of these tools can contribute significantly to the promotion of more sustainable and efficient practices in animal production, benefiting both producers and consumers.
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Figure 1. Structure of the animal facilities used in this study. Source: The authors. 
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Figure 2. Interface developed for extracting the coordinates from the thermal image. Note: The number 1 represents a point sampled in the caudal dorsal region. 
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Figure 3. Classification of BGTHI in animal premises. 
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Figure 4. Dorsal–caudal region studied. 






Figure 4. Dorsal–caudal region studied.



[image: Agriengineering 05 00069 g004]







[image: Agriengineering 05 00069 g005 550] 





Figure 5. Kriging maps of the dorsal–caudal region for the AEC treatment at 8:00 a.m. and 12:00 p.m. 
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Figure 6. Kriging maps of the dorsal–caudal region for the FV treatment at 08:00 a.m. and 12:00 p.m. 






Figure 6. Kriging maps of the dorsal–caudal region for the FV treatment at 08:00 a.m. and 12:00 p.m.



[image: Agriengineering 05 00069 g006]







[image: Agriengineering 05 00069 g007 550] 





Figure 7. Kriging maps of the dorsal–caudal region for the T treatment at 08:00 a.m. and 12:00 p.m. 
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Table 1. BGTHI reclassification for pigs.
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	Class
	Interval





	Cold stress
	BGTHI ≤ 67



	Comfort
	68 < BGTHI ≤ 74



	Alert
	74 < BGTHI ≤ 76



	Emergency
	BGTHI > 76
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Table 2. Temperatures and humidities of the air inside the pens and in the external environment.
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Time

	
AEC

	
FV

	
Tbd

	
External Environment




	
Tbd °C

	
RH%

	
Tbd °C

	
RH%

	
Tbd °C

	
RH%

	
Tbd °C

	
RH%






	
08:00 a.m.

	
22.96

	
70.7

	
24.87

	
67.93

	
24.63

	
72.5

	
24.44

	
65.25




	
12:00 p.m.

	
29.46

	
90.5

	
32.79

	
42.06

	
33.05

	
47.29

	
33.31

	
39.07
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Table 3. Descriptive statistics for dorsal–caudal surface temperatures of the pig.
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	Treatment
	Time
	Mean
	Median
	SD
	CV
	Kustosis
	Asymmetry
	KS





	AEC
	08:00 a.m.
	32.40
	32.6
	2.21
	6.81
	−1.34
	−0.20
	0.36



	AEC
	12:00 p.m.
	36.25
	36.44
	0.73
	2.00
	5.7
	−2.16
	0.30



	FV
	08:00 a.m.
	32.51
	32.89
	1.03
	3.17
	−1.34
	−0.41
	0.28



	FV
	12:00 p.m.
	36.81
	36.80
	0.17
	0.48
	0.80
	0.32
	0.40



	Con
	08:00 a.m.
	37.53
	37.57
	0.25
	0.68
	−0.79
	−0.08
	0.24



	Con
	12:00 p.m.
	38.45
	38.53
	0.28
	0.73
	0.42
	−1.03
	0.29
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Table 4. Semivariogram parameters.
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	Treatments
	Time
	Models
	Nugett
	Sill
	Range
	DSD
	R2





	AEC
	08:00 a.m.
	Gaussian
	0.510
	4.600
	05.100
	87.800
	0.810



	AEC
	12:00 p.m.
	Gaussian
	0.120
	0.500
	22.600
	75.500
	0.930



	FV
	08:00 a.m.
	Gaussian
	0.200
	1.660
	27.450
	98.800
	0.980



	FV
	12:00 p.m.
	Gaussian
	0.030
	0.100
	43.200
	99.230
	0.990



	Con
	08:00 a.m.
	Gaussian
	0.010
	0.030
	28.800
	71.600
	0.970



	Con
	12:00 p.m.
	Gaussian
	0.003
	0.140
	54.200
	97.740
	0.990
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