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Abstract

:

The aim of this article is to show the most significant factors influencing the indoor environment in winter considering the operating conditions of an older stable modified for housing 12 horses and an indoor riding arena for teaching and sports purposes. This research focused on assessing the influences affecting the internal environment from the point of view of the construction of the building and ventilation control in the operating conditions of working and non-working days. The analysis of the results showed that the massive masonry structure has sufficient thermal insulation and accumulation, which was manifested by good temperature stability inside the stable of 7.2 ± 1.7 °C when the outside air temperature was −4.80 ± 1.5 °C. At low outdoor air temperatures of −6.44 ± 0.4 °C, the following conditions were found: a higher relative air humidity (76.0 ± 5.3%), a high CO2 concentration 2317.1 ± 931.7 ppm, and a high airborne dust concentration PM10 = 231.94 ± 19.13 μg·m−3 and PM2.5 = 160.13 ± 6.28 μg·m−3. Therefore, it is necessary to improve the solution and function of the stable ventilation. The small size of the windows and their uneven distribution (average daylight factor ei from 0.313 ± 0.154 to 0.835 ± 0.309) caused insufficient daylight in some individual boxes.
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1. Introduction


It is assumed that the first domestication of the horse may have occurred somewhere in the Eastern European steppes 5 to 6 thousand years ago [1]. Other opinions and findings of scientists push the domestication of horses to a later period in other areas of the world. According to [2], 4.–3. millennium BC, the wild horse lived in different regions (Europe, Eurasian steppes, and the Middle East). Historically, the oldest and most natural environment for the life of horses is certainly the steppes and open plains, with the possibility of grazing. Not only people but also their good and efficient helpers, horses, gradually adapted to the different and, in many cases, even colder living conditions. This led to the development of many breeds that are well-adapted to harsher climates. The basis is usually primitive breeds with good adaptability to variable and often harsh natural conditions.



The thermoregulatory mechanisms of horses develop with age. Nutrition also influences the ability to live in colder conditions [3]. Yearling horses fed ad libitum have an LCT of −11 °C, and acclimatized adult horses have an LCT of −15 °C.



By examining thermoregulatory mechanisms, one can find horses adapted to cold conditions and, vice versa, adapted to heat, which coincides with the traditional classification into cold-blooded and warm-blooded breeds [4]. Most breeds can be classified somewhere between these two types of horses. In terms of body structure, heavier, compact horses with shorter limbs are well equipped with subcutaneous fat and protected by thick skin and fur, and many are more cold-blooded. These breeds are calm, sociable, and have considerable aerobic and high endurance capacity. On the contrary, warm-blooded horses are usually lighter, slimmer, and have longer limbs. Their bodies are less thermally insulated by skin and fur. They can produce sudden, powerful efforts thanks to anaerobic metabolism and the mobilization of glycogen stores in the muscles.



Theoretical knowledge and experience with horse breeding in Nordic conditions are provided in many publications from Scandinavia, including the application of this knowledge in the breeding of trotters, warm-blooded riding horses, and Icelandic Toelter horses [5,6,7,8]. Standard and cold-blooded trotters start racing at the age of three. Optimal nutrition and the possibility of free movement during the rearing period are important to cope with the physiological demands during training. There were no adverse effects on the health of horses, even when training or racing was performed at low temperatures, e.g., −25 °C [8].



For horse breeding in cold, wet areas with a lot of rainfall, the use of pasture is suitable. The ability to accumulate a large amount of body fat in summer, which can be mobilized as a source of energy in winter, is of great importance in freely moving horses. The mixed grazing of horses with sheep and cattle has ecological and economic significance for farms in terms of grass cover [8].



The long-term breeding of cultural horse breeds and the development of many sports activities associated with horse breeding create a problem with breeders’ interests in expanding them to climatic conditions that are different from their countries of origin. Further development and the acquisition of new knowledge also benefit from past breeding experiences with some breeds situated in specific local conditions characterized by a sometimes less favorable climate or a natural way of breeding [9,10,11,12]. The current development of genetic sciences and informatics, including the collection and analysis of data on breeds and genetic resources, provides very good information about the 22 breeds of horses bred in the Czech Republic [13].



The gradual domestication and expansion of horse breeding in other areas of the world with different climatic conditions led to the gradual construction of various shelters and stables where horses stay for a longer time, which are part of entire horse farms. These special farms must provide suitable conditions for stables and for the life of horses during their other activities (training and work) [14]. Therefore, they also include outdoor and increasingly indoor riding arenas. Inside the fully enclosed spaces of indoor arenas, a cold or very cold microclimate was usually found, usually with high air humidity [15].



The horse industry contributes a total of USD 122 billion annually to the United States economy. Owners, managers, and riders were interviewed on a variety of topics, including arena construction and design, arena usage, type of running, maintenance practices, environmental issues, and potential health problems encountered by the facility. Overall, 71% of the respondents said they were concerned about the environment in the indoor arena. The three main problems identified were airborne dust, air moisture, and insufficient ventilation [14]. Inadequate ventilation and a higher concentration of dust are greatly influenced by the construction of the indoor riding arena for horses [16]. It is therefore necessary to focus further research on the issue of airborne dust reduction in indoor riding arenas.



A stable should provide safe accommodation for horses and good working conditions for people. Several factors contribute to the creation of the conditions that we include under the collective term “animal welfare” [17,18,19,20]. Horse welfare can be threatened by many factors, and exposure to adverse conditions can lead to stressful conditions [21,22,23,24]. It is therefore necessary to continue to investigate the relationship between the state of horse well-being in their environment and different riding situations [25].



Because of the considerable sensitivity of horses, especially powerful warm-blooded and sport horses, much attention is paid to stressful situations, the possibilities of how to prevent these situations, and how horses can manage them [24,26,27]. When assessing the welfare of working and breeding horses during summer and winter, worse conditions were found for working horses, and for both evaluated categories of horses, conditions were worse in winter [28].



The predominant system of housing domestic horses is individual housing. However, the results of one study that evaluated the behavior of group-housed horses and the effect on training show the advantages of keeping young horses in groups [29]. Housing that restricts social relationships among animals is a welfare issue [30]. The dimensions of housing boxes and enclosures are important from the beginning of foal training and in the subsequent period of breeding and training [31]. Movement in the stable area, its shape, derived locomotion patterns, and the amount of time thoroughbred horses spend walking in the stable characterize the stable conditions. This can help predict future risks of muscle damage, dehydration, muscle fatigue, and other problems [32].



In Turkey, a significant proportion of the horses are thoroughbreds, Arabian horses, and native horses. Thoroughbred and Arabian horses are used in horse racing, while indigenous horses are used in traditional local equestrian sports. It was found that 75.6% of these horses are housed in binding stalls and 24.4% in box stalls [33].



According to [34], 84% of the total number of horses in Europe are kept in individual housing systems (boxes), and 16% are kept in group housing systems. Most horses in Germany are bred for recreational activities [34,35]. Horses are mostly kept individually in individual pens. Horses stabled in individual stalls usually spend little time moving. Another variant of this system is group housing in open stables. These stables improve housing conditions and welfare. Horses can move in the fresh air and have better contact with other horses in the group.



Group housing provides horses with social contacts, the lack of which is sometimes related to problematic horse behavior or health problems. However, despite the aforementioned advantages of group housing, horse owners are concerned about aggressiveness and resulting injuries. A study [36] confirmed the feasibility and relative safety of a group of horses reared in larger group-rearing systems. However, sufficient paddock space is needed, as well as pens for stables. Providing at least 342 m2 per horse can reduce the possibility of injury in horses accustomed to group participation [37].



The possibility of allowing horses access to pastures is important. The influence of the grazing system on the state of the pasture is significant, where alternating pastures showed a higher height of grass, mass of vegetation, and vegetative cover [38]. The presented results support the recommendation for rotational grazing to optimize pasture yield and prevent the deterioration of vegetative cover, which has significant environmental and ecological consequences.



In practice, different housing systems are available for the group breeding of horses. Horse breeding in so-called active stables is becoming popular. The main feature of active stables is the spatial separation of various functional areas for rest, feeding, and receiving feed with a sufficiently large space. For the distribution of concentrated feed and mineral supplements for group-reared horses, it is advantageous to use an automatic feeding station [39]. One study found that group housing provides horses with a great opportunity for movement and better well-being [40]. The daily walking distances of the entire group and newly arrived horses were measured. The horses traveled an average of 8.43 km/day.



When studying the formation of groups and the behavior of horses in groups, it is advantageous to use detection of movement locations by collecting data using data loggers. Research on spatial and temporal proximities among group-housed horses was ascertained by comparing location data using GPS [41,42]. The use of data for the analysis of movement on-premises also allows for evaluating the effect of additional equipment on the movement of horses and the frequency of visits to different facilities (feeding areas, water supply, prioritization of certain lying stalls, types of materials for the construction of halls, etc.) [43,44].



The aim of the study [45] was to evaluate the feeding and agonistic behavior of horses kept in two types of stables in a semiarid region. The difference was mainly in the construction of the roof. The stable with a tin roof had worse temperature conditions (higher temperatures inside the stable in summer) than the stable covered with clay bags, with better storage and insulation capacity. The average feeding time was longer in the barn with a tin roof under conditions of some heat stress than in the barn better insulated with roof tiles.



Research [46] shows that climate change will affect the energy consumption of buildings in future years and thus should be considered when designing stable heating and ventilation systems. The selection of reflectance and insulation values for a building’s roof should include an annual calculation of energy consumption for heating and cooling. In cold regions, when roofs are covered with snow for a long time, the increased solar reflectance of a roof will have less effect on the energy efficiency of the building in winter. Increased solar reflectivity of the roof always leads to less energy consumption for cooling in summer.



According to [47], the climate changes observed in recent years, particularly, the increase in the average air temperature, affect the microclimate conditions in livestock barns not only in summer but also in winter. As expected, because of year-round higher temperatures in Central Europe, temperatures in stables are higher during winter, but because of the different structural features of the buildings, the internal conditions are different.



One study [48] suggested that climatic factors such as temperature, precipitation, and lighting during the perinatal period in foals have no significant effect on coat cortisol concentrations measured at birth or 30 days of age. The absence of a significant effect of these factors suggests that compensatory mechanisms allow foals to buffer environmental changes without chronic changes in cortisol levels.



According to [49], horses that have less sleep because of prolonged activities have poor health and poor living conditions. Therefore, it is necessary to pay sufficient attention to the possibilities for comfort regarding the sleep well-being of horses when designing the size and solution of the housing, the choice of bedding, and the operating conditions during the day and night.



The results of the study [34] showed that the activity of horses is influenced by space and functional areas. The use of automation for feeding hay and concentrates, together with a well-designed interior layout of the stable, results in significantly higher horse activity compared with conventional open stables.



The research on microclimatic conditions in new and modernized older stables for horses showed that most of the examined horse stables did not have suitable design parameters in terms of thermal–technical properties of the stables, and the ventilation equipment for winter and cold periods was insufficient [50]. Inadequately thermally insulated stables with excessively large stalls would require heating in winter if optimal conditions were to be achieved. The thermal technical properties of indoor riding arenas are also often insufficient, an insulated riding arena with a double-skinned roof is suitable [51].



For sport horses, the optimal temperature in summer is 18 to 22 °C, whereas in winter, it is 10 to 18 °C, with a relative humidity of 50 to 75% [51]. According to [52], relative humidity should be from 60 to 80% with a maximum of 85%. At a higher humidity above 80%, there is a risk of condensation of water vapor on the surface of the walls and ceiling. Insulation of the perimeter walls and ceiling is recommended. Thermally insulated stables are also suitable. When building a stable, it is advisable to use natural materials that contribute to a good internal microclimate, e.g., wood. Sufficient ventilation and sufficient light are important. For a sufficient intensity of daylight, the window size ratio should be 1 m² of the window area per 15 m² of stable floor. The recommended intensity of artificial lighting is 40 lux.



The volume of the stable, which should correspond to the number of stabled horses, requires at least 25 m3 for one horse [52]. The minimum floor area requirement in free stables for sport and breeding horses should be 9 to 16 m2 per one horse. The optimal air temperature in summer should be 15 to 20 °C depending on the category of horses; in winter, the air temperature should not drop below 6 °C for a long time. The optimal air flow speed should be up to 0.5 m/s in summer and 0.25 m/s in winter. The maximum CO2 concentration should be up to 0.25%.



Some dusty materials are handled in horse stables, such as feed and bedding, and horse hair is also a source of dust. Airborne respirable dust in a stable environment has a significant negative impact on the respiratory health of horses and can cause a debilitating allergic condition known as equine asthma. Equine asthma is a common disease in horses. Early identification and intervention in horses at risk of lower respiratory tract disease could mitigate the impact of the disease [53]. In contrast, inflammatory airway disease (IAD) can affect horses of any age, and the clinical signs at rest are usually subtle [54]. Respiratory problems in horses are the second largest cause of lost training days in thoroughbreds [55]. Respiratory problems in racehorses can also have significant economic impacts [56].



When monitoring the microclimate in stables and other areas during horse breeding, attention is mainly focused only on suitable conditions for horses, but an increasingly legitimate importance is also attached to the working environment for nurses and other persons moving in this environment [57]. A stable should be designed according to parameters related to the welfare of stabled horses, taking into account that it should be possible to change the size of stables and all other spaces for horses of any breed. It is important to keep in mind that the welfare, safety, and calmness of horses are also the starting points for the safety of the attendants and other persons working and moving around in the stable.



In the study [15], the relationship between the environment and conditions was investigated to ensure the health and well-being of all voluntary workers. The health of workers in riding areas is characterized by an environment in which workers may also be exposed to dust in addition to other deteriorated microclimate parameters. The use of space, safety of residence and work, environmental parameters, and organizational procedures need to be controlled. However, improving living conditions and the indoor environment also have certain economic limits [4].



A suitable acoustic environment is very important to housed horses [58]. The sense of hearing, in both domesticated animals and their wild ancestors, plays a significant role in their lives [59,60,61]. The influence of noise has been recognized and included in minimum standards for keeping animals. For example, according to [62] the minimum standards for the protection of pigs, states that no animal should be exposed to constant or sudden noise, and the noise level must not exceed 85 dB [62]. Sudden sources of noise should be avoided for all species [63].



Our article aims to show the most significant influences acting on the indoor environment in winter considering the operating conditions of an older stable adapted for housing horses and an indoor riding arena for teaching and sports purposes.




2. Materials and Methods


2.1. Description of the Farm


This research work and measurements were carried out on a horse farm situated in the central part of the Czech Republic. Part of the farm area is a stable, which has a part for housing horses and facilities for employees and practical teaching of students. There is also an indoor riding arena, which is used both for teaching needs and for the activities of the Equestrian club. The farm area has grass paddocks for horses with a total area of approximately 30,000 m2. The daily program in winter during a working day is presented in Table 1.



On weekdays, students participate in activities generally from 8:30 a.m. to 1:45 p.m., and the Equestrian club members participate from 3:30 p.m. to 5:45 p.m. During the weekend, students are not in the barn, and the Equestrian club activities are limited to routine horse care and barn operations.



The stable is a masonry building with a gable tin roof, divided into a living area and a stable area, where there are twelve individual boxes for horses and facilities for preparing fodder and bedding. In the following text, the term “stable” refers to the part of the building intended for housing of horses.



The stable (Figure 1 and Figure 2) has a rectangular floor plan, and the internal dimensions are as follows: length of 24.75 m, width of 9.0 m, and height of 3.4 m, so the total internal volume is 757.35 m3. In the case of housing 12 horses, there is 63.75 m3 per animal. The floor area is 222.75 m2, the total area of the windows in the winter season is 6.375 m2. The closing or opening of the windows on the door side is performed by the stable staff in winter depending on the temperature. On the opposite side of the stable, the windows are always closed to prevent draughts.



The indoor riding arena (Figure 3 and Figure 4) is a steel structure covered with a polyethylene tarpaulin. The hall has dimensions of 40 m by 20 m, the height of the walls is 3.5 m, the height of the roof ridge is 8 m, and the internal volume of the space is 4600 m3. Two doors allow entry. The ventilation system consists of circular openings in the walls (protected by netting and external covers against rain) and exhaust chimneys with fans (rotation is induced by airflow). The riding surface of the floor consists of a mixture of silica sand with geotextile, regularly maintained by dragging (or raking) and sprinkling as needed. Both gates must always be closed when the horses are moving—this is essential for the safety of horses and riders. In the following text, the term “riding arena” means the indoor riding arena.




2.2. Data Acquisition and Processing


For the long-term measurement and recording of measured values, in the stable near the housed horses, an Almemo 2590-9 data logger with relevant sensors from the Ahlborn company was installed (Ahlborn Mess- und Regelungstechnik GmbH, Eichenfeldstraße 1, 83607 Holzkirchen, Germany) [64].



An FHA 646 sensor was used for air temperature and humidity measurement, the concentration of CO2 was measured by FY A600, and the indoor illuminance was measured by an FLA 613-VL sensor. The sound pressure level LpA (dB), according to the frequency weighting filter A, was measured by BEHA Unitest 93411 D. This device is equipped with a connector and the possibility of a permanent power supply from the electrical network for long-term measurements and another AHLBORN-Almemo connector (special modification made by the company Ahlborn.cz) enabling the storage of measured data to the Almemo 2590-9 data logger.



To determine the surface temperatures and temperature distribution of the stable, a thermographic camera IR FlexCam Pro®, produced by Infrared Solutions in the United States, was used (5000 Nob Hill Drive Minneapolis, MN 55439, USA).



Air temperatures and relative humidity inside the indoor riding arena for the purpose of longer-term measurement of the measured values were recorded by a ZTH 65 data logger (the manufacturer and supplier of the dataloggers is the company COMET SYSTEM, Ltd., Rožnov pod Radhoštěm, Czech republic [65]) with registration at intervals of 15 min. The ZTH 65 data logger was placed on the steel structure of the riding arena in the middle of the long wall above the solid wooden part of the side wall at a height of 165 cm.



External air temperatures and relative humidity, solar radiation, and wind speed with the same measurement interval were obtained from the official weather station at a distance from the measured objects of approximately 800 m.



The total dust mass concentration was measured by the special exact laser-photometer instrument Dust-Track™ II Aerosol Monitor 8530 produced by TSI in the USA, 500 Cardigan Road Shoreview, MN, 55126. Zero calibration was used before every use. PM1, PM2.5, PM4, and PM10 impactors were used to measure segregated mass fractions of airborne dust. For this measurement, 90 airborne dust concentration data points were collected for the total airborne dust concentration TDS as well as for each PM size fraction of dust in each measured building. The measurement frequency was 2 s.



The Dust-Track™ II device was always placed in a representative location of the investigated stable at a height of 0.6 m above the floor. Temperatures and relative humidity of air during the dust measurement were measured by the Almemo 2690 instrument and the FHA 646 sensor with registration at intervals of 1 min. During the measurement in the indoor riding arena, the surface temperature of the floor was also measured with the contactless Amir 7811-20 device, and the surface moisture of the floor was measured with the touch moisture capacitive sensor FHA 696-MF. Points of measurement were evenly distributed on the floor.



The short-term measurements were mainly focused on determining the concentration of airborne dust in the air, and at the same time, the temperature and relative humidity of the air were measured, as well as the temperature and humidity of the floor in the case of the indoor riding arena. During these measurements, the internal conditions in the stable were calm, no significant work activities such as the handling of feed or litter or animal care were performed. In the riding arena, the measurements were taken without the presence of horses at first when it was quiet inside. The floor surface in the riding arena was moistened; this measure attempted to reduce the dustiness of the surface. Other measurements in the riding arena were recorded during training when riding (galloping) 3 horses with riders, as organized by the trainer.



A summary of the measuring devices and sensors used in this research is presented in Table 2.



The measurements took place in several stages. Local short-term measurements of airborne dust concentration and the thermal state of the environment in the stable and in the arena were recorded at the beginning of winter (December). The long-term measurement was recorded in the stable and in the arena during the coldest period (January).



Operation in the stable is different during weekdays when students are taught, and on weekends, when there is no teaching. One typical working day (Tuesday) and one typical weekend day (Saturday) were selected to analyze the connections between operational and microclimatic conditions in the stable on the coldest days of the measured period. For these days, some basic ventilation parameters were calculated based on the measured values. The basic calculation relationships are given in the following equations.



For the evaluation, according to [51,52,66], the following boundary conditions for the winter season were considered: the lowest temperature of the optimal air temperature zone tio = 10 °C, the lowest permissible air temperature timin = 5 °C, the highest relative air humidity of the optimal zone relative humidity RHio = 75%, the highest permissible relative humidity RHimax = 85%, the upper limit of the optimal range of CO2 concentration in a stable for horses Kuio = 2500 ppm, and the maximum permissible concentration of CO2 in a stable for horses Kuimax = 3500 ppm.



When evaluating visual comfort and light conditions in the interior, the quantitative criterion of the luminous state of the environment is the value of the daylight factor ei (%), which is calculated according to Equation (1).


    e   i   =      E   i       E   e      · 100  



(1)




where ei—daylight factor, %; Ei—illuminance in the interior, lx; and Ee—illuminance in the exterior, lx.



During the measurement, the measuring devices were placed in a comparison plane of 0.85 m, and the internal and external values were measured under a uniformly cloudy sky.



The acquired datasets were processed using MS Excel Microsoft® Excel® 2019 MSO (Version 2402 Build 16.0.17328.20346), and some of the results (assessing whether differences between evaluated datasets are significant or not) were verified by the statistical software TIBCO SW Data Science Workbench Statistica Version 6 (ANOVA and Tukey’s HSD (Honestly Significant Difference) test). The data used to create charts were processed in MS Excel.





3. Results


The results of measuring the internal conditions in the investigated objects are divided into several parts, mainly according to the measured environmental parameters and the time of measurement in the studied objects.



3.1. Long-Term Registration Measurement of the Basic Parameters of the Indoor Environment


Long-term registration measurement of the basic parameters of the indoor environment in the barn includes thermal–humidity conditions (temperature and relative humidity), CO2 concentration, noise, and lighting conditions for a period of 15 days. In the indoor riding arena, temperature and air humidity were only measured with data registration for the same 15-day period.



3.1.1. Measurement Results of the Indoor Environment in the Stable


The results of the recorded measurements are summarized in Table 3. The average outdoor air temperature was −4.80 ± 1.5 °C with an average relative humidity of 85.2 ± 7.2% and an average wind speed of 2.5 ± 1.7 m·s−1. The temperature inside the stable was 7.2 ± 1.7 °C with an average relative humidity of 73.5 ± 5.9% and an average indoor CO2 concentration of 1882.5 ± 929.5 ppm. The indoor sound pressure level LpA was 49.1 ± 8.8 dB.




3.1.2. Analysis of the Indoor Environment in the Stable during a Working Day


The measurement results from a selected typical working day of the cold winter period are summarized in Table 4 and also shown in Figure 5, Figure 6 and Figure 7. When analyzing the measurement results, the influence of operational activities related to the coldest period of the year must be considered at the same time (see Table 1). The ventilation functions of the stable are adapted to these conditions and the cold external conditions.



The average outdoor temperature on this weekday was −7.02 ± 0.7 °C, and the wind speed was relatively low, averaging 1.1 m·s−1. Figure 5 shows the course of the outside air temperature te, the temperature inside the stable ti, the minimum permissible air temperature timin = 5 °C, and the lower limit of the optimal air temperature for horses tio = 10 °C, according to [66].



It can be seen in Figure 5 that the indoor air temperature did not drop below 5°C when the horses were in the stable, especially during nighttime sleep and rest. During the day, when the horses go to the paddock and the stable staff clean up in the stable, because of more intensive ventilation and more open windows and doors, the temperature drops to even below 5 °C. After the horses return to the stable, the air temperature rises again and is maintained throughout the night in the range of 6 to 7 °C.



Figure 6 shows the course of outdoor RHe and indoor air humidity RHi during this winter workday. The figure also shows the highest permissible relative air humidity RHimax = 85% and the upper limit of the optimal winter air humidity RHio = 75%, according to [66]. For most of the time when the horses were in the stable, the relative humidity exceeded the upper limit of the optimum of 75% but did not exceed the permissible limit of 85%. During more intensive ventilation when the stable was cleaned and the horses were in the paddock, the humidity dropped below 75%.



The average CO2 concentration was 1739.2 ± 774.8 ppm. An overview of the CO2 concentration inside the stable during one typical winter working day, the highest permissible limit Kuimax = 3500 ppm, and the highest limit of the optimal CO2 concentration in the stable Kuio = 2500 ppm are shown in Figure 7.



In Figure 7, it can be seen that during the night, when the horses were in the stable, the CO2 concentration was just below the 2500 ppm limit and occasionally slightly exceeded this limit. With more intensive ventilation in the morning and especially after opening the gate when the horses left for the paddock, the CO2 concentration decreased and gradually increased again after the arrival of the horses.




3.1.3. Analysis of the Indoor Environment in the Stable during a Non-Working Day


The measurement results from a selected typical non-working day of the cold winter period are summarized in Table 5 and shown in Figure 8, Figure 9 and Figure 10. When analyzing the measurement results, the influence of operational activities related to the coldest period of the year must be considered at the same time (see Table 1 for the daily program for a working day in winter). The ventilation functions of the stable, etc., are adapted to these conditions and the cold external conditions.



The average outdoor temperature on this non-working day was −6.44 ± 0.4 °C. The outside temperature was lower than −5 °C for the whole day, which, together with a higher wind speed averaging 2.7 m/s−1, affected the ventilation control of the stable and the internal environment.



To reduce the heat losses of the stable, ventilation was limited by closing the ventilation openings (windows, doors) more tightly, especially when the horses were inside the stable. The stable staff therefore limited the ventilation as a precaution so that the influence of stronger winds did not arise, thus allowing the average temperature of the indoor air to be slightly higher than during the working day.



In the course of the indoor air temperature in Figure 8, it is evident that the indoor temperature dropped below 5 °C only briefly when the horses were in the paddock. Since it was a non-working day, there was no teaching, and also the activities of the Equestrian club were minimal, so the stay of the horses outside the stable in the paddock was shorter than during working days.



It can be seen in Figure 9 that during the night, because of the limited ventilation, the relative humidity in the stable was higher. For most of the time when the horses were in the stable, the relative humidity exceeded the upper limit of the optimum of 75%, but it did not exceed the permissible limit of 85% and was 76.0 ± 5.3% on average for the whole day.



Similarly, limited ventilation also affected the CO2 concentration. The stable was better and more tightly closed most of the day, so the average concentration of CO2 = 2317.1 ± 931.7 ppm was high, even though it was windy. During the time that the horses were in the paddock outside the stable, there were a few more leaks and more ventilation, and the CO2 inside the stable dropped quickly (Figure 10). The larger open areas of the vents allowed for more intensive ventilation due to wind and the difference between indoor and outdoor air temperatures. After the return of the horses back to the stable, the CO2 concentration increased rapidly again and practically exceeded the limit value of 2500 ppm for almost the entire time the horses were in the stable.




3.1.4. Measurement Results of the Indoor Environment in the Indoor Riding Arena


The results of the recorded measurement in the indoor riding arena are in Table 6. The results of the registration measurement show that during the entire measurement period, the average temperature inside the arena was very low (ti = −2.3 ± 1.0 °C), which was the same as the dew point temperature (tD = −2.3 ± 0.8 °C), which caused condensation of water vapor on the inner surface of the arena shell with high relative humidity of the indoor air.





3.2. Measurement of Airborne Dust Concentration


The average temperatures and relative humidity of the outdoor air at the time of airborne dust measurement are summarized in Table 7. The average temperatures of the outdoor air were 1.5 ± 0.1 °C, and the average relative humidity ranged from 85.1 ± 0.2% to 86.9 ± 0.1%.



Table 7 also shows the corresponding temperatures and relative humidity of the indoor air in the buildings at the time of airborne dust measurement. In the stable, the average indoor air temperature was 8.0 ± 0.3 °C and the average relative humidity was 67.8 ± 1.8%. In the empty riding arena, the average indoor air temperature was 3.1 ± 0.4 °C and the average relative humidity was 90.6 ± 3.2%. In the riding arena during a training ride with 3 horses, the average indoor air temperature was 2.4 °C and the average relative humidity was 99.5 ± 3.2%.



During the measurement of the airborne dust concentration, the surface temperature of the floor and the surface moisture of the floor were measured in 10 representative locations of the riding arena. The average measured values are in Table 8.



Table 9 shows a summary of the measurement results of the total dust mass concentration TDC (μg·m−3) and concentrations of fractions (μg·m−3) PM10, PM4, PM2.5, and PM1 in the stable, in the arena without horses, and in the arena with horses.



The measurement results of TDC and concentrations of fractions (μg·m−3) PM10, PM4, PM2.5, and PM1 show that the dust concentration in the stable was, in all cases, significantly higher than in the riding arena.



The effect of the active movement of horses in the riding arena during training was manifested by a higher concentration of dust fractions PM10, PM4, and PM2.5. The dustiness of the smallest fraction, PM1, on the other hand, was smaller during horse riding, and in terms of TDC, no difference was found between an empty riding arena and a riding arena during training.



The share of individual fractions of airborne dust particles in the air in individual buildings was rather variable. The share of the size distribution of airborne dust particle fractions PM ˂ 1 μm, 1 μm ≤ PM ˂ 2.5 μm, 2.5 μm ≤ PM ˂ 4 μm, 4 μm ≤ PM ˂ 10 μm, and 10 μm ≤ PM as a percentage of the total dust mass concentration in the examined barns is shown in Figure 11.




3.3. Measurement of the Noise Level of the Indoor Environment in the Stable


Longer-term registration measurements of the basic parameters of the indoor environment in the stable also include noise. The average noise level measured and expressed as sound pressure level LpA (dB) for the entire measured time is shown in Table 10. In the following section, an analysis of operational influences affecting noise during the working day and non-working day in the examined periods is provided.



The results of the recorded noise measurement during the working day are summarized in Table 10 and the course over 24 h is shown in the graph in Figure 12. The stable is in a quiet place that is far from the road and car traffic; therefore, the noise data show a favorable situation during the entire working day, with an average value of the sound pressure level of LpA = 48.2 ± 8.8 dB. There was no significant increase in noise even during teaching or other activities. When cleaning the stable, the noise increased slightly (LpA = 57.9 ± 5.5 dB), and the departure of the horses to the outdoor paddock and their return caused a short-term increase in noise (LpA = 58.0 ± 4.1 dB). Random sounds caused an occasional increase in noise (perhaps caused by an overflying aircraft), but these sounds never exceeded LpA = 70 dB.



The results of the recorded noise measurement during the non-working day are summarized in Table 11, and the course over 24 h is shown in the graph in Figure 13. The operating conditions during the studied non-working day in the winter period did not differ much from the working day, except that on the non-working day, there were no regular classes and the activities of the Equestrian club were minimal. The quietest period was the period of night rest and sleep of the horses (LpA = 44.4 ± 5.3 dB). The noisiest was the movement of horses to the paddock and the arrival of horses back (LpA = 60.7 ± 4.7 dB) as well as cleaning (LpA = 59.0 ± 10.2 dB). During cleaning, the sound pressure level exceeded the value of 70 dB several times and reached LpA = 77.1 dB. This was probably caused by noise that accidentally penetrated inside through the open door or noise caused by work activities.




3.4. Measurement of Light Conditions inside the Stable


The long-term measurements of light conditions in the stable were evaluated according to several criteria. First, the results of the long-term measurement from the installed sensor are summarized in Table 12.



When assessing light conditions during the day, the conditions for the entire measured period including 24 h during each full day are taken into account, but the proportion of the day affected by daylight, depending on the season, was also assessed separately. The winter period is characterized by a smaller number of daylight hours, and, therefore, the proportion of hours with artificial light is also higher. The results of the analysis of the course of lighting for one working day and one non-working day from each period are presented in Figure 14 and Figure 15, in addition to the results of the lighting measurements and the intensity of solar radiation, taken from the meteorological station.



3.4.1. Results of the Light Condition Measurements inside the Stable during One-Day Measurement


Table 13 shows the results of light condition measurements in the stable during one working day (Figure 14) and one non-working day (Figure 15).



It is clear from Figure 14 and Figure 15 that during the working day (Figure 14), the solar radiation was more intense than during the non-working day (Figure 15); therefore, less intense artificial lighting was used, and during the day, the lighting intensity was less intense but lasted longer. During the non-working day, there was less sunlight, so more intense artificial lighting was used, but it was used for a shorter period of time because there was less operational activity in the stable.




3.4.2. Results of the Daylight Factor Measurements


The short-term measurements were mainly focused on determining the daylight factor inside the stable. Daytime illuminance was measured separately in the entrance hall (EH), central corridor (CC), and the individual boxes (in the following text, “boxes” mean individual boxes) on the south (SB) and north side (NB) of the stable. At the same time, the outdoor lighting was detected during the measurement. Table 14 shows the calculated values of the daylight factor in the measured parts of the stable. Daylight factors were statistically evaluated in terms of the difference between the north and south boxes and between the boxes with windows (BWWs) and boxes without windows (WLBs).



In Table 14, the calculated values of the daylight factors based on the measurements show that there are some differences between the boxes in the stable in daylight conditions. The largest daylight factor ei = 0.835 ± 0.309 was found in the entrance corridor, which is favorable from the point of view of the movement of people and horses. However, both people and horses are in this space only briefly, for example, when moving horses to and from the stable and when people are cleaning, handling feed, handling bedding, etc.



The statistical comparison shows that the difference between the southern boxes (SBs) and northern boxes (NBs) was not significant. However, there was a significant difference between boxes with windows (BWWs) and boxes without windows (WLBs), in which the daily factor was only 0.313. This difference is mainly due to the uneven distribution of windows in the walls, where some boxes had insufficient daylight.






4. Discussion


The outdoor climate has a significant influence in determining the indoor environment of horse stables [15,16]. When comparing the measured indoor air temperatures in the stable and values from previous research, it can be stated that in Central European conditions, the outdoor winter temperature did not reach values well below zero, which are reported, for example, in Nordic countries [3,4,5,6,7]. Also, the influence of extreme air conditions in combination with low temperatures and high humidity did not negatively affect the investigated stable [7,8]. The long-term measurement results of the thermal and humid microclimate showed that in winter at low temperatures, the thermal–technical properties of the brick structure of the modernized horse stable allow it to maintain the required temperature of above 5 °C, following the recommendation according to [17,50,66], and above 6 °C, according to [51]. However, a drop below the optimal temperature of 10 °C occasionally occurred.



The internal relative humidity of no more than 75%, as recommended by [51], was observed on average (average Rhi = 72.9 ± 6.7%). However, in the period of lowest temperatures, there was an increase in relative humidity even above 80%, which is the maximum permissible value according to [51]. The winter calculated value of 85%, according to [66], was not exceeded, but the measured values exceed the recommended optimal range of 50 to 75%. Sufficient bedding had a positive effect on the humidity parameters in the barn, which is in accordance with the results in [46,49,50].



The regular movement of horses [31,32,33] in an outdoor paddock in good weather [17,18] or in a covered indoor arena in bad weather [14,15,16,17,18] has a positive effect on the health of horses. High indoor humidity in the riding arena at the lowest outside air temperature is problematic because the air temperature drops below the dew point temperature and water vapor condenses and runs off the walls, which is also pointed out by [51]. A very frequent problem in riding arenas is a high concentration of airborne dust, which, together with insufficient lighting and unsuitable air temperature, worsens indoor conditions [14,15,16].



A prerequisite for good conditions in terms of the quality of the indoor environment is a sufficient volume of housing space. The recommended value is at least 25 m3 per horse according to [52]. In the case of 12 horses in this researched stable, the volume per horse is 63.75 m3, which is good from the point of view of the basic parameters of the stable.



Modernization of the ventilation system, which should be controlled automatically according to air temperature, humidity, and CO2 concentration, would help to improve the thermal and humid microclimate. It is difficult to maintain the required highest CO2 concentration even at low temperatures in the investigated stable because the staff strives to minimize heat loss through ventilation, as shown by the calculations supplementing measurements for one working day and one non-working day. Ventilation regulation is insufficient, and exceeding the CO2 concentration limit value of 2500 ppm, according to [66], in the stable worsens the air quality in the stable, especially at night. The influence of the wind is quite significant on the intensity of ventilation. The operator prevents excessive cooling of the stable by limiting the ventilation, which leads to the opposite effect, where the quality of the indoor environment deteriorates in terms of a higher CO2 concentration.



To evaluate the average airborne dust concentrations listed in Table 9, the measured values must be compared with the limit values required by the corresponding regulations.



The respirable fraction is taken in the event of airborne dust with a predominantly fibrogenic effect. The sources of airborne dust in stables are primarily horses, feed, and bedding; therefore, airborne dust in these buildings is primarily organic, which does not pose a risk of fibrogenic effects. Occupational exposure limits (OELs) are regulatory values (concentration limits) that indicate the levels of exposure that are considered to be safe (health-based) for a hazardous contaminant in the air of a workplace.



This type of airborne dust has only irritating effects (particles of horse skin, coat, hair, feed, straw, and sawdust). OELs that are important for animal houses include animal dust [67]; for example, feathers at 4 mg·m−3, wool, fur, and other animal dust at 6 mg·m−3, and straw and cereals at 6 mg·m−3.



The measured airborne dust inside this type of building is not aggressive; therefore, as a criterion for comparative evaluation of the measured values, it could be interesting to use the limit level of outdoor airborne dust.



The average TDC and PM10, PM4, PM2.5, and PM1 fraction values measured in the stable and in both cases of measurement in the riding arena were rather high, but in neither case was the value of 6 mg·m−3 given in [67] exceeded.



According to the Air Protection Act No. 201/2012 [68], the PM10 limit value in 24 h is 50 µg·m−3, the 1-year limit value is 40 µg·m−3, and the 1-year limit value PM2.5 is 25 µg·m−3.



The measured values of PM10 = 231.94 μg·m−3 show a very high concentration of dust particles. When compared with the conditions prescribed for outdoor dust concentration [68], where the maximum limit of PM10 = 50 μg·m−3 applies, a big difference is evident.



Previous research on determining the conditions in horse stables in terms of airborne dust concentration has focused on various effects of stables and technological operations. A significant reduction in the concentration of respirable dust particles (a reduction on average from 86.7 μg·m−3 to 26.0 μg·m−3) was achieved by changing the bedding from straw to wood shavings, using haylage instead of hay and straw as feed, and treating the hay with moistening [69,70]. Attempts to reduce dust by replacing straw with wood shavings (reduction of average PM10 concentration by 38.07%) and straw pellets by 51.12% came to similar conclusions [71]. The review article [72] reached similar conclusions from a general view of this issue.



The measurement of PM fractions in one study [73] showed that the concentration of bacterial aerosol inside stables was many times higher than outside. In the stables before bedding, the average concentration of PM10 was from 117 to 177 µg·m−3, PM4 was from 115 to 155 µg·m−3, PM2.5 was from 117 to 143 µg·m−3, and PM1 was from 107 to 135 µg·m−3. Analysis of the fractions showed the highest share of the ultrafine fraction (0.65–2.1 μm) and the respirable fraction (below 4.7 μm) exceeded 75%. By handling the bedding, the concentration of airborne dust fractions increased significantly. The measured values roughly corresponded to the results measured in this research in the stable and in the riding arena, as summarized in Table 9.



Research on the amount of dust particles in the air smaller than 5.0 μm is important [74]. In the indoor riding arenas in this research, the largest amount of these dust particles was measured in the winter period. Wetting the surface in the summer months had a positive effect on dust reduction.



Experiments [75] have shown that a surface in a riding arena made of a sand–fiber mixture releases more dust particles into the air than a sand–wood chip mixture. The moisture content, density, and proportion of fibrous material had a significant effect on the release of dust particles, and the separation of additives from the fibrous material could lead to a higher release of dust particles. Regular and adequate watering of the floor surface in the riding arena is necessary to reduce dust.



The moisture of the wet surface of the floor reached 98% at a surface temperature of 2.4 ± 0.4 °C (Table 8) during the airborne dust measurement in the riding arena. According to the results shown in Table 9, the dust concentration in the riding hall was quite high in the winter, even though the surface was moistened. The movement of animals increased the concentration of dust fractions PM10, PM4, and PM2.5, although TDC was insignificantly lower than in the empty riding arena. The concentration of the smallest PM1 particles was significantly lower during riding than in the empty riding arena.



The share of individual fractions of airborne dust particles in the air in individual buildings is rather variable.



The percentage share of size fractions in Figure 11 shows a very high share of the smallest PM1 fractions, which make up 42% of TDC in the stable and 61% in the riding arena. The share of small particles 1 μm ≤ PM < 2.5 μm is also significant in the riding arena, accounting for 14% in an empty riding arena and 17% in a riding arena with active horse movement; in the stable, it was only 10%.



On the contrary, in the stable, 24% of the largest airborne dust particles were PM ≥ 10 μm, and the remaining 24% consisted of airborne dust particles from 2.5 μm to 10 μm. In the empty stable, 16% of the largest airborne dust particles were ≥ 10 μm, and only 7% when the horses were moving. This small proportion of the largest particles can be explained by the high air humidity and, above all, by the high surface humidity of the floor surface.



The noise measurement showed that the stable is located in a part of the village that is not burdened by excessive noise; the average sound pressure level LpAi = 49.1 ± 8.8 dB for the measured period supports this result. The randomly recorded single higher values of LpAi = 77.1 dB were probably caused by the sudden movement of the stabled animals, work activities while cleaning the stable, the passage of a transport plane to a not-too-distant airport, or the penetration of noise through open windows and doors. The maximum prescribed noise values of 85 dB [61,62] were never exceeded.



From the horse health point of view, it is recommended to pay attention to the lighting conditions in the stable [17,24,25,26,31,76,77]. Practical empirical values, e.g., window dimensions [50,51,52,57], are recommended for lighting horse stables, but they do not include other operational influences. For example, in the examined stable, the window-to-floor ratio is = 0.0286, which should be 0.0667 according to [52]. Therefore, according to this criterion, the area of the windows does not meet the recommended values.



The indoor and outdoor lighting measurements and the calculated daylight factor showed that the size and distribution of windows in the boxes are not uniform (average ei values from 0.313 ± 0.154 to 0.835 ± 0.309) and are insufficient (eimin = 0.161). Considering that this is a modernized and rebuilt stable, we recommend replacing the original windows with new windows in the case of further reconstruction and modernization. This would ensure better daylight in all horse boxes.



The recorded values of the lighting intensity showed that the average illuminance fluctuates because of the short winter period and the use of combined lighting, or artificial lighting, which is switched on by the workers in the stable as needed. During the working day when Ei ≠ 0, the average illuminance was Ei = 148 lx, and on the non-working day, it was 98 lx. Considerable fluctuations in lighting intensity were caused by switching on artificial lighting so that the maximum illuminance values reached Ei = 183 lx on the working day and Ei = 234 lx on the non-working day.




5. Conclusions


This study provided some insight into the most significant effects of winter on the indoor environment in the operating conditions of an older horse stable. In the climatic conditions of Central Europe, attention must be paid to two basic seasons that tend to be critical for stabled animals. These include the summer season, when animals can suffer heat stress from high temperatures, and the winter season, when temperatures drop below freezing, which can affect the health of the animals through colds and related health problems. Horse breeding and riding is an increasingly popular and widespread sport, hobby, and study activity. For this purpose, various types of buildings are used, which are being modernized. During modernization, attention must be paid to some basic factors that affect the quality of housing and the living conditions of horses.



The researched stable is situated in a favorable and quiet part of a small village, protected from major weather fluctuations and excessive city noise and traffic; it is within reach of the university and not too far from the capital. The results of this study showed that the older brick building, used as a stable for horses after reconstruction and modernization, has good heat accumulation manifested by good temperature stability inside the stable when the outside air temperatures drop below the freezing point.



The interior arrangement of the stable, with two rows of spacious individual boxes covered with quality bedding every day, contributes to ensuring favorable stable conditions for the horses. The internal equipment for feeding, watering, and nursing care of the horses is in accordance with the requirements and principles of animal welfare. However, this research showed that more attention should be paid to the issue of barn ventilation. At low outdoor air temperatures, higher relative air humidity, higher CO2 concentration, and high dust levels were detected, which can harm stabled horses. Modernization of the ventilation equipment with automatic regulation and suitable sensors would contribute to improving housing conditions. When modernizing an older building, more attention should also be focused on the size and location of windows. The small size of the windows and their uneven distribution caused insufficient daylight in some boxes.



Regular movement has a positive effect on the health and well-being of the horses, which, following the farm’s daily operating schedule, occurs either in a spacious outdoor paddock or, in bad weather, in a coveredindoor arena. Our measurements showed that the temperatures in the riding arena are approximately as low as the outside air. The indoor environment in the riding arena is worsened by high relative humidity, in addition to high airborne dust.
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Figure 1. The stable. (a) The stable floor plan. (b) The cross-section (space for stabling horses, without facilities for students). [image: Agriculture 14 01287 i001]—position of long-term measurement devices. 
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Figure 2. The stable in winter. (a) The north side of the stable in the morning. (b) Thermogram of the main part of the north side of the stable with windows and doors. 
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Figure 3. The indoor riding arena: (a) side and (b) front views. 
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Figure 4. Indoor riding arena for horses in winter. (a) Indoor riding arena in the evening in winter. (b) Riding lessons in the indoor riding arena. (c) Snow-covered indoor riding arena in winter. 
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Figure 5. The course of air temperature (°C) outside te and in the stable ti during a working day. te—outside air temperature, ti—air temperature in the stable, timin—minimum permissible air temperature, tio—lower limit of optimal air temperature for horses, time (hour:min:sec). 
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Figure 6. Course of air relative humidity (%) outside and inside the stable during a working day. RHe—outdoor air humidity, RHi—indoor air humidity, RHio—optimal winter air humidity, RHimax—the highest permissible relative air humidity, time (hour:min:sec). 
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Figure 7. Course of concentration CO2 (ppm) in the stable during a working day. CO2—concentration of CO2, Kuimax—the highest permissible limit of CO2 concentration, Kuio—the highest limit of the optimal CO2 concentration in the stable, time (hour:min:sec). 
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Figure 8. The course of air temperature (°C) outside and inside the stable during a non-working day. te—outside air temperature, ti—air temperature in the stable, timin—minimum permissible air temperature, tio—lower limit of optimal air temperature for horses, time (hour:min:sec). 






Figure 8. The course of air temperature (°C) outside and inside the stable during a non-working day. te—outside air temperature, ti—air temperature in the stable, timin—minimum permissible air temperature, tio—lower limit of optimal air temperature for horses, time (hour:min:sec).



[image: Agriculture 14 01287 g008]







[image: Agriculture 14 01287 g009] 





Figure 9. The course of air relative humidity (%) outside and in the stable during a non-working day. RHe—outdoor air humidity, RHi—indoor air humidity, RHio—optimal winter air humidity, RHimax—the highest permissible relative air humidity, time (hour:min:sec). 
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Figure 10. The course of CO2 (ppm) concentration in the stable during a non-working day. CO2—concentration of CO2, Kuimax—the highest permissible limit of CO2 concentration, Kuio—the highest limit of the optimal CO2 concentration in the stable, time (hour:min:sec). 
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Figure 11. The average concentrations of airborne dust particles (%) in both examined buildings: (a) stable; (b) empty arena without horses; and (c) arena with horses. The share of the size distribution of dust particle fractions PM inside the buildings in the range above 10 μm, from 4 μm to 10 μm, from 2.5 μm to 4 μm, from 1 μm to 2.5 μm, and smaller than 1 μm is shown as the percentage of the total dust mass concentrations. 
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Figure 12. The course of noise measurement in the stable during the working day. LpA—sound pressure level (dB), time (hour:min:sec). 
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Figure 13. The course of noise measurement in the stable during the non-working day. LpA—sound pressure level (dB), time (hour:min:sec). 
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Figure 14. The course of light inside the stable Ei (lx) and external solar radiation Ie (W·m−2) during the working day; time (hour:min:sec). 
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Figure 15. Course of light inside the stable Ei (lx) and external solar radiation Ie (W·m−2) during the non-working day; time (hour:min:sec). 
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Table 1. Daily program in winter—working day.
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	Activity
	Time [from–to]
	Duration [min]





	Feeding (hay, oats)
	7:45–8:30
	45



	Blanketing the horses
	8:30–9:00
	30



	Taking the horses to paddocks
	9:00–9:30
	30



	Box cleaning, bedding
	9:30–11:00
	90



	Washing troughs and waterers
	11:15–11:30
	15



	Dispensing oats into troughs
	11:30–12:00
	30



	Returning the horses to the stable
	13:00–13:15
	15



	Feeding the horses
	13:15–13:30
	15



	Taking the horses to paddocks
	13:30–13:45
	15



	Returning the horses to the stable
	15:45–16:00
	15



	Equestrian club activities
	16:00–17:00
	60



	Feeding (hay, oats)
	17:00–17:30
	30



	Locking up, staff departure
	17:30–17:45
	15










 





Table 2. A summary of the measuring devices and sensors used in this research.
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	Instrument
	Measured Parameter
	Range
	Sensitivity
	Accuracy





	ZTH 65
	Air temperature
	−30 to +70 °C
	0.1 °C
	±0.4 °C



	
	Air relative humidity
	5 to 95%
	0.1%
	±2.5%



	Almemo 2590-9
	Data logger
	9 inputs for sensors
	-
	-



	Almemo 2690
	Data logger
	5 inputs for sensors
	-
	-



	FHA 646
	Air temperature
	−20 to +80 °C
	0.01
	±0.4 °C



	
	Air relative humidity
	5 to 98%
	0.1%
	±2%



	FYA 600
	CO2
	0 to 0.5%
	0.001%
	±0.01%



	FHA 696-MF
	Material surface moisture
	0 to 50%
	0.1%
	±1%



	Amir 7811-20
	Surface temperature
	−32 to +400 °C
	0.1 °C
	±2 °C



	BEHA Unitest 93411 D
	Sound level
	30 to 135 dB
	0.1 dB
	±2 dB



	FLA 613-VL
	Illuminance
	0 to 26,000 lx
	1 lx
	5% of value



	Dust-Track™ II Aerosol Monitor 8530
	Airborn dust concentrations
	0.001 to 150 mg·m−3
	0.001 mg·m−3
	±0.1%



	IR FlexCam Pro®
	Thermograms
	0 to 350 °C
	0.1 °C
	±2 °C or ± 2%



	
	
	0 to 50%
	
	










 





Table 3. Measurement results of the external thermal–humidity environment of outdoor air (temperature te, °C; relative humidity Rhe, %), wind speed (we, m·s−1), and measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; concentration of CO2i, ppm; sound pressure level LpAi, dB) in the stable during 15 days of measurement.






Table 3. Measurement results of the external thermal–humidity environment of outdoor air (temperature te, °C; relative humidity Rhe, %), wind speed (we, m·s−1), and measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; concentration of CO2i, ppm; sound pressure level LpAi, dB) in the stable during 15 days of measurement.





	te ± SD
	RHe ± SD
	we ± SD
	ti ± SD
	RHi ± SD
	CO2i ± SD
	LpAi ± SD





	°C
	%
	m/s
	°C
	%
	ppm
	dB



	−4.80 ± 1.5
	85.2 ± 7.2
	2.5 ± 1.7
	7.2 ± 1.7
	73.5 ± 5.9
	1882.5 ± 929.5
	49.1 ± 8.8







SD—standard deviation. 













 





Table 4. Measurement results of the external thermal–humidity environment of outdoor air (temperature te, °C; relative humidity Rhe, %), wind speed (we, m·s−1), and measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; concentration of CO2i, ppm; sound pressure level LpAi, dB) in the stable during the working day.
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	te ± SD
	RHe ± SD
	we ± SD
	ti ± SD
	RHi ± SD
	CO2i ± SD
	LpAi ± SD





	°C
	%
	m/s
	°C
	%
	ppm
	dB



	−7.02 ± 0.7
	82.2 ± 4.8
	1.1 ± 0.5
	6.3 ± 1.2
	72.9 ± 6.7
	1739.2 ± 774.8
	48.2 ± 8.8







SD—standard deviation.













 





Table 5. Measurement results of the external thermal–humidity environment of the outdoor air (temperature te, °C; relative humidity Rhe, %), wind speed (we, m·s−1), and measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; concentration of CO2i, ppm; sound pressure level LpAi, dB) in the stable during the non-working day.






Table 5. Measurement results of the external thermal–humidity environment of the outdoor air (temperature te, °C; relative humidity Rhe, %), wind speed (we, m·s−1), and measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; concentration of CO2i, ppm; sound pressure level LpAi, dB) in the stable during the non-working day.





	te ± SD
	RHe ± SD
	we ± SD
	ti ± SD
	RHi ± SD
	CO2i ± SD
	LpAi ± SD





	°C
	%
	m/s
	°C
	%
	ppm
	dB



	−6.44 ± 0.4
	83.2 ± 5.7
	2.7 ± 0.9
	6.9 ± 0.9
	76.0 ± 5.3
	2317.1 ± 931.7
	48.5 ± 9.0







SD—standard deviation.













 





Table 6. Measurement results of the external thermal–humidity environment of outdoor air (temperature te, °C; relative humidity Rhe, %), and the measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; and dew point temperature tD, °C) in the indoor riding arena.






Table 6. Measurement results of the external thermal–humidity environment of outdoor air (temperature te, °C; relative humidity Rhe, %), and the measured values of the indoor environment (temperature ti, °C; relative humidity RHi, %; and dew point temperature tD, °C) in the indoor riding arena.





	te ± SD
	RHe ± SD
	ti ± SD
	RHi ± SD
	tD ± SD





	°C
	%
	°C
	%
	°C



	−4.80 ± 1.5
	85.3 ± 7.1
	−2.3 ± 1.0
	99.9 ± 1.9
	−2.3 ± 0.8







SD—standard deviation.













 





Table 7. Basic parameters of the outside air and inside the barn at the time of airborne dust measurement. Different superscript letters (a, b, c) indicate a highly significant difference (ANOVA; Tukey HSD test; p ≤ 0.01) among the measured values in the individual columns.
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	Measured Object
	te °C ± SD
	RHe % ± SD
	ti °C ± SD
	RHi % ± SD





	Stable
	1.5 ± 0.1
	85.1 ± 0.2
	8.0 ± 0.3 a
	67.8 ± 1.8 a



	Arena—empty
	1.5 ± 0.1
	85.8 ± 0.3
	3.1 ± 0.4 b
	90.6 ± 3.2 b



	Arena—horses
	1.5 ± 0.1
	86.9 ± 0.1
	2.4 ± 0.0 c
	99.5 ± 0.1 c







SD—standard deviation.













 





Table 8. Surface temperature and moisture of the floor during the airborne dust measurement in the riding arena.
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	Measured Object
	tf °C ± SD
	Moisture % ± SD





	Arena floor
	2.4 ± 0.4
	98.0 ± 0







SD—standard deviation.













 





Table 9. Measurement results and statistical comparison of total dust mass concentration TDC (μg·m−3) and concentrations of fractions (μg·m−3) PM10, PM4, PM2.5, and PM1 in the stable, in the arena without horses, and in the arena with horses. Different superscript letters (a, b, c) indicate a highly significant difference (ANOVA; Tukey HSD test; p ≤ 0.01) between the measured values in the individual columns (SD—standard deviation).
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	Measured Object
	TDC ± SD
	PM10 ± SD
	PM4 ± SD
	PM2.5 ± SD
	PM1 ± SD





	Stable
	304.84 ± 51.46 a
	231.94 ± 19.13 a
	180.71 ± 9.05 a
	160.13 ± 6.28 a
	129.79 ± 2.07 a



	Arena—empty
	139.54 ± 9.01 b
	117.03 ± 5.70 b
	108.13 ± 3.15 b
	103.97 ± 2.89 b
	84.30 ± 4.38 b



	Arena—horses
	135.93 ± 13.23 b
	125.69 ± 4.69 c
	114.97 ± 9.12 c
	106.06 ± 1.69 c
	82.67 ± 3.27 c










 





Table 10. Results of noise measurement in the stable during the working day.
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	Operational Activity
	Average LpA ± SD
	Minimum LpA
	Maximum LpA





	-
	dB
	dB
	dB



	Horses resting
	45.4 ± 6.9
	36.1
	62.8



	Feeding
	41.8 ± 3.8
	37.7
	47.7



	Blanketing horses
	44.0 ± 2.1
	41.9
	46.1



	Moving horses to paddock and back
	58.0 ± 4.1
	51.2
	63.1



	Cleaning the stable
	57.9 ± 5.5
	50.1
	67.6



	Teaching students
	51.7 ± 7.1
	44.6
	58.6



	Equestrian club
	47.7 ± 10.7
	38.0
	62.6



	Closing the stable and staff departure
	60.1 ± 0.4
	59.6
	60.5



	All day, 24 h
	48.2 ± 8.8
	36.1
	69.2







SD—standard deviation.













 





Table 11. Results of noise measurements in the stable during the non-working day.
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	Operational Activity
	Average LpA ± SD
	Minimum LpA
	Maximum LpA





	-
	dB
	dB
	dB



	Horses resting
	44.4 ± 5.3
	34.6
	60.1



	Feeding
	51.2 ± 12.0
	35.8
	64.2



	Blanketing horses
	45.0 ± 1.2
	43.9
	46.2



	Moving horses to paddock and back
	60.7 ± 4.7
	54.9
	67.3



	Cleaning the stable
	59.0 ± 10.2
	47.7
	77.1



	Closing the stable and staff departure
	50.8 ± 8.3
	39.3
	69.1



	All day, 24 h
	48.5 ± 9.0
	34.6
	77.1







SD—standard deviation.













 





Table 12. Results of the average, minimum, and maximum lighting conditions during long-term measurement periods in the stable.
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	Measured Period
	Days
	Average Ei (lx)
	Minimum Ei (lx)
	Maximum Ei (lx)





	January
	15
	66
	0
	434










 





Table 13. Light condition measurement results in the stable during one working and one non-working day.






Table 13. Light condition measurement results in the stable during one working and one non-working day.





	Analyzed Day
	Average Ei

in 24 h
	Minimum

Ei
	Maximum

Ei
	Time with

Ei = 0
	Time with

Ei ≠ 0
	Ei ± SD

in Time Ei ≠ 0





	-
	lx
	lx
	lx
	h
	h
	lx



	Working
	58
	0
	183
	14.5
	9.5
	148 ± 43



	Non-working
	14
	0
	234
	20.5
	3.5
	98 ± 103 *







SD—standard deviation. * The unusual size of the SD is caused by short-term but significant changes in the illumination levels, see Figure 15.













 





Table 14. Average, minimum, and maximum daylight factor ei (-) values in the entrance hall (EH), central corridor (CC), south boxes (SBs), north boxes (NBs), boxes with windows (BWWs), and windowless boxes (WLBs). Different superscript letters (a, b) indicate a highly significant difference (ANOVA; Tukey HSD test; p ≤ 0.01) between the compared values (SBs and NBs; BWWs and WLBs).






Table 14. Average, minimum, and maximum daylight factor ei (-) values in the entrance hall (EH), central corridor (CC), south boxes (SBs), north boxes (NBs), boxes with windows (BWWs), and windowless boxes (WLBs). Different superscript letters (a, b) indicate a highly significant difference (ANOVA; Tukey HSD test; p ≤ 0.01) between the compared values (SBs and NBs; BWWs and WLBs).





	Measured Object
	ei ± SD
	eimin
	eimax





	EH
	0.835 ± 0.309
	0.398
	1.5



	CC
	0.446 ± 0.252
	0.169
	1.271



	SBs
	0.378 ± 0.190 a
	0.161
	0.873



	NBs
	0.513 ± 0.425 a
	0.186
	2.966



	BWWs
	0.534 ± 0.390 a
	0.212
	2.966



	WLBs
	0.313 ± 0.154 b
	0.161
	0.805







SD—standard deviation.
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