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Abstract

This study evaluated the body surface temperatures (BSTs), temperature-humidity index (THI) thresholds and
lower/upper critical temperatures (LCT/UCT) of goats under thermal stress. Conducted in a Psychrometric chamber,
the trial utilized 12 goats (six Jamunapari, six Barbari; aged 4.5-5 years, 20-30 kg). During the cold stress phase,
goats were exposed to decreasing ambient temperatures from 24°C to 9°C for six hours daily over 10 consecutive days
per temperature level. In the heat stress phase, temperatures were progressively increased (24°C to 42°C; THI 67-93).
On the tenth day of each exposure, BSTs at the eyeball, muzzle, ear and perineum were measured using infrared
thermography. Segmented regression analysis was applied to identify precise LCT and UCT breakpoints. Results
demonstrated that thermal stress significantly altered BSTs, with Jamunapari goats exhibiting greater magnitude
changes than Barbari goats in both extreme conditions. Under heat stress, the UCT breakpoints (THI/°C) for the
eyeball, ear, muzzle and perineum in Jamunapari goats were 78.45/31.02, 78.45/31.38, 78.93/31.56 and 89.62/28.14,
respectively. For Barbari goats, these UCT thresholds were 76.79/28.86, 85.58/34.80, 76.07/28.50 and 89.62/28.86.
During cold stress, Jamunapari exhibited LCT breakpoints (THI/ °C) for the same anatomical sites at 62.19/13.65,
68.17/20.10, 67.53/19.65 and 62.83/16.05. Therefore, these findings establish precise regional thermal limits,
highlighting breed-specific thermoregulatory adaptations and providing reference thresholds for surface temperatures

in goats for improving their management and welfare in sub-tropical climates.
Keywords: Eyeball, Ear, Lower critical temperature, Muzzle, Perineum, Upper critical temperature

Abbreviations: BST: Body surface temperature; LCT: Lower critical temperature; UCT: Upper critical temperature;
THI: Temperature Humidity Index; Tdb: Dry bulb temperature; Twb: Wet bulb temperature; RH: Relative humidity;
Tymax: Maximum temperature; Twmin: Minimum temperature; AvgRH: Average Relative humidity; Infrared

thermography: IRT
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Introduction

Small ruminant production and welfare are continuously threatened by environmental stressors like extreme
ambient temperatures, solar radiation and humidity (Berihulay et al., 2019; Joy et al., 2020), particularly in tropical,
subtropical, and arid regions (Sejian et al., 2022). Climate variability driven by Super El Niflo and La Nifia increases
a dual thermal challenge in the Indian subcontinent (IMD, 2025; NOAA, 2025). As goat farming gains economic
significance, understanding these environmental interactions is critical (Banerjee et al., 2015). Although goats exhibit
remarkable resilience due to strong thermotolerance and disease resistance (Ortiz et al., 2019; Reshma Nair et al.,
2021), they still suffer significant production and welfare declines under severe stress. While heat stress is extensively
studied, cold stress also forces compensatory mechanisms to prevent core heat loss, resulting in slow growth, increased
mortality and substantial global economic losses (Hu et al., 2021). Determining the critical THI and temperature
breakpoints is essential for identifying climate-resilient breeds (Ferreira et al., 2023) and their climate smart
management. Exposing goats to ambient temperature above UCT and below LCT results in heat stress and cold stress,
respectively (Yousef, 1985). Thus, defining the LCT and UCT for thermal stress is crucial for implementing timely
management interventions.

While evaluating body temperature is vital for monitoring physiological status (Nikkhah 2015), standard
rectal measurements require physical restraint that induces stress, masks true physiological responses (Hoffmann et
al. 2013) and risks injury to both animals and handlers (Néis et al. 2014). Consequently, IRT provides a non-invasive
alternative for assessing thermal adaptation (Silva et al. 2014; Giannetto et al. 2020; Costa et al. 2023) by capturing
emitted infrared radiation as thermograms (Church et al. 2014; McManus et al. 2016). These thermograms detect rapid
body surface temperature (BST) fluctuations triggered by skin thermoreceptors (Lezama-Garcia et al. 2022) and
driven by radiative heat exchange and vasomotor blood redistribution (da Silva and Maia 2012; McCafferty et al.
2018). This heat exchange occurs primarily at highly vascularized, hairless 'thermal windows' (Andrade 2015; Lowe
et al. 2019; Napolitano et al. 2020; Mota-Rojas et al. 2021a). Understanding the distinct responses of these sites is
crucial for comprehending whole-body thermoregulation. Targeting these sensitive windows enables stress-free
physiological evaluations (Niis et al. 2014; Flores-Peinado et al. 2020; Mota-Rojas et al. 2021a) and positions IRT-
derived BSTs as reliable indicators of thermal tolerance in goats (Cuki¢ et al. 2023; Samara et al. 2024).

To accurately map these thresholds, comparing breeds with distinct phenotypic traits is essential. The

Jamunapari is a large-framed breed with notably long, pendulous ears that potentially facilitate heat dissipation (Singh
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et al. 2010), whereas the Barbari is smaller, compact and highly prolific (Singh et al. 2020). Despite their adaptability,
comprehensive data regarding the dynamic variations of surface temperatures in these sub-tropical Indian goats
remains absent and exact breakpoints for BSTs are undefined. Therefore, this study aimed to continuously monitor
BSTs at the eyeball, ear, muzzle and perineum in Jamunapari and Barbari goats. Using segmented regression analysis,
this research seeks to precisely identify LCT and UCT breakpoints, establishing critical reference thresholds for these
breeds under thermal stress.

Material and Methods

Location of experiment

The study was conducted in the Psychrometric chamber of Professor M.D. Pandey Bio-Climatology
Laboratory within the Department of Veterinary Physiology, DUVASU, Mathura (U.P) from November, 2024 to June,
2025. This semi-arid region experiences extreme climate fluctuations, with summer temperatures peaking at 48°C and

winter lows of 2°C. Annual rainfall averages 793 mm, while RH ranges from 20% to 80%.

Psychrometric/ Climatic chamber

This airtight, puff-insulated steel chamber (9.0m x 4.0m X 3.0m) is equipped with individual tie-stalls, feeders
and diagonally placed inlet and outlet exhaust fans to ensure optimal air circulation. It provides precise environmental
control, regulating temperatures from 5-55°C (+1°C accuracy) and RH between 15-75%. An external automation
panel programs the specific microclimate, which is monitored continuously by internal sensors. The system requires
a 10 to 30-minute stabilization phase to achieve the programmed conditions prior to animal introduction. Throughout

the exposure period, a data logger systematically records environmental variables at regular intervals.

Experimental Animals

Twelve clinically healthy adult female goats (six Jamunapari and six Barbari) were transported from the university
farm complex to the chamber (Fig.1). Prior to the experiment, all goats were dewormed, vaccinated as per standard

health schedules and acclimatized to the chamber for 10 days to minimize confinement and handling stress.

Experimental design

The study employed a repeated-measures design where goats served as their own controls across cold (Nov—Jan; 24°C

to 9°C, 6 levels) and heat stress phases (Apr—Jun; 24°C to 42°C, THI 67-93, 7 levels), separated by a two-month rest.
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Goats were exposed for 6 hours daily for 10 consecutive days per level, with BSTs recorded on day 10. Between
exposures, animals rested in a controlled antechamber. Transition temperatures were maintained within +4-5°C to
prevent thermal shock. Chamber conditions were continuously monitored via dry and wet-bulb thermometers, with

THI calculated according to NRC (1971):

THI = (Tdb+Twb) x 0.72 +40.6

Meteorological parameters: The schedule of meteorological variables of chambers is presented in Table 1 and 2

Table 1 Schedule of Temperature, Relative Humidity & THI of the Chamber during winter phase

Psychrometric Chamber Antechamber
Tdb (°C) Twb (°C) RH (%) THI CO2 (PPM) | Twmax (°C) | Tmin (°C) | AvgRH (%)
24 23.50 95.90 74.80 800+50 26.42 21.20 54.20
21 20.50 95.60 70.48 800+50 25.21 20.80 58.12
18 17.50 95.20 66.16 800+50 21.43 16.51 64.00
15 14.60 95.90 61.91 800+50 19.81 12.23 70.21
12 11.76 97.30 57.71 800+50 15.54 8.80 76.11
9 8.80 97.50 53.42 800+50 12.24 6.41 74.23

Table 2 Schedule of Temperature, Relative Humidity & THI of the Chamber during summer phase

Psychrometric Chamber Antechamber
Tdb (°C) Twb (°C) RH (%) THI CO:z (PPM) | Twmax (°C) | Twmin (°C) | AvgRH (%)
24 23.5 95.90 74.80 800+50 30.50 22.32 76.34
27 24 77.90 77.32 800+50 33.12 23.50 64.40
30 25 66.50 80.20 800+50 33.41 25.40 68.60
33 27 62.60 83.80 800+50 36.40 26.80 65.23
36 30 64.40 88.12 800+50 38.22 27.50 62.90
39 32 61.00 91.72 800+50 41.10 28.60 59.36
42 34 58.00 95.32 800+50 44.50 29.80 55.21
Infrared Thermography

BSTs (°C) of goats were recorded using an Infrared thermography camera (FLIR Series A320; FLIR Systems, USA)
from four anatomical regions: Eyeball, Ear, Muzzle and Perineum (Fig. 2 and Fig. 3) by restraining goats inside the

chamber to minimize movement and to avoid direct solar radiation and air currents. The camera was positioned at a
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fixed distance of approximately 1 meter perpendicular to the site, with preset emissivity. The recorded thermographic
images were stored digitally and analyzed using FLIR Tools software (version 6.4) to obtain mean BST values.
Statistical analysis

Statistical analyses, comprising repeated-measures one-way ANOVA and Tukey’s post-hoc test, were performed in
SPSS v26.0 (IBM Corp., USA) following Snedecor and Cochran (1994). Segmented regression was conducted using
SegReg (Oosterbaan 2017) to identify breakpoints and establish the lower and upper critical temperature/THI
thresholds for BSTs. Visualizations, including heat maps and graphs, were created using Graph Pad Prism v8.0.2.

Results
Effect of cold stress on Body surface temperatures of Jamunapari goats

In Jamunapari goats, muzzle temperature decreased significantly at 21°C, while other regions remained stable (p >
0.05). By 18°C, ear temperature also dropped (Table 5, Fig. 4). Further cooling to 9°C caused progressive, highly
significant declines in both the muzzle and ear, with the muzzle showing the maximum overall reduction, whereas

eyeball and perineum temperatures exhibited only modest decreases (p < 0.05) throughout the cold phase.

Table 5 Body surface temperature (Mean+=SEM) of Jamunapari goats in cold stress

Temperature (°C)/ THI Eyeball Muzzle Ear Perineum

24 (THI=74.80) 35.05%+0.29 32.20%+0.28 33.76*+0.29 35.25%£0.24
21 (THI=70.48) 35.012+0.27 32.08+0.29 33.71*+0.39 35.23+£0.21
18 (THI=66.16) 34.81°+0.29 30.00°+£0.33 30.91°+0.19 35.13£0.21
15 (THI=61.91) 34.55%+0.35 24.48%+0.19 25.53°40.18 34.95°+0.17
12 (THI=57.71) 33.96°+0.36 16.66°+0.19 17.03%+0.16 34.38°+0.19
9 (THI=53.42) 32.36%0.44 15.21%:0.33 16.65%+0.31 33.66°+0.34

Means bearing different superscripts @°°4D within the columns vary significantly (p<0.05)

Lower Critical Temperatures and THIs for BSTs in Jamunapari goats

In Jamunapari goats, eyeball, ear, muzzle and perineum exhibited lower critical thresholds at THI 62.19, 68.17, 67.53

and 62.83, with corresponding temperature exposures of 13.65, 20.10, 19.65 and 16.05, respectively (Fig. 10 and 11).
Effect of cold stress on Body surface temperatures of Barbari goats

In Barbari goats, BSTs across all sites remained stable between 24°C and 21°C (p > 0.05) (Table 6, Fig. 5). At 18°C,

significant temperature reductions occurred in the ear and muzzle, while the eyeball and perineum remained
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unchanged. Subsequent cooling to 9°C induced marked, progressive declines in both ear and muzzle temperatures. By

9°C, the eyeball and perineum had exhibited only gradual, modest decreases (p < 0.05), whereas the muzzle recorded

the maximum overall temperature reduction among all measured anatomical sites.

Table 6 Body surface temperature (Mean+SEM) of Barbari goats in cold stress

Temperature(°C)/ THI Eyeball Muzzle Ear Perineum
24 (THI=74.80) 35.052+0.30 32.28%+0.26 33.76°+0.23 35.25%+0.30
21 (THI=70.48) 34.95+0.30 32.18%+0.28 33.75°+0.26 35.20°£0.25
18 (THI=66.16) 35.00°+0.27 30.53+0.35 31.65°+0.30 35.16°£0.31
15 (THI=61.91) 34.83%+0.21 24.60°+0.23 26.45°40.36 35.11°£0.24
12 (THI=57.71) 34.78*+0.24 17.23%+0.15 17.719£0.28 34.71°£0.22
9 (THI=53.42) 33.83%+0.20 16.56°+0.15 17.769£0.32 34.18+0.18

Means bearing different superscripts @40 within the columns vary significantly (p<0.05)

Lower Critical Temperatures and THIs for BSTs in Barbari goats

In Barbari goats, eyeball, ear, muzzle and perineum exhibited lower critical thresholds at THI 58.55, 67.74, 67.53 and

61.97, with corresponding temperature exposures of 12.60, 19.65, 19.65 and 15.45, respectively (Fig. 10 and 11)..
Effect of heat stress on Body surface temperatures of Jamunapari goats

In Jamunapari goats (Table 3, Fig. 6), BSTs remained stable across all sites through 27°C (p > 0.05). At 30°C,
significant elevations occurred in the eyeball, ear and perineum, whereas the muzzle only exhibited a significant
increase at 33°C. Progressive heating to 42°C induced continuous elevations across all sites; however, at this peak

thermal load, the muzzle displayed the most pronounced overall temperature increase.

Table 3 Body surface temperature (Mean+SEM) of Jamunapari goats during heat stress

Temperature (°C)/THI Eye ball Muzzle Ear Perineum

24 (THI=74.80) 35.05%£0.29 32.21°+0.29 33.76°+0.29 35.33%+0.25
27 (THI=77.32) 35.08*£0.28 32.36%+0.24 33.80%+0.33 35.51%+0.24
30 (THI=80.20) 35.31%+0.29 32.56*+0.26 34.10°+0.31 35.88+0.21
33 (THI=83.80) 35.73°¢0.26 33.335+0.32 34.75°¢0.30 36.85£0.18
36 (THI=88.12) 37.709+0.27 35.10°¢0.30 36.219+0.48 37.66%£0.18
39 (THI=91.72) 38.73£0.23 37.159+0.38 37.70°+0.26 38.21°+0.14
42 (THI=95.32) 39.85%0.25 39.10°+0.05 39.381:0.20 39.26£0.20

6

Means bearing different superscripts @°°4D within the columns vary significantly (p<0.05)
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Upper Critical Temperatures and THI for BSTs in Jamunapari goats

The segmented linear regression analysis revealed breakpoints at THI 78.45 and temperature exposure 31.02 for
eyeball, THI 78.45 and temperature exposure 31.38 for ear, THI 78.93 and temperature exposure 31.56 for muzzle

and THI 89.62 and temperature exposure 28.14 for perineum (Fig. 8 and 9).

Effect of heat stress on Body surface temperatures of Barbari goats

In Barbari goats, thermal stability was sustained across ambient temperatures of 24°C to 30°C (p > 0.05), with only
the eyeball displaying a modest, significant increase at 30°C (Table 4, Fig. 7). However, at 33°C there was a significant
temperature elevations across all assessed anatomical sites. These surface temperatures continued to elevate
significantly and consistently through the 36°C and 39°C exposures, culminating at the 42°C threshold. During this

peak heat stress, the muzzle recorded the highest temperature surge relative to the other monitored sites.

Table 4 Body surface temperature (Mean+SEM) of Barbari goats during heat stress

Temperature (°C)/ THI [Eye ball Muzzle Ear Perineum
24 (THI=74.80) 35.05%+0.30 32.28%+0.26  [33.76%+0.23 35.21%+0.28
27 (THI=77.32) 35.18%£0.25 32.23%+0.33 33.88*+0.21 35.2524+0.25
30 (THI=80.20) 35.41°+0.25 32.83%+£0.25 33.91%+0.20  [35.65°+0.20
33 (THI=83.80) 36.38+0.32 34.48+0.41 34.55°+0.37 36.36°+0.17
36 (THI=88.12) 37.519+0.06 36.05%+0.29 35.03°+0.39 37.014£0.09
39 (THI=91.72) 38.26°+0.10 37.66°+0.30 36.364£0.37 37.86°+0.11
42 (THI=95.32) 39.25%0.20 38.63%0.15 38.83°+0.17 38.91+0.16

Means bearing different superscripts @40 within the columns vary significantly (p<0.05)

Upper Critical Temperatures and THI for BSTs in Barbari goats

The segmented linear regression analysis revealed breakpoints at THI 76.79 and temperature exposure 28.86 for

eyeball, THI 85.58 and temperature exposure 34.80 for ear, THI 76.07 and temperature exposure 28.50 for muzzle

and THI 89.62 and temperature exposure 28.86 for perineum (Fig. 8 and 9).

Discussion

Effect of Cold stress on Body Surface Temperatures of Goats

Under cold exposure, marked drop in BST is driven by compensatory peripheral vasoconstriction, which

redirects blood volume away from skin surface toward the visceral core (Al-Tamimi 2007). By peripheral
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vasoconstriction, the animals minimize heat loss, effectively turning the skin tissue into an insulating barrier against
hypothermia (Mota-Rojas et al. 2021b). The two breeds exhibited distinctly different thresholds for these vascular
responses. Jamunapari goats initiated peripheral cooling earlier, with muzzle and eyeball temperatures dropping
significantly at 21°C and 15°C, respectively. In contrast, Barbari goats maintained thermal stability in these regions
much longer, demonstrating significant declines only at 18°C (muzzle) and 9°C (eyeball). Similarly, perineum
temperature decreased earlier in Jamunapari goats, whereas Barbari goats preserved perineum warmth down to 9°C.
Both breeds experienced initial ear temperature reductions at 18°C, followed by a sharp decline between 12°C and
9°C. This localized aural cooling is facilitated by the highly reactive network of the auricular arteries and veins (Violin
et al. 2025). Overall, the magnitude of BST reduction across all anatomical sites was more pronounced in Jamunapari

goats indicating their lower cold thermotolerance compared to the resilient Barbari breed.

Lower critical temperatures (LCT) and THIs for Body surface temperatures

Across both breeds, the cold threshold hierarchy remained consistent: ear, muzzle, perineum and lastly, the
eyeball. The ear responded earliest to cold via rapid peripheral vasoconstriction to prevent core heat loss. This
autonomic response occurred earlier in Jamunapari goats, attributed to their long, highly vascularized ears and large
surface-area-to-mass ratio facilitating major heat loss (Romanovsky 2014). The earlier Jamunapari perineum response
is similarly driven by larger hindquarter mass and sparsely haired structures accelerating local heat exchange.
Conversely, the eyeball exhibited the lowest breakpoints, proving the most cold-tolerant. Supplied heavily by the
internal carotid artery, ocular temperature remains tightly coupled to core thermal status (Mota-Rojas et al. 2021b).
This prolonged stability demonstrates that cranial blood flow is prioritized to protect the brain, even as the extremities
undergo severe cooling (Leon-Medina et al. 2026). Overall, consistently delayed breakpoints in Barbari goats confirm

their superior cold tolerance.

Effect of heat stress on Body surface temperatures (BSTs) of Goats

Skin temperature serves as a highly sensitive, rapid indicator of microclimatic adaptation, rising with
environmental heat as dermal vasodilation redirects core body heat to the skin surface for rapid dissipation (Maria et
al. 2018; Yamani & Koluman 2020; Mota-Rojas et al. 2021b). Consistent with observations across numerous goat

breeds globally, the present study recorded significant elevations in BSTs across all measured sites during heat stress,
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reinforcing BST as a reliable metric for physiological monitoring (Marques et al. 2021; Francis et al. 2024;

Gopikrishnan et al. 2025).

Eyeball temperatures in both breeds raised significantly from 30°C onward. This response is driven by rapid
changes in local blood flow to the eye, making ocular temperature a strong, non-invasive indicator of physiological
stress (Idris et al. 2021; Ghezzi et al. 2024). Muzzle temperature remained stable until rising at 33°C, eventually
reaching the maximum thermal peak at 42°C due to increased respiration which is a primary mechanism dissipating
up to 30% of metabolic heat causing shifts in local blood flow and heart rate variability (Nienaber and Hahn 2007;
Stewart et al. 2017). Breed specific differences were clearly evident as ear and perineum temperatures in Jamunapari
goats escalated at 30°C, Barbari goats displayed delayed elevations, maintaining stability up to 33°C. Overall,
Jamunapari goats experienced higher BSTs than Barbari goats indicating superior heat tolerance of the Barbari breed,
likely attributed to a smaller structural profile which provides a higher surface-area-to-mass ratio to optimize heat
dissipation, aligning recent comparative thermoregulatory studies (Yamin et al. 2022; Syafiqa et al. 2023; Francis et

al. 2024).

Upper critical temperatures (UCT) and THIs for Body surface temperatures

BSTs serve as predictive diagnostic benchmarks for characterizing breed specific thermal tolerance (Jereme
and Romero 2026). Study revealed distinctly divergent patterns of thermoregulatory responses between Jamunapari
and Barbari goats. In Barbari goats, upper critical thresholds for the eyeball and muzzle occurred earlier than in
Jamunapari goats indicating that Barbari goats deploy rapid, highly sensitive cephalic circulatory adjustments to
defend core homeothermy early in a thermal challenge (Idris et al. 2021; Leon-Medina et al. 2026). This superior
resilience is strongly linked to their smaller structural profile, providing a higher surface-area-to-mass ratio that
promotes heat tolerance (Seixas et al. 2017; Mitchell et al. 2018). Conversely, the ear, acts as a critical thermal window
for sensible heat loss (Zhou et al. 2026), exhibited a highly sensitive and contrasting thermal response. Delayed UCT
of ear in Barbari goats compared to Jamunapari demonstrated their ability to withstand higher heat loads before relying
on their ears for maximum heat dissipation. However, both breeds shared an identical THI breakpoint for perineum,
despite slightly different temperature thresholds. This reveals a shared physiological threshold under severe heat stress
(THI > 89). At this extreme, both breeds display a uniform thermoregulatory adjustment, maximizing peripheral blood

flow as a final adaptive strategy to dissipate excess heat.
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Therefore, the study establishes precise body surface temperature breakpoints, revealing a distinct anatomical
hierarchy in the thermoregulatory responses of Indian sub-tropical goats. Specifically, the muzzle emerged as the most
responsive site, exhibiting the maximum temperature elevation and decrease during thermal extremes. While the
eyeball maintained the greatest thermal stability. Barbari goats demonstrated superior thermotolerance and delayed
thermal thresholds compared to the Jamunapari breed under both heat and cold extremes. Amid climate change,
integrating these baseline thermal thresholds into precision livestock farming and breeding programs can significantly

enhance climate-smart management, welfare and productivity in goats
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Fig. 1 Goats in Psychrometric chamber

Fig. 2 Infrared thermography of goats inside Psychrometric chamber

16



394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420

421
422

Fig. 3b Muzzle

Fig. 3¢ Ear Fig. 3d Perineum

Fig. 3 Thermographs for different anatomical sites of goats
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