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Simple Summary: The use of single-stall housing in horse husbandry has become increasingly popular due to
its perceived ability to maintain optimal performance and prevent injuries. However, studies have indicated
that the inherent isolation may lead to stress-related behaviours. Climate conditions and stable designs are
crucial factors influencing the welfare of single-stalled horses. This study aimed to investigate the influence of
three stable designs on the stable microenvironment and horses’ autonomic responses by observing heart rate
variability (HRV) during the monsoon season in a tropical savannah climate. The findings revealed variations
in stable microenvironments (including interior air velocity, relative humidity, and air temperature) and HRV
across different stable architectures. Horses housed in a stable with a solid external wall and lower stable
volume-to-horse ratio exhibited lower HRV compared to those with a solid external wall but higher volume-
to-horse ratio or stables without solid external walls. Additionally, the stable microclimate was correlated with
changes in several HRV variables. In conclusion, our findings indicate that different stable architectures
influenced autonomic responses in horses, suggesting possible applications for improvements in housing and
welfare in tropical savannah environments.

Abstract: The influence of climate conditions and stable design on horses housed in single stalls can have
significant effects, especially in regions with tropical savannah climates. A recent study observed variations in
autonomic responses in horses housed in different stable designs during the summer, but there is limited
information about their conditions during the monsoon. This study investigated the stable microenvironment
and autonomic regulation of horses housed in different stable architectures during the monsoon in a tropical
savannah environment. Twenty-two horses were allocated to one of three stable architectures, each with
varying stable microenvironments. The findings reveal that the heart rate variability (HRV) was lower in horses
in a stable with a solid external wall and lower volume-to-horse ratio compared to those in a stable with a solid
external wall but a higher volume-to-horse ratio or one without a solid external wall. Additionally, the study
found that stable microenvironments and HRV modulation were correlated with stable architecture.
Autonomic responses differed among horses in different stable architectures, indicating that stable
microenvironments and, to some extent, volume-to-horse ratio play a role in horses” autonomic regulation. The
findings have implications for improvements in housing and welfare in tropical savannah environments.
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1. Introduction

Horses have been selectively bred for various human-related activities, such as transportation,
hunting, and sports [1,2]. Accordingly, they are exposed to multiple different forms of husbandry,
including housing and management conditions, feeding protocols, physical activities, and preventive
health care, all of which can impact their welfare [3-6]. It is generally believed that group housing in
outdoor areas can promote the welfare of domestic horses by allowing for social interaction, grazing,
and unrestrained movement, resembling the natural living conditions of feral horses [7-9]. However,
concerns about maintaining feeding quality and the potential for horses to sustain injuries during
outdoor housing have prompted some caretakers to opt for single-stall boxes as their preferred
housing option [7,10-12].

Single-stall boxes have been used for routine accommodation of most sports horses in Western
countries, varying from 32-90% across different nations [3,13-16]. Housing in a single-stall box is
thought to facilitate husbandry practices regarding nutritional management, parasite control, and
protection from atmospheric pollution [4,17]. Nevertheless, the adverse effects of single-stall housing
persist, such as a lack of social relationships and natural feeding behaviour [18,19]. In addition, horses
left unfed for given periods of the day may be prone to developing abnormal stereotypies, gastric
ulcers, and colic [20,21]. Finally, isolation in single-stall housing is associated with the expression of
stress-related behaviour in horses [6,22].

It is important to consider the impact of stable design on the welfare of domestic animals,
especially in single-stall housing systems. Traditional single stalls with full partitions can limit
interaction and social bonding [7]. Some designs address this issue by including a solid lower
segment and a vertical or horizontal bar between adjacent boxes, permitting visual, auditory, and
olfactory contact between neighbouring horses [23,24]. Additionally, climatic conditions play a
significant role in animal welfare. For instance, in dairy farms, closed barn housing systems are more
suitable for areas with high rainfall and temperate climates, whereas open housing facilities are
recommended in tropical regions [25]. In colder climates, shelters provide protection from strong
winds, precipitation, and radiation [26,27]. Accordingly, both the housing system and climatic
conditions have the potential to impact the welfare of single-stalled horses.

According to the Koppen climate classification system [28], a tropical climate is defined by
having an average temperature of 18 °C (64.4 °F) or higher in every month of the year, with
significant precipitation of less than 60 mm (2.4 inches) in the driest month [29,30]. It is considered a
harsh environment due to its characteristics of persistently high relative humidity and air
temperature, which may significantly affect the optimal performance and welfare of animals,
including horses [31-34].

Recent research has shown distinct stress responses in single-stalled horses within different
stable designs, with those in open housing systems experiencing lower stress than those in closed
systems, at least during the summer in tropical savannah climates [35]. However, there is a lack of
information on how these factors affect horses and stable microclimates during the monsoon season
in tropical savannah regions, which is characterised by increased precipitation and high humidity.
Therefore, this study sought to investigate the variations in stable microclimate and autonomic
regulation in horses housed under different stable architectures during the monsoon in a tropical
savannah environment. We hypothesised that there may be differences in stable microclimate and
horses’” autonomic regulation across three stable architectures during the monsoon in this region.
Additionally, the study expects to establish a correlation between the stable’s microclimate and the
horses’ autonomic responses.

2. Materials and Methods

2.1 . Animals

We included 23 healthy horses (twelve geldings, one stallion, and ten mares, aged 14-26 and
weighing 335-520 kg) from two similar management riding clubs located in a tropical savannah
region in Thailand [36-38]. The selection included 14 horses from the Horse Lover’s Club in Pathum
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Thani (latitude: 13.99433, longitude: 100.68079) and nine from the House of Horse Riding Club in
Bangkok (latitude: 13.81283, longitude: 100.78692). The horses were regularly trained for jumping or
school riding on 3-4 days a week, with Mondays being their routine day off. Their diet consisted of
1-2 kg of commercial pellets divided into three even portions daily, along with ad libitum access to
pangola hay and tap water. No therapeutic approaches had been administered to the horses within
the 30 days leading up to the study. Any horse showing clinical signs of illness would have been
excluded, but this was unnecessary. However, one horse from the House of Horse Riding Club
became ill during the experiment; thus, 22 horses completed the study.

2.2.  Experimental Protocols

The study was carried out at both riding clubs. As we needed the horses to be housed in their
stables for a continuous 24-hour period, the experiments were conducted on three consecutive
Mondays to mitigate the effect of routine activities that may misrepresent the horses’ autonomic
modulation.

During the study, each horse was assigned to live in one of three stable architectures similar to
the report described previously [35]. 1) Stable A. Eight horses (four geldings and four mares aged 20.8
+ 5.9 years and weighing 424.1 + 57.0 kg) were accommodated in a stable with solid external walls
made of brick, insulated with a plaster layer on the lower half to a height of 170 cm. The upper half
was equipped with wire mesh and a small mesh net to prevent the entry of midges. The stable was
50 m long, 15 m wide, and 4 m high (stable volume: 3000 m?). Stable A had 20 independent 4 x 4 m
single stalls, partitioned by solid walls at 170 cm in height, with multiple vertical bars above to allow
visual contact between horses in adjacent stalls. A 4 m-wide corridor with front and back gates at
each end was located between two rows of single stalls (Figure 1A). 2) Stable B. Six horses (two
geldings and four mares aged 20.0 £ 2.3 years and weighing 458.5 + 81.5 kg) were housed in a stable
with solid external walls, similar to Stable A. However, Stable B consisted of only one row of 10
separate 4 x 4 m boxes with a one-sided aisle located in front of the boxes. Stable B was 50 m long, 7
m wide, and 4 m high (stable volume: 1,400 m?). The stable gates were located at each end of the aisle,
perpendicular to the stable’s longitudinal axis (Figure 1B). 3) Stable C. Eight horses (five geldings, one
stallion, and two mares aged 17.4 + 4.7 years and weighing 415.7 + 106.7 kg) were housed in a stable
with similar characteristics and volume to stable A but without solid external walls. A mesh net was
equipped at the roof edge of the stable, which could be rolled up to permit free air ventilation during
the day and released to temporarily cover the stable at night (Figure 1C). In all stable setups, the front
and back gates were fully open during the day and completely closed from 18:00-05:30. The bedding
and manure were collected twice daily at 05:30 and 17:30 on the experimental days.
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Figure 1. Three different stable architectures where horses were housed during monsoon in a tropical
savannah environment. A) Stable A, with a solid external wall and a central aisle between two rows
of single-stall boxes. B) Stable B, with a solid external wall containing the aisle in front of a row of
single-stall boxes. C) Stable C, without a solid external wall but containing a central aisle between two
rows of single-stall boxes. Digital devices to measure air temperature (T), relative humidity (H),
internal gases (G), and airflow (AMT) were installed inside the stable.

2.3. Data Acquisition

2.3.1. Environmental Parameters

Throughout the experiment, humidity and air temperature were measured using three sets of
temperature and humidity data logger devices (TM-305U; Tenmars Electronics, Taipei, Taiwan). Two
devices were positioned in the stable corridor approximately 60-70 cm from the floor, while one was
placed outside the barns. The stables’ average humidity and air temperature were reported as
percentages (%) and degrees Celsius (°C), respectively. Data were collected at 1-minute intervals and
presented as average values of each consecutive 60-minute period over 24 hours (07.00 h on the first
day to 07.00 h on the following day), during the day (07.00-18.00 h) and night (18.00-05.00 h).

Two anemometers (GM8902, BENETECH, Shenzhen, China) were installed within and outside
the stables in the same direction to estimate the internal and external air velocity (m/s) during the
experiment. Ammonia (NHs) concentrations were assessed inside the stables with two portable
ammonia gas monitoring devices (SC-04 (NHs); Riken Keiki, Tokyo, Japan). Two pieces of the
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portable gas monitoring device (GX-3R; Riken Keiki, Tokyo, Japan) were placed inside each of the
barns at heights of 60-70 cm from the floor to measure various gases inside the stables, specifically
methane (CH4), hydrogen sulphide (H:S) carbon monoxide (CO), and oxygen (Oz). The NHs, CO and
H:S levels were expressed as parts per million (ppm), and Oz and CHs were described as a percentage
of the lower explosive limit (LEL), respectively. Data were exported at 1-minute intervals and
reported as average values of each consecutive 60-minute period for 24 hours (as above).

2.3.2. Autonomic Regulation

Autonomic regulation in the horses was assessed by observing heart rate variability (HRV) using
a Polar heart rate monitoring (HRM) device (Polar Electro Oy, Kempele, Finland), which includes a
Polar equine belt for riding, the heart rate sensor (H10), and the Polar sports watch (Vantage V3).
This HRM device has been shown to provide reliable HRV parameters in horses [39—42]. To conduct
the HRV analysis, the belt, attached to the heart rate sensor (H10), was moistened with plain water,
and ultrasound gel was applied to the electrode surface to facilitate signal transmission. It was then
positioned around the horse’s chest with the sensor pocket on the middle left side. The sensor was
wirelessly connected to the Polar sports watch to record mean beat-to-beat (RR) intervals during the
experiment. After recording, the Polar sports watch was connected to the Polar FlowSync program
(https://flow.polar.com/, accessed on 14 July 2024) to upload the RR interval data in CSV format.
Subsequently, the data was further processed using the Kubios premium software (Kubios HRV
Scientific; https://www.kubios.com/hrv-premium/, accessed on 14 July 2024) to compute HRV
variables and generate reports in MATLAB MAT files. The automatic artefact correction algorithm
was used to exclude artefacts and ectopic beats from the RR interval data. Additionally, segments
identified as noise were removed from the HRV analysis using automatic noise detection, with the
setting at medium, to ensure the accuracy of the HRV analysis. Smoothness priors were applied to
eliminate nonstationarities in the RR intervals time series, and a cutoff frequency for trend removal
was set at 0.035 Hz, as instructed in the user’s guidelines
(https://www .kubios.com/downloads/Kubios_HRV Users_Guide.pdf, accessed on 14 July 2024).

The HRV variables were classified into four categories:

1) time domain results: mean RR intervals, mean heart rate (HR), standard deviation of normal-
to-normal RR intervals (SDNN), root mean square of successive differences between RR intervals
(RMSSD), triangular interpolation of normal-to-normal intervals (TINN), RR triangular index (RRTI),
and stress index.

2) frequency domain results: very-low-frequency band (VLF; frequency band threshold 0.00-0.01
Hz), low-frequency band (LF; frequency band threshold 0.01-0.07 Hz), high-frequency band (HF;
frequency band threshold 0.07-0.6 Hz), LF/HF ratio, and total power.

3) Nonlinear results: standard deviation of the Poincaré plot perpendicular to the line of identity
(S8D1), standard deviation of the Poincaré plot along the line of identity (SD2), and SD2/SD1 ratio.

4) autonomic nervous (ANS) system index: parasympathetic nervous system (PNS) index and
sympathetic nervous system (SNS) index.

It is worth noting that the HRV variables may have been influenced by stable cleaning practices
from 05:30 to 06:30 h, potentially distorting the genuine autonomic responses. Additionally, the
feeding schedule for the horses at 05:00 h, 11:00 h, and 17:00 h may have caused arousal and
associated behaviours. Due to these factors, the HRV data from 05:00-07:00, 10:50-11:10, and 16:50—
17:10 were excluded from the analysis to ensure accurate HRV estimation. Consequently, the HRV
variables were evaluated at 60-minute intervals, except during 10:00-11:00 h, 11:00-12:00 h, 16:00—-
17:00 h, and 17:00-18:00 h, which were assessed at 50-minute intervals. The evaluation was carried
out from 07:00 h on the experimental days until 05:00 h the following day.

2.4. Data Analysis

The data were analysed using GraphPad Prism version 10.3.1 (GraphPad Software Inc, San
Diego, USA). Due to missing data, the effects of independent group and time and the group-by-time
interaction on modulation in air velocity, relative humidity, air temperature, and HRV variables were
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assessed using the mixed-effects model (restricted maximum likelihood: REML) with Greenhouse-
Geisser correction. Subsequently, Tukey’s post-hoc test was employed for both within-group and
between-group comparisons at specific time points. Normal distribution of the data was verified
using the Shapiro-Wilk test when appropriate. Due to the data being non-normally distributed,
variations in interior ammonia levels, horses’ age, and weight were assessed using the Kruskal-
Wallis test, followed by Dunn’s multiple comparisons test. Spearman’s rank correlation (rs) was used
to evaluate relationships among stable microclimate and HRV variables, with correlation coefficients
categorised as weak (+ 0.10 < 7s < + 0.40), moderate (+ 0.40 < rs <+ 0.70), strong (+ 0.70 < rs <+ 0.90), or
very strong (rs > + 0.90) [43]. The data were presented as means + SD, and p < 0.05 was considered to
be statistically significant.

3. Results

3.1. Air Velocity

Throughout the 24-hour measurement period, both the exterior and interior air velocity (AiV)
exhibited fluctuations, as illustrated in Figures 2A and 2B. The exterior AiV in stable B was found to
be comparable to that of stable C but significantly lower than in stable A during the day (p < 0.05).
The exterior AiV was no different among stables at night but was lower than during the day across
three stable architectures (p < 0.01-0.0001) (Figure 2C). The interior AiV was higher in stable C than
in stables A and B during the day, with no significant difference at night (p < 0.001-0.0001).
Specifically, only the interior AiV in stable C exhibited higher values during the day than at night (p
<0.0001) (Figure 2D).
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Figure 2. Air velocity outside and inside different stable architectures during 24 hours of
measurement. The air velocity was determined at 07.00 h on the first experiment date until 07.00 h on
the consecutive date outside (A) and inside (B) stables. The air velocity was also evaluated during the
day and night outside (C) and inside (D) stables. *, **, ***, **** indicate significant differences between
comparison pairs at p <0.05, p <0.01. p <0.001, and p <0.0001, respectively.

3.2. Relative Humidity

The relative humidity (RH) showed the most variation during the day, both inside and outside
stables B and C, as demonstrated in Figures 3A and 3B. The exterior RH in all stable architectures
was lower during the day than at night (p < 0.001-0.0001). Additionally, stable C exhibited higher
exterior RH than stables A and B during both day (p < 0.01-0.001) and night (p < 0.001-0.0001) (Figure
3C). The interior RH in stable C did not differ significantly from stable B during the day, but it was
higher than that of stable A (p < 0.05). At night, the interior RH in stable C was also higher than in
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stables A and B (p < 0.0001). Notably, the interior RH was higher at night in stables A and C than
during the day (Figure 3D). Despite lower exterior RH during the day (p < 0.001) (Figure 3C), the
interior RH in stable B did not exhibit significant differences between day and night (Figure 3D).
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Figure 3. Relative humidity outside and inside different stable architectures during 24 hours of
measurement. Relative humidity was determined at 07.00 h on the first experiment date until 07.00 h
on the consecutive date outside (A) and inside (B) stables. The relative humidity was also evaluated
during the day and night outside (C) and inside (D) stables. *, **, *** **** indicate significant
difference between comparison pairs at p < 0.05, p <0.01. p <0.001 and p < 0.0001, respectively.

3.3. Air Temperature

Similar to RH, the exterior and interior air temperature (AT) varied the most in stables B and C
(Figures 4A and 4B). The AT in stable B was higher than in stables A and C during the day both
outside (stable A vs B: p < 0.001; stable B vs C: p < 0.0001) and inside the stables (p < 0.05 for both
comparison pairs). In contrast, it was higher in stable A than in stables B and C at night, both outside
(p < 0.05 for both comparison pairs) and inside the stables (p < 0.0001 for both comparison pairs).
Even though the exterior AT was higher during the day than at night in all stable architectures, only
stables B and C showed higher interior AT during the day than at night (Figures 4C and 4D).
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Figure 4. Air temperature outside and inside different stable architectures during 24-hours of
measurement. Air temperature was determined at 07.00 h on the first experiment date until 07.00 h
on the consecutive date outside (A) and inside (B) stables. The air temperature was also evaluated
day and night outside (C) and inside (D) stables. *, **, ***, **** indicate significant differences between
comparison pairs at p <0.05, p <0.01, p <0.001, and p <0.0001, respectively.

3.4. Levels of Noxious Gases

Ammonia levels were barely detected in stables A and C during the day but were mainly
observed in all three stables at night (Figure 5A). However, there was no significant difference in the
ammonia levels among the three stables during the day and night (Figures 5B and 5C). In addition,
H:S, NHs, and CO were not detected within the stables, except for Oz, which remained at a constant
level of 20.9% over 24 hours.
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Figure 5. Ammonia levels within three different stable architectures across the 24-hour cycle (A),
during the day (B), and during the night (C).

3.5. Autonomic Regulation

Autonomic regulation was evaluated through the modulation of HRV variables as follows:

3.5.1. RR Intervals, HR, PNS Index, and SNS Index
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The effects of group-by-time interaction and independent time were observed in the
modifications of mean RR intervals (p < 0.0001 for both effects), mean HR (p = 0.0016 and p < 0.0001),
PNS index (p = 0.0054 and p < 0.0001) and SNS index (p = 0.0013 and p < 0.0001) (Figure 6).

Mean RR intervals increased at night in stable A (23.00-05.00 h, compared to the values at 07.00-
09.00 h and 18.00-19.00 h, p < 0.05-0.0001; 20.00-05.00 h, compared to the values at 11.00-12.00 h and
17.00-18.00 h, p < 0.05-0.0001). In stable B, mean RR intervals significantly reduced at 17.00-19.00 h
(p < 0.05-0.0001, compared to the values at 07.00-11.00 h and 14.00-16.00 h) and then rose at night
(21.00-05.00 h, compared to the values at 11.00-12.00 h and 17.00-19.00 h, p < 0.05-0.0001). The mean
RR intervals in stable C were lower at 11.00-13.00 and 17.00-19.00 h compared to 07.00-08.00 h (p <
0.05-0.001) and then increased at night, similar to that of stables A and B (22.00-05.00 h, compared to
07.00-14.00 h and 15.00-19.00 h, p < 0.05-0.0001) (Figure 6A).

Mean HR reduced at night in stable A (01.00-05.00 h, compared to the values at 07.00-09.00 h,
p < 0.05-0.01; 22.00-05.00 h, compared to the values at 11.00-12.00 h and 17.00-19.00 h, p < 0.05-
0.0001). In stable B, the mean HR showed two peaks at 11.00-12.00 h (p < 0.05, compared to the value
at 07.00-0.8.00 h) and 17.00-19.00 h (p < 0.05-0.0001, compared to the values at 07.00-11.00 h and
14.00-16.00 h). It finally decreased at night (21.00-05.00 h, compared to the values at 11.00-12.00 h
and 17.00-19.00 h, p <0.05-0.0001). The mean HR in stable C rose at 11.00-14.00 h (p < 0.05, compared
to the value at 07.00-08.00 h) and eventually dropped at night (22.00-05.00 h, compared to the values
at 11.00-14.00 h and 17.00-19.00 h, p <0.05-0.0001). The mean HR in stable B was higher than in stable
A and stable C at 17.00-18.00 h (stables A vs B, p <0.05 and stable B vs C, p <0.01) (Figure 6B).

PNS index increased at night in stable A (02.00-05.00 h, compared to the values at 07.00-09.00
h, p <0.05-0.01; 23.00-05.00 h, compared to the values at 11.00-12.00 h and 17.00-18.00 h, p < 0.05-
0.001). In stable B, the PNS index declined at 17.00-19.00 h (p < 0.05-0.0001, compared to the values
at 07.00-11.00 h) before rising at night (21.00-05.00 h, compared to the values at 11.00-12.00 h and
17.00-19.00 h, p < 0.05-0.0001). The PNS index in stable C also increased at night (23.00-05.00 h,
compared to the values at 08.00-09.00 h, 11.00-14.00 h and 17.00-19.00 h, p < 0.05-0.0001). The PNS
index was higher in stable C than in stable A at 07.00-08.00 h (p < 0.05) (Figure 6C).

SNS index declined in stable A at night (02.00-05.00 h, compared to the values at 07.00-09.00 h;
p < 0.05-0.01; 23.00-05.00 h, compared to the values at 11.00-12.00 h and 17.00-19.00 h, p < 0.05-
0.0001). In stable B, the SNS index increased at 11.00-12.00 h (p <0.01-0.0001, compared to the values
at 07.00-10.00 h) and 17.00-19.00 h (p < 0.01-0.0001, compared to the values at 08.00-11.00 h). It then
dropped at 20.00-05.00 h (p < 0.05-0.0001, compared to the values at 11.00-12.00 h and 17.00-19.00 h).
The SNS index in stable C increased at 12.00-13.00 h (p < 0.05, compared to the values at 07.00-08.00
h) and 17.00-19.00 h (p < 0.05, compared to the values at 07.00-08.00 h). It later decreased to reach a
significantly different value at night (22.00-05.00 h, compared to the values at 11.00-14.00 h and
17.00-19.00 h, p < 0.05-0.01) (Figure 6D).
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Figure 6. The impact of housing in three stable architectures on mean beat-to-beat (RR) intervals (A),
mean heart rate (HR) (B), parasympathetic nervous system (PNS) index (C), and sympathetic nervous
system (SNS) index (D). *, #, and m indicate group-by-time interaction and separate group and time
effects, respectively. a, 8, and Q indicate differences between stables A vs B, A vs C, and B vs C at
specific time points. a, b, ¢, d, e, f, g, h, i, j, k, and 1 indicate significant differences from the values at
07.00-08.00 h, 08.00-09.00 h, 09.00-10.00 h, 10.00-11.00 h, 11.00-12.00 h, 12.00-13.00 h, 13.00-14.00 h,
14,00-15.00 h, 15.00-16.00 h, 16.00-17.00 h, 17.00-18.00 h, and 18.00-19.00 h, respectively. The
indicative letter colours are compatible with those of each matching stable architecture.

3.5.2. SDNN, RMSSD, TINN, and RRTI

The independent group effect impacted SDNN and RMSSD modulation (p = 0.0133 and p =
0.0329, respectively). In the meantime, the group-by-time interaction and independent effect of time
affected changes in TINN (p = 0.0008 and p = 0.0316). In contrast, independent group and time effects
influenced RRTI modification (p = 0.0498, p <0.0001) (Figure 7).

SDNN decreased in stable B at 15.00-16.00 h (p < 0.05, compared to the value at 08.00-09.00 h).
The SDNN in stable B was higher than in stable A at 08.00-11.00 h (p < 0.05-0.01) and stable C at
08.00-09.00 h (p < 0.05). The SDNN was higher in stable C than in stable A at 11.00-12.00 h (p < 0.05)
(Figure 7A). RMSSD in stable B was higher than stable A at 07.00-11.00 h (p < 0.05-0.01), 20.00-21.00
(p <0.05), 01.00-02.00 h (p < 0.05), and 03.00-04.00 h (p < 0.05). The RMSSD was also higher in stable
B than in stable C at 08.00-09.00 h (p < 0.05) (Figure 7B).

TINN reduced in stable B at 15.00-16.00 h (p < 0.05-0.01, compared to the values at 08.00-10.00
h). In contrast, it increased in stable C at 14.00-15.00 h (p < 0.05, compared to the value at 08.00-09.00
h) before dropping at 17.00-19.00 h (p < 0.05, compared to the value at 14.00.00-15.00 h). The TINN
in stable B was higher than stable A at 08.00-11.00 h (p < 0.01-0.001) and stable C at 08.00-10.00 h (p
<0.05-0.01). The TINN was higher in stable C than in stable A at 11.00-12.00 h (p <0.001), 14.00-15.00
h (p <0.0001), and 15.00-16.00 h (p < 0.05) (Figure 7C). RRTI decreased in stable B at 15.00-16.00 h (p
< 0.05, compared to the values at 07.00-08.00 h and 10.00-11.00 h), increasing at 19.00-20.00 h (p <
0.05, compared to the values at 15.00-16.00 h), and finally decreasing to reach baseline value
afterwards. The RRTT in stable B was higher than in stables A and C at 08.00-09.00 h (p < 0.05 for both
comparison pairs), 10.00-11.00 h (p < 0.05 for both comparison pairs), and 20.00-21.00 h (stable A vs
B, p <0.05; stable B vs C, p <0.01) (Figure 7D).
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Figure 7. The impact of housing in three stable architectures on the standard deviations of normal-to-
normal RR intervals (SDNN) (A), root mean square of successive RR interval differences (RMSSD)
(B), triangular interpolation of normal-to-normal RR intervals (TINN) (C), and the RR triangular
index (RRTI) (D). *, #, and m indicate group-by-time interaction and separate group and time effects,
respectively. a, O, and Q indicate the difference between stables A vs B, A vs C, and B vs C at specific
time points. b, h, and i indicate significant differences from the values at 08.00-09.00 h, 14.00-15.00 h,
and 15.00-16.00 h, respectively. The indicative letter colours are compatible with those of each
matching stable architecture. RR: beat-to-beat intervals.

3.5.3. VLF Band, LF Band, HF Band, LF/HF Ratio, and Total Power

There was an independent effect of time on change in the VLF band (p < 0.0001), while there
was an independent effect of group on total power modulation (p = 0.0051). The independent effects
of group and time, and the group-by-time interaction, had no effect on the LF band, HF band and
LE/HF ratio, even though the group effect was almost significant on both the LF (p = 0.0867) and HF
bands (p = 0.0877) (Figure 8A-8D).

The VLF band increased at 23.00-00.00 h and 01.00-04.00 h (p < 0.05-0.0001, compared to the
values at 11.00-12.00 h and 17.00-18.00 h) (Figure 8A). Total power in stable B was higher than in
stable A at 08.00-09.00 h (p < 0.01) and 20.00-21.00 h (p < 0.05), and than in stable C at 08.00-09.00 h
(p <0.05). It was also higher in stable C than in stable A at 11.00-12.00 h (p < 0.05) and 15.00-16.00 h
(p <0.05) (Figure 8D).
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Figure 8. The impact of housing in three stable architectures on very-low-frequency band (VLF) (A),
low-frequency band (LF) (B), high-frequency band (HF) (C), and total power band (D). # and m
indicate separate group and time effects. a, 0, and Q indicate the difference between stables A vs B,
A vs C, and B vs C at specific time points. @ and @ indicate significant differences compared to the
values at 11.00-12.00 h and 17.00-18.00 h, respectively. b indicates a significant difference from the
value at 08.00-09.00 h. The indicative letter colours are compatible with those of each matching stable
architecture.

3.5.4. Stress Index, SD1, SD2, and SD2/SD1 Ratio

The independent effect of time and the group-by-time interaction on the stress index were
significant (p = 0.0472 and p = 0.0040, respectively). In contrast, the independent effect of group
affected changes in SD1 and SD2 (p = 0.0326 and p = 0.0413, respectively), while there was an
independent effect of time on the SD2/SD1 ratio (p = 0.0007) (Figure 9).

The stress index increased in stable B at 11.00-12.00 h and 15.00-16.00 h (p < 0.05-0.01, compared
to the value at 08.00-09.00 h). The stress index in stable A was higher than in stable B at 08.00-11.00
h (p <0.05-0.01) and stable C at 11.00-12.00 h (p < 0.01). The stress index was also higher in stable B
than in stable C at 11.00-12.00 h (p < 0.05) (Figure 9A).

SD1 in stable B was higher than in stable A at 07.00-11.00 h, 20.00-21.00 h, 01.00-02.00 h, and
03.00-04.00 h (p < 0.05 for all time points). It was also higher than in stable C at 08.00-09.00 h (p < 0.05)
(Figure 9B). SD2 decreased at 15.00-16.00 h (p < 0.05, compared to the value at 08.00-09.00 h). The
SD2 was higher in stable B than in stable A at 08.00-09.00 h (p < 0.05). In the meantime, it showed a
higher value in stable C than in stable A at 11.00-12.00 h and 15.00-16.00 h (p < 0.05 for both time
points) (Figure 9C). SD2/SD1 ratio decreased at 03.00-04.00 h (p <0.05, compared to the value at 17.00—
18.00 h) (Figure 9D).
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Figure 9. The impact of housing in three stable architectures on stress index (A), the standard
deviation of Poincaré plot perpendicular to the line-of-identity (SD1) (B), the standard deviation of
Poincaré plot along the line-of-identity (SD2) (C), and the ratio between SD2 and SD1 (D). *, #, and
indicate the group-by-time interaction and separate group and time effects, respectively. a, 8, and Q
indicate the differences between stables A vs B, A vs C, and B vs C at specific time points. b indicates
a significant difference from the value at 08.00-09.00 h. @ indicates a significant difference compared
to the value at 17.00-18.00 h. The indicative letter colours are compatible with those of each matching
stable architecture.

3.6. Correlation Among Stable Microclimates and Horses” HRV Variables

The correlation matrixes display the relationships between interior and exterior microclimates
and Horses” HRV variables for 22 hours (07.00-05.00 h) in the three stable architectures.

3.6.1. Interior vs Exterior Microclimates

Exterior AiV moderately correlated with RT (rs = —0.44, p = 0.040) and AiT (rs=0.60, p =0.003) in
stable A. It showed a moderate correlation with RT (rs = —0.69, p < 0.0001) and a strong correlation
with AiT (rs=0.77, p < 0.0001) in stable B. The exterior AiV strongly correlated with RT (rs =-0.90, p <
0.0001) and AiT (s = 0.89, p < 0.0001) in stable C. The interior and exterior AiV, RT, and AiT were
strongly correlated in stables A (AiV: rs=0.83, p < 0.0001; RT: s = 0.91, p < 0.0001; AiT: rs=0.72, p <
0.0001) and C (AiV: rs = 0.86, p < 0.0001; RT: s = 0.92, p < 0.0001; AiT: rs = 0.93, p < 0.0001). Moderate
correlations in AiV (rs=0.52, p =0.013) and RT (rs = 0.62, p = 0.002) were detected between interior and
exterior microclimates in stable B, but the correlation for AiT was stronger (rs=0.86, p <0.0001) (Figure
S1).

3.6.2. Interior Microclimate vs Horses” HRV Variables in Stable A

The variables RH, AiT, and AiV significantly correlated within stable A (RH vs AiT: rs = -0.83,
p <0.0001; RH vs AiV: rs=-0.80, p <0.0001; AiT vs AiV: rs=0.67, p =0.0007). They were also correlated
with several HRV variables, including mean RR intervals (RH: s = 0.84, p < 0.0001; AiT: rs=-0.56, p =
0.007; AiV: rs=-0.52, p =0.012), mean HR (RH: s =-0.84, p <0.0001; AiT: rs = 0.55, p = 0.008; AiV: rs =
0.54, p = 0.010), RMSSD (RH: rs = 0.58, p = 0.005; AiT: s = -0.48, p = 0.023; AiV: rs =-0.53, p = 0.012),
stress index (RH: rs = —0.68, p = 0.001; AiT: rs=0.55, p = 0.008; AiV: rs=0.67, p = 0.001), SD1 (RH: rs =
0.58, p =0.005; AiT: rs=-0.48, p = 0.023; AiV: rs=-0.53, p = 0.012), PNS index (RH: rs = 0.85, p < 0.0001;
AiT: r.=-0.59, p < 0.004; AiV: rs=-0.58, p = 0.005), and SNS index (RH: rs = -0.84, p < 0.0001; AiT: rs =
0.59, p =0.004; AiV: rs=0.58, p = 0.004).
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Furthermore, RH was independently correlated with the VLF band (rs = 0.46, p = 0.029) and
SD2/SD1 ratio (rs =-0.48, p = 0.024), while AiV displayed an additional correlation with SDNN (rs = —
0.55, p =0.008), total power band (rs =-0.46, p = 0.030), and SD2 (rs =-0.47, p = 0.028). Ammonia levels
were correlated with RH (rs = 0.48, p = 0.025), AiT (rs = -0.44, p = 0.038), AiV (rs = -0.46, p = 0.031),
RMSSD (rs=0.59, p = 0.004), and SD1 (rs = 0.59, p = 0.004) (Figure 10).
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Figure 10. Correlations between horses’” HRV and microclimate parameters in stable A. The
correlation coefficients were determined as representing weak (+ 0.10 < rs <+ 0.40), moderate (+ 0.40 <
rs <+ 0.70), strong (+ 0.70 < rs <+ 0.90), or very strong (rs > + 0.90) correlations. RT: relative humidity,
AiT: air temperature, AiV: air velocity, RR: beat-to-beat intervals, HR: heart rate, SDNN: standard
deviation of normal-to-normal RR intervals, RMSSD: root mean square of successive differences
between RR intervals, TINN: triangular interpolation of normal-to-normal intervals, RRTI: RR
triangular index, SI: stress index, VLF: very-low-frequency band, LF: low-frequency band, HF: high-
frequency band, SD1: standard deviation of the Poincaré plot perpendicular to the line of identity,
SD2: standard deviation of the Poincaré plot along the line of identity, PNS: parasympathetic nervous
system, SNS: sympathetic nervous system.

3.6.3. Interior Microclimate vs Horses’ HRV Variables in Stable B

Significant correlations were mainly observed between AiT and various variables, including
RH (rs=-0.62, p = 0.002), ammonia levels (rs=-0.57, p =0.006), mean RR intervals (rs =—-0.48, p = 0.002),
mean HR (rs = 0.48, p = 0.023), SDNN (7s = -0.46, p = 0.029), RMSSD (rs =-0.62, p = 0.002), TINN (rs =—
0.60, p=0.003), SI (rs=0.51, p =0.016), LF band (rs = —0.44, p = 0.039), HF band (rs = 0.44, p = 0.039), SD1
(rs =-0.62, p = 0.002), PNS index (rs = -0.64, p = 0.001), and SNS index (rs = 0.61, p = 0.002). However,
RH showed a correlation with a few HRV variables, including LF band (rs = 0.54, p = 0.009), HF band
(rs=-0.54, p=0.009), and SD2 (rs=0.44, p =0.039). Additionally, ammonia levels exhibited a correlation
with mean RR intervals (rs = 0.52, p = 0.013), mean HR (rs = -0.45, p = 0.038), PNS index (s = 0.50, p =
0.019), and SNS index (rs = —0.43, p = 0.043). No correlation was observed between AiV and other
variables in stable B (Figure 11).
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Figure 11. Correlations between horses” HRV and microclimate parameters in stable B. The
correlation coefficients were determined as representing weak (+ 0.10 < rs <+ 0.40), moderate (+ 0.40 <
s <+0.70), strong (+ 0.70 < rs <+ 0.90), or very strong (rs > + 0.90) correlations. RT: relative humidity,
AiT: air temperature, AiV: air velocity, RR: beat-to-beat intervals, HR: heart rate, SDNN: standard
deviation of normal-to-normal RR intervals, RMSSD: root mean square of successive differences
between RR intervals, TINN: triangular interpolation of normal-to-normal intervals, RRTI: RR
triangular indeXx, SI: stress index, VLF: very-low-frequency band, LF: low-frequency band, HF: high-
frequency band, SD1: standard deviation of the Poincaré plot perpendicular to the line of identity,
SD2: standard deviation of the Poincaré plot along the line of identity, PNS: parasympathetic nervous
system, SNS: sympathetic nervous system.

3.6.4. Interior Microclimate vs Horses’ HRV Variables in Stable C

The variables RH, AiT, and AiV were correlated in stable C (RH vs AiT: s = -0.76, p < 0.0001;
RH vs AiV: rs = -0.65, p = 0.001; AiT vs AiV: rs = 0.72, p = 0.0001). Additionally, RH, AiT, and AiV
showed simultaneous correlations with mean RR intervals (RH: s = 0.64, p = 0.001; AiT: rs=-0.78, p <
0.0001; AiV: rs=-0.54, p = 0.009), mean HR (RH: rs = -0.69, p = 0.0004; AiT: rs = 0.82, p <0.0001; AiV: s
=0.55, p = 0.008), PNS index (RH: rs = 0.58, p = 0.005; AiT: rs = -0.77, p < 0.0001; AiV: rs =-0.51, p =
0.016), and SNS index (RH: rs =-0.62, p = 0.002; AiT: rs=0.80, p <0.0001; AiV: rs=0.50, p = 0.019).
Moreover, RH was independently correlated with the LF band (rs= 0.43, p = 0.043), while AiT
was independently correlated with the VLF band (rs =-0.43, p = 0.047) and SD2/SD1 ratio (rs = 0.68, p
< 0.0001). On the other hand, AiV showed independent correlations with the LF band (rs =-0.51, p =
0.016) and LF/HF ratio (rs = -0.44, p = 0.040). Additionally, ammonia levels correlated only with the
VLF band (rs = 0.51, p = 0.015) (Figure 12).
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Figure 12. Correlations between horses’ HRV and microclimate parameters in stable C. The
correlation coefficients were determined as representing weak (+ 0.10 < rs <+ 0.40), moderate (+ 0.40 <
rs <+ 0.70), strong (+ 0.70 < rs <+ 0.90), or very strong (rs > + 0.90) correlations. RT: relative humidity,
AiT: air temperature, AiV: air velocity, RR: beat-to-beat intervals, HR: heart rate, SDNN: standard
deviation of normal-to-normal RR intervals, RMSSD: root mean square of successive differences
between RR intervals, TINN: triangular interpolation of normal-to-normal intervals, RRTI: RR
triangular index, SI: stress index, VLF: very-low-frequency band, LF: low-frequency band, HF: high-
frequency band, SD1: standard deviation of the Poincaré plot perpendicular to the line of identity,
SD2: standard deviation of the Poincaré plot along the line of identity, PNS: parasympathetic nervous
system, SNS: sympathetic nervous system.

4. Discussion

The study explored how stable microenvironments and horses’” autonomic regulation were
affected by single-stall housing in different stable designs during the monsoon season in a tropical
savannah environment. Key findings included: 1) variations in stable microenvironments (AiV, RT,
and AiT) and HRV modulation across different stable architectures; 2) higher interior AiV in stable
C than in stables A and B during the day, with a similar pattern at night; 3) higher interior RT in
stable C during the day compared to stable A, and this was higher than both stables A and B at night;
4) lower interior AiT in stable C than stable B during the day, and conversely lower than stables A
and B at night; 5) increased mean RR and PNS index, corresponding to decreased mean HR and SNS
index during the night in horses across all three stable architectures; 6) lower values of several HRV
variables in stable A than stable B, and to a lesser extent than stable C; 7) correlations between stable
microenvironments and various HRV variables in stable A and stable C; and 8) AiT being the only
factor correlating with HRV variables in stable B. These findings suggest that stable
microenvironmental variations significantly influence horses’” autonomic responses when housed in
different stable architectures during monsoons in a tropical savannah environment.

We found a diurnal fluctuation in the exterior microclimate, encompassing air velocity, relative
humidity, and air temperature within and among three stable structures. Interestingly, the interior
microclimate also varied during the day and was associated with the exterior environment across the
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three stable architectures. These findings are consistent with existing literature, indicating that
outdoor conditions play a significant role in shaping the stable microclimate in tropical environments
[44-46]. However, the strength of correlation varied significantly between the different stable
architectures, aligning with previous reports indicating that the connection between interior and
exterior conditions differs based on building types in tropical climates [46].

While the interior and exterior air temperatures were strongly correlated across all three stable
architectures in the present study, the impact of outdoor air velocity and relative humidity on these
parameters varied within the three stables. Specifically, the design of the stable gates in stables A and
C allowed more external air to flow through the central aisle, leading to a strong correlation between
interior and exterior air velocity and relative humidity in these stables. Conversely, the stable gates
perpendicular to the aisle limited the external air flow into stable B, resulting in a moderate
correlation among these parameters. Notably, a broad correlation was observed between the interior
and exterior environments in stable C, indicating a similarity between the exterior and interior
conditions in this stable. These results support the idea that different stable architectures impact the
variation in interior microclimate differently in a tropical savannah environment.

Ammonia was found inside the stables, especially at night, which aligns with the former
literature [47] and the previous report on the same setting in the summer season [35]. Nevertheless,
no variation in ammonia levels was detected among stables in the present study, contrasting with a
former experiment showing significant variation in levels among stable designs during the summer
season [35]. This discrepancy might result from the impact of interior air temperature variation
between seasons, as it has been reported that temperature changes and ammonia levels are correlated
when using straw bedding [48]. These results suggested that specific seasons impact the modulation
of ammonia levels in tropical environments. Despite increasing at night, ammonia levels (0—4 ppm)
in the three stable architectures were below the recommended maximum of 20 ppm in the stable,
indicating no effect on horse welfare during this study [49].

In the realm of animal welfare research, HRV variables are commonly utilised to assess stress
and autonomic responses in horses during transportation [50-55], shoeing protocols [56], training
[57-59], and various exercise regimens in equestrian sports [60-64]. HRV refers to the fluctuation in
time intervals between successive heartbeats during the cardiac cycle [65,66]. This variation is
regulated by the interplay between sympathetic and parasympathetic (vagal) activities affecting the
sinoatrial node of the heart [66,67]. Various HRV variables are employed to discern specific
autonomic responses. For instance, changes in RMSSD, HF band, and SD1 reflect short-term
fluctuations in inter-beat intervals following vagal activity [65,66]. Decreases in these variables
indicate reduced vagal activity [63,64,68]. Meanwhile, modifications in RR intervals, SDNN, LF band,
and SD2 reflect long-term variations in inter-beat intervals influenced by both sympathetic and vagal
components [65,66,69,70]. Additionally, alterations in the TINN and RRTI mirror the overall variation
in inter-beat intervals [71]. High HRV signifies predominant vagal activity, indicating good
adaptability to environmental and psychological challenges [67,72,73]. Conversely, low HRV
suggests reduced vagal influence, corresponding to sympathetic dominance and potentially serving
as a marker for a state of disorder [74]. In the current study, HRV analysis was employed to assess
autonomic regulation and, by extension, stress responses due to its user-friendly nature and non-
invasive impact on horses’ regular activity. Increases in RR intervals and PNS index, accompanied
by decreases in HR and SNS index, were observed, indicating an elevation in vagal tone concurrent
with reduced sympathetic tone in horses at night. These findings are consistent with previous
research reporting heightened vagal activity in horses during the night as a result of circadian rhythm
[35,55,75,76].

We also found differences in the modulation of various HRV variables between stable
architectures. Despite seasonal variations, the HRV variables were consistently lower in horses in
stable A compared to stables B and C, similar to the findings in the summer season [35]. These
findings suggest that stable architectures may have a more significant impact on HRV modulation
than environmental conditions in a tropical savannah climate. Interestingly, stables A and B both had
solid external walls, but HRV modulation was lower in stable A than in stable B. One possible
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explanation for this difference could be the stables” volume-to-horse ratios. Stable B contained ten
single boxes but only housed seven horses, resulting in a ratio of 200 m? per horse. On the other hand,
stable A housed 20 horses in 20 single boxes, resulting in a ratio of 150 m? per horse. The lower ratio
in stable A may have contributed to the lower HRV modulation compared to stable B. It is plausible
that the lower number of horses, corresponding to a higher volume-to-horse ratio in stable B, led to
decreased manure and urine production, subsequently reducing relative humidity, particularly at
night (Figure 3). As a result, the stable volume-to-horse ratio must be considered, in addition to the
stable architecture, when assessing the effects on autonomic modulation in horse housing in tropical
environments. Therefore, the study implies that horses experienced more stress when housed in a
stable with a solid external wall and a lower stable volume-to-horse ratio.

The impact of stable design on stable microclimate variation and horses” autonomic responses
has been thoroughly studied during the monsoon and dry summer seasons. However, the influence
of these factors during the dry winter season in a tropical setting remains uncertain. Further research
is necessary to identify the most appropriate stable designs for specific seasons in tropical
environments. One limitation of the study was that same-day experiments were unavailable in all
stable architectures due to insufficient devices for recording HRV and environmental parameters.
This issue led to observed variations in the exterior environment among the three stables, which
subsequently affected the interior microclimate and likely influenced the autonomic responses of the
horses housed in those stables. While there were no significant differences in age and weight range
among the horses, differences in individual characteristics and socialisation between stables may
have also impacted their autonomic regulation. Therefore, cautious interpretation is essential when
comparing the autonomic responses of horses among the three stables.

5. Conclusions

The exterior environment showed diurnal variation, which in turn affected the interior
environments of the three stable types. These interior changes had different effects on the autonomic
responses of horses housed within the stables. During the monsoon season in a tropical savannah
environment, horses in the stable with a solid external wall and lower volume-to-horse ratio exhibited
lower autonomic responses, indicating more stress compared to those in either the stable with a solid
external wall but higher volume-to-horse ratio or the stable without a solid external wall. These
findings offer valuable insights into the distinct autonomic regulation in horses within different stable
architectures and could aid in the development of stable management practices to safeguard horse
welfare during monsoons in tropical regions.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. https://www.doi.org/10.6084/m9.figshare.27054571, Figure S1: Correlation
between interior and exterior air velocity, relative humidity, and air temperature.
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