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ABSTRACT
Climate change and rising ambient temperatures increasingly challenge sheep production systems in arid and semi‐arid 
regions, particularly during the summer breeding season. This study evaluated the effects of heat stress and direct solar 
exposure on physiological responses, metabolic profile, and reproductive performance of Barbarine ewes, a fat‐tailed breed 
adapted to harsh environments. A total of 112 non‐lactating multiparous ewes were allocated to two groups during summer 
mating: an indoor group protected from solar radiation (IDGp; n = 58) and an outdoor group exposed to direct sunlight (ODGp; 
n = 54). Both groups experienced severe to extreme heat stress for more than 65% of the experimental period. Sun exposure 
significantly increased rectal temperature (+0.2 to +0.6°C), respiratory rate (up to 130 vs 61 breaths/min), and heart rate (up to 
95 vs 87 beats/min) in outdoor ewes (ODGp) compared to indoor ewes (IDGp), indicating a higher physiological heat load in 
sun‐exposed animals. The temperature–humidity index (THI) remained comparable between groups (≈24.7), suggesting 
comparable THI values. Metabolic responses were characterized by increased plasma concentrations of triglycerides (+36%), 
total proteins (+7.5%), urea (+13%), creatinine (+34%), and potassium (+5%), along with a decrease in cholesterol levels (−15%) 
in ODGp compared to IDGp. Despite these physiological and metabolic adjustments, body condition score and live weight were 
maintained in both groups. Reproductive performance was not affected by solar exposure, with estrus occurrence exceeding 
94%, an ovulation rate of 1.17, and no significant differences in fertility (79.3% vs 77.8%), prolificacy, or fecundity between 
groups. These findings indicate that, although direct solar radiation increases physiological strain, it does not impair repro
ductive function under comparable ambient thermal conditions. Barbarine ewes thus exhibit strong functional resilience to heat 
stress, highlighting their suitability for extensive production systems in hot and dry environments.

1 | Introduction 

Sheep husbandry plays a crucial role in sustaining the liveli
hoods of large populations, especially in hot, arid, and semi‐ 
arid climates (Sejian et al. 2017). Climate change has signifi
cantly impacted sheep production, particularly in extensively 
managed systems, where sheep are raised outdoors and are 

directly exposed to environmental stressors such as tempera
ture, relative humidity, and solar radiation (Feleke et al. 2016; 
Rojas‐Downing et al. 2017; Castillo et al. 2021; Mohamed‐ 
Brahmi et al. 2024). These factors often result in heat stress 
(HS), which can have both direct and indirect effects on live
stock productivity (Al‐Dawood 2016; Sejian et al. 2019; Castillo 
et al. 2021).
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Despite these challenges, indigenous sheep breeds from hot, arid, 
and semi‐arid regions tend to be more resilient to climatic vari
ations, adapting better to harsh environmental conditions and 
resource scarcity (Sejian et al. 2017; De Barbieri et al. 2023). 
However, the extent to which these breeds can withstand rapid 
temperature increases, reduced precipitation, and more frequent 
extreme weather events remains uncertain (Kumar et al. 2017).

When exposed to HS, sheep employ thermoregulatory mecha
nisms such as increased respiration and blood flow 
redistribution toward the periphery to dissipate excess body 
heat and regulate their core temperature (Macías‐Cruz 
et al. 2018; Sejian et al. 2018). However, when these mecha
nisms fail to adequately disperse the heat load, rectal temper
atures rise, leading to a cascade of physiological changes. One of 
the primary consequences of HS in sheep is a reduction in feed 
intake, along with increased water consumption and disrup
tions in hormonal secretions and reproductive functions (Marai 
et al. 2008; Rathwa et al. 2017; Tüfekci 2023; Ben Moula 
et al. 2024). The reproductive efficiency of ewes may be com
promised, with adverse effects on mating behavior, fertility, 
embryo development, and increased embryonic and perinatal 
lamb mortality (van Wettere et al. 2021; Robertson and 
Friend 2022; Ngcobo et al. 2025).

In Tunisia, sheep are a key component of the agricultural 
economy, with around 6.5 million animals contributing signif
icantly to the livelihoods of farmers (FAO 2022). The Barbarine, 
a native fat‐tailed breed, accounts for nearly 50% of the sheep 
population (OEP 2020). Despite its prominence, Barbarine 
sheep are raised under diverse extensive and agro‐pastoral 
systems, often relying on low‐input management practices 
under harsh environmental conditions (Ibidhi et al. 2018; 
Mohamed‐Brahmi et al. 2024).

Research shows that the Barbarine breed has developed 
mechanisms to cope with harsh environmental conditions (Atti 
et al. 2004; Rekik et al. 2005; Lassoued et al. 2008; Ben Salem 
et al. 2011; Mleil et al. 2011). However, while these adaptations 
help ensure survival, they may come at the cost of reproductive 
performance. Many flocks are managed with summer mating 
practices, as the sexual season for local breeds typically begins 
in late July, aligning with a decreasing photoperiod 
(Khaldi 1984; Lassoued and Khaldi 1995). This period also co
incides with the peak summer temperatures, which begin to 
rise in March, peak in July, and remain high until September.

In Tunisia, climate projections indicate a temperature rise of 
0.7°C to 2.6°C and a decrease in precipitation of 4.1% to 6.7% by 
2050 (USAID 2018). As climate change is expected to increase 
the duration and intensity of the warm period, these environ
mental stressors may have a greater impact on the reproductive 
performance of Barbarine ewes.

While the effects of heat stress on sheep physiology and 
reproduction are well documented, the specific contribution of 
direct solar radiation under comparable thermal load conditions 
remains poorly characterized. In extensive systems, animals are 
simultaneously exposed to high ambient temperatures and 
intense solar radiation, yet their combined effects are rarely 
distinguished. This gap limits our understanding of whether 
solar exposure exacerbates physiological stress to a level that 
may compromise reproductive performance.

Therefore, this study aimed to evaluate the impact of direct 
solar exposure on physiological responses, metabolic profile, 
and reproductive performance in Barbarine ewes under sum
mer heat stress conditions by comparing indoor and outdoor 
management systems.

2 | Material and Methods 

2.1 | Study Site and Climatic Conditions 

This study was conducted at the Experimental Unit of the Institut 
National de la Recherche Agronomique de Tunisie, located at Bou 
Rébiâa (latitude 36°38′ N and longitude 10°17′E). The climate is of 
Mediterranean type, characterized by irregular rainfall and a long 
dry season. The highest and the lowest temperatures recorded 
during summer and winter seasons are 35.6°C and 4.4°C, respec
tively, and the annual average rainfall is 440 mm.

Environmental conditions, including ambient temperature 
(T) and relative humidity (RH), were monitored throughout 
the experimental period. Temperature was recorded both inside 
and outside the sheepfold using digital max–min thermometers. 
Relative humidity was measured inside the sheepfold using a 
digital hygrometer, while outdoor values were obtained from 
available climatic databases of the National Institute of Mete
orology (INM), Tunis, Tunisia.

All measuring devices were placed inside protective white 
plastic shields and positioned at approximately 1 m above 
ground level to avoid direct animal interference.

The temperature–humidity index (THI) was calculated to assess the 
level of heat stress using the equation proposed by Marai et al. 2007: 
THI = T − (0.31 − 0.31 × RH) × (T − 14.4), where T is the ambient 
temperature (°C) and RH is the relative humidity (%).

Climatic conditions recorded during 44 days of experimental peri
ods for indoor and outdoor groups are presented in Table 1 and 
Figure 1. The temperature average was 28.8 ± 3.98°C and 
27.6 ± 4.29°C, respectively, for INGp and ODGp (Table 1). The 
average minimum temperature in IDGp was 19.4°C and the max
imum 35.5°C; in ODGp, the minimum was 17.9°C and the maxi
mum 39.9°C (Figure 1). RH and THI averages for IDGp were 33.9% 
and 24.8 units, respectively. Figures for ODGp were 62.1% and 24.8 
units, respectively, for RH and THI (Table 1 and Figure 1).

2.2 | Animals and Management 

The experiment was performed from July 24 to September 15. 
After this date, a follow‐up of the pregnant ewes and lambing 

Summary 
Barbarine ewes demonstrate strong resilience to summer 
heat stress, supporting their suitability for extensive 
systems in hot and dry climates.  
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was carried out. A total of 112 non‐lactating multiparous adult 
ewes of the Barbarine fat tail breed were selected for the ex
periment. Animals were allocated to two groups balanced for 
LW and age. The first group (IDGp) was housed in a 
sheepfold with a built roof and walls and a solid floor with 
straw as bedding material, and with natural ventilation. 
Animals were maintained indoors at prevailing ambient 
temperatures and away from the sun (n = 58; LW = 43.5 ± 
5.9 kg; age = 4.1 ± 1.8). The second group (ODGp) was 
placed outdoors in a large, fenced area and exposed directly 
to solar radiation (n = 54; LW = 43 ± 5.4 kg; age = 4.1 ± 1.9). 

After allocation to each group, rams (previously separated 
from ewes for a period of 1 month), were put in contact with 
the females on July 24.

Animals in both groups were managed under similar feeding 
conditions throughout the experimental period. All ewes were 
fed 0.8 kg/day of oat hay and 0.5 kg/day of barley, which cov
ered the maintenance requirements of mature ewes according 
to Jarrige (1988) feeding standards. Oat hay was offered twice 
daily, in the morning (08:00 h) and in the afternoon (17:00 h), 
while barley was provided as a single meal in the morning 

TABLE 1 | Climatic conditions recorded during the experimental period in indoor (IDGp) and outdoor (ODGp) groups of Barbarine ewes.

Item Average (±SE) Maximum Minimum

Indoor group (IDGp)
Temperature (°C) 28.8 ± 3.98 35.5 19.6
Relative humidity (%) 33.9 ± 10.40 59.6 14.1
Temperature‐humidity index (units) 24.8 ± 2.61 32.7 17.5

Outdoor group (ODGp)
Temperature (°C) 27.6 ± 4.29 39.9 17.6
Relative humidity (%) 62.1 ± 3.60 69 57
Temperature–humidity index (units) 24.6 ± 2.11 28.4 18.7

Abbreviation: SE, standard error.

FIGURE 1 | Daily variation of ambient temperature (A) and temperature–humidity index (THI) (B) during the experimental period in indoor 
(IDGp) and outdoor (ODGp) groups of Barbarine ewes. 
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(09:00 h). Fresh water was available ad libitum throughout the 
experimental period.

Feed intake was not individually measured. However, both 
groups received the same diet under the same feeding schedule, 
and no intentional differences in feeding management were 
introduced between groups. In addition, outdoor ewes were 
maintained in a large, fenced area without access to grazing, 
ensuring that feed intake originated exclusively from the pro
vided ration. This management approach was implemented to 
minimize variability in feed intake between groups and to en
sure that any observed differences were primarily attributable to 
housing conditions rather than nutritional factors.

2.3 | Treatments and Measurements 

2.3.1 | Physiological Parameters 

Rectal temperature (RT) was recorded weekly at 12.00 h each 
time with a digital thermometer introduced rectally for a minute. 
Respiratory rate (RR) and heart rate (HR) were recorded three 
times during the experiment (Days 3, 15, and 34) on a subset of 
25 ewes per group, randomly selected from the experimental 
population. This sampling strategy was adopted due to the labor‐ 
intensive and time‐consuming nature of these measurements, as 
well as to limit animal handling stress. The selected animals were 
considered representative of their respective groups in terms of 
age, physiological status, and body condition.

RR was recorded by observing the flank movements of the ewes 
for 1 min. HR was measured using a stethoscope placed over the 
heart area, and the number of beats per minute was recorded. All 
measurements were performed at 13:00 h in each group.

LW was determined every 2 weeks using a scale with a preci
sion of 0.1 kg. Body Condition Score (BCS) was simultaneously 
measured using the scale (1–5) proposed by Russel et al. 1969
for dorsal BCS and the scale proposed by Atti (1991) for 
caudal BCS.

2.4 | Blood Sampling and Metabolic Parameters 
Analysis 

Blood samples were individually collected from the jugular vein 
every week in the morning before watering and feeding, to 
determine plasma concentrations of glucose (GLU), urea, cre
atinine (CRE), total protein (TP), cholesterol (CHOL), tri
glyceride (TRI), sodium (Na), potassium (K), calcium (Ca), and 
phosphorus (Pho). Blood samples were collected in 10‐mL 
vacuum tubes and centrifuged for 15 min at 3500 rpm. After 
blood plasma recovery, metabolites and electrolytes were 
determined using electrolyte analyzer Genuis (Model GE200B; 
N.C: 300401101712; Genuis, MA, USA).

For thyroxine (T4) assessment, blood was taken on two periods 
at day 6 and day 38 of the experiment. Each time blood was 
collected from 10 ewes in each group every 4 h for 24 h (2 p.m., 
6 p.m., 10 p.m., 02 a.m., 06 a.m., and 10 a.m.). Samples were 
centrifuged at 3500 × g for 15 min to separate the plasma, which 
was deposited and stored in 1.8‐mL vials by duplicate at −20°C 

until thyroxine analysis. The plasma thyroxine was performed 
through a radioimmunoassay (Immunotech, Beckman Coulter, 
Brea, California, USA) according to the manufacturer's 
instructions. The technique had a sensitivity of 2.34 pM/L. The 
coefficients of variation were below or equal to 10.29% and 
below or equal to 7.58%, respectively, for intra‐ and inter‐assay.

2.5 | Reproductive Parameters 

The estrous behavior in ewes was determined using rams fitted 
with an apron, while ovulation was determined by endoscopy as 
indicated by Thimonier et al. (1969). The heat control was done 
throughout the day. Once detected in estrus, the ewe was pre
sented to the ram for breeding. At parturition, lambing date and 
number of lambs born were recorded individually for each ewe. 
Response to estrus (percentage of ewes in estrus), length of 
estrus cycle (time interval between an estrous and the subse
quent estrous), ovulation rate (number of CL per number of 
ewes in estrus), fertility (percentage of ewes lambed from ewes 
mated), prolificacy (percentage of lambs born from ewes lam
bed), fecundity (percentage of lambs born from ewes mated), 
abortion rate (percentage of ewes aborting from ewes mated) 
were determined from collected information.

2.6 | Statistical Analysis 

Live weight, dorsal and caudal BCS, RT, RR, HR, metabolites 
(glucose, urea, creatinine, total protein, cholesterol, triglyceride, 
sodium, potassium, calcium, and phosphorus), length of estrous 
cycle, and ovulation rate were analyzed by analysis of variance 
of SAS (ANOVA), considering sun exposure or housing indoors 
as the treatment. Mean comparisons were performed with the 
option PDIFF when significant differences were detected at 
α = 0.05 (SAS Institute Inc 2017). Plasma thyroxine concentra
tions were analyzed with the same design but using repeated 
measures over time; the model included effects of sun exposure, 
time (hours of the sampling), and the interaction between those 
main factors. All results were expressed as least‐squares means 
(LS means) ± SEM (Standard Error of Mean), and statistical 
significance was set at p < 0.05.

Variables expressed in percentages (distribution of temperature– 
humidity index (THI) classes in both groups, occurrence of heat 
stress classes, ewes ovulating, ewes in estrus, fertility, prolificacy, 
fecundity, and abortion) were analyzed with the chi‐square test. 
Statistical significance was set at p < 0.05.

3 | Results 

3.1 | Climatic Conditions 

Chi‐square (χ2) analysis revealed no significant difference 
between the two groups in the distribution of temperature– 
humidity index (THI) classes between indoor (IDGp) and out
door (ODGp) groups (p > 0.05; Figure 2). According to the 
classification of Marai et al. (2007), in both groups, most of the 
experimental period was characterized by severe to extremely 
severe heat stress conditions, accounting for 68% and 73% of the 
total number of days in IDGp and ODGp, respectively.
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3.2 | Live Weight and Body Condition Score 

Live weight showed moderate variations over time in both 
groups (Figure 3B). Although some differences were observed at 
specific time points, no consistent effect of housing conditions 
was detected throughout the experimental period. Overall, LW 
increased slightly in both groups from the beginning to the end 
of the experiment, reaching 50.33 kg and 50.78 kg in IDGp and 
ODGp, respectively.

Similarly, body condition score (BCS), both dorsal and caudal, 
remained relatively stable over time in both groups (Figure 3A). 
No clear effect of sun exposure was observed, except for a 
slightly higher caudal BCS in outdoor ewes at days 15 and 30.

3.3 | Physiological Parameters 

RT was higher in the ODGp than in the IDGp for the mea
surements of week 1, 2, and 5 (P < 0.05, Table 2). On average, 
ewes had 0.6°C, 0.2°C, and 0.2°C higher rectal temperatures in 
ODGp, respectively, in weeks 1, 2, and 5. Mean weekly RR were 
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FIGURE 2 | Percentage distribution of days (%) within each 
temperature–humidity index (THI) class over the entire experimental 
period in indoor (IDGp) and outdoor (ODGp) groups of Barbarine ewes. 
THI classes were defined according to Marai et al. (2007). 

FIGURE 3 | Changes body condition score (BCS) (A) and live weight (kg) (B) of Barbarine ewes in indoor (IDGp) and outdoor (ODGp) groups 
during the experimental period. Values are expressed as LS means ± SEM. * p < 0.05; *** p < 0.001. 
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significantly higher (P < 0.05) in ODGp than IDGp (Table 2). 
The extent of variation was from a minimal value of 38.7°C for 
both groups to a maximum value of 40.0°C and 40.9°C, 
respectively, for IDGp and ODGp.

As for RR, values varied from 44 ± 3 to 61 ± 2 breath/min and from 
70 ± 3 to 130 ± 2.5 breath/min, respectively for IDGp and ODGp 
(Table 2). Ewe exposed to sun showed higher HR than those 
housed indoor (p < 0.05, Table 2). Recorded values ranged from 
77 ± 2 to 87 ± 1 beats/min and from 90 ± 2 to 95 ± 2 beats/min, 
respectively for IDGp and ODGp.

3.4 | Blood Metabolic Parameters 

Statistical analysis showed significant metabolic changes char
acterized by increased values of TRI, TP, CRE, urea, and K in 
the ODGp in comparison to the IDGp. CHOL was lower in 
ODGp compared to IDGp. Blood metabolic concentrations are 
reported in Table 3.

Results of thyroxin levels during two sampling periods (i) end of 
July, i.e., day 6 to day 7 of the experiment, and (ii) end of 
August, i.e., day 37 to day 38 of the experiment are presented in 

Figure 4. No significant effect of housing (indoor vs outdoor) 
was observed on plasma thyroxine concentrations. Mean 
plasma thyroxine (T4) concentration was 15.33 ± 2.69 pmol/L in 
sun‐exposed ewes and 15.35 ± 2.67 pmol/L in indoor‐ 
housed ewes.

Regardless of housing conditions, a significant effect of sam
pling time on plasma T4 concentrations was observed during 
the August sampling period (p < 0.01), with values ranging 
from 14.95 ± 2.59 pM/L in the afternoon (02:00 p.m.) to 
17.83 ± 2.50 pM/L at night (10:00 p.m.), indicating a clear 
diurnal variation.

3.5 | Reproductive Parameters 

As presented in Table 4, non‐significant differences were 
observed between IDGp and ODGp regarding the occurrence of 
estrus, ovulation rate, fertility prolificacy, fecundity, and abor
tion percentage. Fifty‐five ewes out of 58 and 51 out of 54 ewes 
presented estrus signs, respectively in IDGp and ODGp.

Reproductive parameters were not affected by sun exposure 
(p > 0.05). Corresponding values for fertility, prolificacy, and 
fecundity were 79.3%, 104.3, and 82.7 for IDGp, and 77.8%, 
109.5, and 85.18 in ODGp (Table 4).

Assessment of potential reproductive loss based on the total 
number of lambs born and total number of corpora lutea 
observed by endoscopy was 33.4 and 35.2% for INGp and ODGp, 
respectively. If we take into consideration females having 
aborted, the real fertility rate reached 86.2% and 83.3% respec
tively in IDGp and ODGp (Table 4). The proportion of ewes that 
failed to conceive at the end of the mating period was 13.8% and 
16.7% for INGp and ODGp, respectively.

4 | Discussion 

4.1 | Climatic Conditions 

During summer, climatic conditions recorded in the present 
study clearly reflected heat stress (HS), as average temperatures 
in IDGp and ODGp (27.6°C and 28.8°C, respectively) exceeded 
the upper limit of the thermoneutral zone generally reported for 
sheep, although this threshold may vary depending on breed 
and environmental conditions (Marai et al. 2007; Sejian 
et al. 2018). During the experimental period, ewes in IDGp 
experienced 25 days of heat stress out of 44, compared to 
33 days in ODGp.

The temperature–humidity index (THI) further confirmed these 
conditions, with mean values (24.8 ± 2.60 in ODGp and 
24.6 ± 2.11 in IDGp) corresponding to severe heat stress (Marai 
et al. 2007). In addition, the frequency of THI classes did not 
differ significantly between indoor and outdoor groups, sug
gesting that indoor housing may have provided only limited 
mitigation of the ambient thermal load.

These findings indicate that natural ventilation alone was 
insufficient to reduce heat load within the sheepfold under hot 
environmental conditions. Warm outdoor air entering the 

TABLE 2 | Weekly physiological parameters (rectal temperature, 
respiratory rate, and heart rate) were measured in indoor (IDGp) and 
outdoor (ODGp) groups of Barbarine ewes during the experimental 
period.

Physiological 
parameters IDGp ODGp P‐value

Temperature (°C)
Week 1 39.2 ± 0.04 39.8 ± 0.04 0.0001
Week 2 39.2 ± 0.04 39.4 ± 0.05 0.0003
Week 3 39.4 ± 0.03 39.4 ± 0.03 0.9581
Week 4 39.3 ± 0.03 39.3 ± 0.03 0.8988
Week 5 39.6 ± 0.04 39.8 ± 0.04 0.0277
Week 6 39.3 ± 0.03 39.3 ± 0.03 0.9129
Number of 
observations

58 54

Respiratory rate (breaths/min)
Week 1 44 ± 2.5 70 ± 2.6 0.0001
Week 2 53 ± 4.2 100 ± 4.4 0.0001
Week 3 61 ± 2.4 130 ± 2.5 0.0001
Number of 
observations

25 25

Heart rate (beats/min)
Week 1 77 ± 2.03 90 ± 2.12 0.0001
Week 2 86 ± 2.44 93 ± 2.54 0.039
Week 3 87 ± 1.14 95 ± 1.18 0.0001
Number of 
observations

25 25

Note: Values are expressed as lsmean ± SEM. 
Differences were considered significant at p < 0.05. 
Abbreviations: IDGp, indoor group; ODGp, outdoor group.
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TABLE 3 | Blood metabolite concentrations (LS mean ± SEM) in outdoor (ODGp) and indoor (IDGp) groups of Barbarine ewes during the 
experimental period.

Parameters
LS means±SEM

P‐ValueODGp IDGp

Glucose (mmol/L) 3.08 ± 0.04 3.03 ± 0.04 0.400
Cholesterol (mmol/L) 1.84 ± 0.04 2.17 ± 0.04 0.040
Triglycerides (mmol/L) 0.34 ± 0.01 0.25 ± 0.01 0.010
Total proteins (g/L) 77.08 ± 0.83 71.70 ± 0.81 0.008
Creatinine (µmol/L) 71.6 ± 2.94 53.50 ± 2.87 0.008
Urea (mmol/L) 3.87 ± 0.07 3.43 ± 0.07 0.007
Na+ (mmol/L) 141.53 ± 0.46 141.90 ± 0.44 0.457
K+ (mmol/L) 4.30 ± 0.04 4.08 ± 0.04 0.015
Ca++ (mmol/L) 1.78 ± 0.05 1.77 ± 0.05 0.115
Phosphorus (mmol/L) 1.46 ± 0.03 1.46 ± 0.03 0.362

Note: Values are expressed as lsmean ± SEM (standard error of the mean). Differences were considered significant at p < 0.05. 
Abbreviations: IDGp, indoor group; ODGp, outdoor group.

FIGURE 4 | Plasma thyroxine (T4) concentration (pM/L) measured 
over a 24‐h period in indoor (IDGp) and outdoor (ODGp) groups of 
Barbarine ewes at (A) 6–7 days and (B) 37–38 days after ram intro
duction. Values are expressed as LS mean ± SEM. 

building may limit the cooling capacity of naturally ventilated 
systems (Papanastasiou et al. 2018).

Improving thermal conditions in such systems may require 
additional management strategies, including enhanced venti
lation, insulation, and shading, as well as appropriate 

nutritional adjustments to support animal resilience under heat 
stress (Papanastasiou et al. 2014; Todaro et al. 2015).

4.2 | Live Weight and Body Condition Score 

Despite exposure to severe summer heat stress, Barbarine ewes 
maintained overall body condition and live weight throughout 
the experimental period. Although transient differences in live 
weight were observed between groups, no consistent effect of 
housing conditions was detected. Both indoor and outdoor ewes 
exhibited a gradual increase in live weight, indicating that heat 
stress did not lead to net body weight loss.

Body condition score (BCS) remained relatively stable 
throughout the experimental period. Although some differences 
were observed at specific time points, particularly for caudal 
BCS during the early phase of the experiment, these differences 
were not maintained over time. As BCS is closely related to 
body energy reserves (Atti et al. 2004; Rekik et al. 2005; Ben 
Salem et al. 2011; Moradi et al. 2012), its stability suggests that 
animals were able to preserve their energy balance despite 
prolonged exposure to high temperatures. Similar responses 
have been reported in other sheep breeds under heat stress 
conditions (Marai et al. 2007; Chay‐Canul et al. 2011).

The fluctuations observed in live weight likely reflect short‐term 
adjustments in feed intake, digestibility, and metabolic activity 
rather than a direct effect of sun exposure (Marai et al. 2007; 
Arero and Ozmen 2025).

The ability of Barbarine ewes to preserve both live weight and 
body condition under such conditions highlights their adaptive 
capacity. Morphological and physiological traits, including fat‐ 
tail deposition and the capacity to store body reserves, may 
contribute to maintaining energy balance during periods of 
environmental stress (Atti et al. 2004; Pourlis 2011; Chedid 
et al. 2014). These adaptive mechanisms are characteristic of 
fat‐tailed breeds and contribute to their resilience in arid and 
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semi‐arid environments (Chay‐Canul et al. 2011; Moradi 
et al. 2012).

Although animals were managed under similar feeding condi
tions and outdoor ewes had no access to grazing, individual feed 
intake was not measured. Therefore, potential variations in 
intake between animals cannot be excluded.

4.3 | Physiological Parameters 

Although thermal conditions were not experimentally controlled, 
the similar THI values observed between indoor and outdoor 
groups suggest that animals were exposed to comparable overall 
heat load. In this context, the differences observed in physio
logical responses may be partly attributed to the additional effect 
of direct solar radiation. Accordingly, exposure to heat stress in 
the present study was associated with increases in rectal tem
perature, respiratory rate, and heart rate, which are recognized as 
key physiological indicators of thermoregulatory response in 
sheep (Marai et al. 2007; McManus et al. 2009; Al‐Dawood 2016). 
Such responses are commonly reported under heat stress con
ditions, with respiratory rate potentially increasing two‐ to five‐ 
fold and heart rate by 20% to 50% (Silanikove 2000; Marai 
et al. 2007; Alhidary et al. 2012). These changes reflect an 
increased metabolic heat load and activation of heat dissipation 
mechanisms, including panting and peripheral vasodilation 
(McManus et al. 2020; Santos et al. 2021; Vieira et al. 2021).

Rectal temperature values remained within the upper physio
logical range reported for sheep (38.3–39.9°C; Kadzere et al. 
2002; Reece and Rowe 2017). Rectal temperature differed 
between groups at specific time points, with significantly higher 
values consistently observed in outdoor ewes during the 
first, second, and fifth weeks. These variations suggest dynamic 
thermoregulatory responses over time rather than a constant 
effect of housing conditions, reflecting the variable nature of 
physiological adaptation to heat stress (Sejian et al. 2018; 
Bernabucci et al. 2010).

Respiratory rate increased markedly in outdoor ewes compared 
to indoor ewes, reflecting a primary thermoregulatory response 
to heat stress. Increased respiration enhances evaporative heat 
loss and is considered one of the most effective mechanisms for 
dissipating excess body heat in small ruminants (Silanikove 
2000; Santos et al. 2021; Vieira et al. 2021; Arero and 
Ozmen 2025). Heart rate was also higher in sun‐exposed ewes, 
likely reflecting increased peripheral blood flow to facilitate 
heat dissipation (Al‐Dawood 2016; McManus et al. 2020).

Overall, the magnitude of these responses suggests that Bar
barine ewes effectively activate thermoregulatory mechanisms 
under heat stress, as evidenced by increased respiratory and 
cardiovascular activity in outdoor compared to indoor animals. 
This supports their known adaptive capacity to arid and semi‐ 
arid environments, particularly in fat‐tailed breeds (Ben Salem 
et al. 2011; Rekik et al. 2005; McManus et al. 2009; Renaudeau 
et al. 2012).

4.4 | Blood Metabolic Parameters 

Heat stress is associated with alterations in metabolic pathways 
and physiological adaptations (Yuan et al. 2025). Under HS 
conditions, reduced feed intake and a shift in energy metabo
lism are commonly reported, leading to modifications in protein 
and nitrogen metabolism (Baumgard and Rhoads 2013; Sejian 
et al. 2018).

In the present study, the ODGp exhibited higher levels of tri
glycerides, total protein, creatinine, urea, and potassium com
pared to the IDGp. These changes can be interpreted as part of 
an integrated physiological response to heat stress, involving 
adjustments in protein, lipid, and electrolyte metabolism aimed 
at maintaining homeostasis (Silanikove 2000; Sejian et al. 2018). 
Although body weight and body condition score remained sta
ble, indicating no major negative energy balance, the observed 
metabolic changes suggest a reorganization of nutrient utiliza
tion rather than a substantial mobilization of body reserves.

TABLE 4 | Reproductive performance parameters in indoor (IDGp) and outdoor (ODGp) groups of Barbarine ewes.

Parameters IDGp ODGp P‐value

Ewes in estrus* (%) 94.8 (55/58) 94.4 (51/54) 0.900
Ewes with one estrus (%) 78.2 (43/55) 80.4 (41/51) 0.450
Ewes with two estrus (%) 21.8 (12/55) 19.6 (10/51) 0.450
Length of the estrus cycle (days, ±SEM) 18.37 ± 2.39 17.87 ± 2.64 0.700
Ewes ovulating (%) 96.15 (54/55) 100 (51/51) 0.900
Single ovulation (%) 83.3 (45/54) 80.4 (41/51) 0.250
Double ovulation (%) 16.6 (9/54) 19.6 (10/51) 0.250
Ovulation rate 1.16 1.19 0.600
Fertility (%) 79.3 (46/58) 77.8 (42/54) 0.100
Prolificacy (%) 104.3 (48/46) 109.5 (46/42) NS
Fecundity (%) 82.7 (48/58) 85.18 (46/54) NS
Abortion (%) 6.9 (4/58) 5.55 (3/54) NS

Note: P‐values indicate differences between groups. Differences were considered significant at p < 0.05. 
Abbreviations: IDGp, indoor group; ODGp, outdoor group; SEM, standard error of mean. 
*Estrus behavior was monitored for up to 24 days after ram introduction.
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Increases in TP and urea have been associated with enhanced 
protein turnover and altered nitrogen balance, partly driven by 
increased maintenance energy requirements (Mehaba 
et al. 2019). The increase in triglyceride levels may reflect al
terations in lipid metabolism, possibly related to changes in 
energy utilization (Čukić et al. 2023). In addition to this 
increase in triglycerides, plasma cholesterol levels were signif
icantly reduced in sun‐exposed ewes, suggesting a differential 
regulation of lipid metabolism, possibly involving alterations in 
hepatic lipid metabolism or increased utilization for cellular 
functions and steroidogenesis (Silanikove 2000; Sejian 
et al. 2018; Čukić et al. 2023).

Elevated creatinine (CR) levels may reflect alterations in muscle 
metabolism and renal function, as well as potential hemo
concentration effects, although hydration status was not 
directly assessed in this study (Hamzaoui et al. 2013; Baumgard 
and Rhoads 2013; Čukić et al. 2023).

Although reduced feed intake is commonly reported under heat 
stress conditions, it was not measured in this study and there
fore cannot be confirmed, but it may have contributed to the 
observed metabolic adjustments.

Plasma T4 levels are influenced by environmental conditions, 
nutrition, and physiological status. Previous studies have shown 
that thyroid activity is generally reduced under heat stress, 
indicating an adaptive reduction in metabolic rate and heat 
production (Todini 2007; Indu et al. 2015), which contributes to 
limiting endogenous heat production (Omidi et al. 2015; 
Rodrigues et al. 2023).

However, no significant differences in T4 concentrations were 
observed between indoor and outdoor ewes, despite differences 
in sun exposure. This suggests that both groups exhibited 
comparable endocrine adaptation to thermal stress. Similar 
findings have been reported in indigenous goat breeds, where 
no significant changes in T4 levels were observed under com
parable thermal conditions (Prathap et al. 2017).

4.5 | Reproductive Performance 

The present study revealed that fertility rates (79.3% and 77.8% 
for ewes housed indoors and those exposed to direct solar 
radiation, respectively) obtained after mating under summer 
heat stress were lower than typical fertility rates observed 
during spring mating for the same breed (Khaldi and 
Farid 1981; Abdennebi 1990; Brahmi et al. 2011). This reduction 
in fertility is consistent with previous findings indicating that 
heat stress during the mating period can impair fertilization, 
embryo survival, and overall pregnancy rates (González‐Bulnes 
et al. 2011). Similar reductions in fertility during hot seasons 
have been reported in various sheep breeds, with values around 
74% observed in Pelibuey ewes under tropical conditions 
(Fuentes and Chemineau 1989). In Merino flocks, each ad
ditional day with temperatures exceeding 32°C has been asso
ciated with a decrease in fertility of approximately 3.5%, 
highlighting the cumulative impact of prolonged heat exposure 
on reproductive performance (Kleemann and Walker 2005). 
However, the magnitude of these effects may vary depending on 

breed and adaptive capacity (Sejian et al. 2018; Berihulay 
et al. 2019; McManus et al. 2020).

Several studies in sheep and cattle have shown that heat stress can 
reduce both the incidence and duration of estrus (Rensis and 
Scaramuzzi 2003; Naqvi et al. 2004; Bernabucci et al. 2010; Sejian 
et al. 2012), although these effects depend on the timing, duration, 
and intensity of thermal stress. In contrast, Barbarine ewes in the 
present study maintained high estrus and ovulation rates (over 
90%) and exhibited stable estrous cycle lengths in both indoor 
(IDGp) and outdoor (ODGp) groups. These results indicate no 
significant effect of direct solar exposure on estrus expression or 
cycle characteristics. In addition, the use of the ram effect proved 
highly effective, with more than 85% of females displaying estrus 
behavior within the first 20 days following ram introduction 
(Hawken and Martin 2012), which may have contributed to sus
taining reproductive activity under heat stress conditions.

In agreement with our findings, (Macías‐Cruz et al. 2016) re
ported similar estrus and ovulation rates between summer (heat 
stress conditions) and autumn (thermoneutral conditions) in 
Pelibuey ewes. Comparable observations have also been re
ported in other heat‐tolerant breeds, such as Malpura ewes, in 
which estrous cycle length remained unaffected under heat 
stress (Sejian et al. 2012). also reported stable progesterone 
levels in Pelibuey ewes under thermal stress, supporting the 
idea of endocrine stability in adapted breeds.

These findings suggest that, although heat stress may impair 
fertility outcomes, key reproductive processes such as estrus 
expression and ovulation can be maintained in locally adapted 
breeds. Importantly, the present results extend this under
standing by showing that such resilience is preserved even 
under direct solar radiation, highlighting the ability of Barbar
ine ewes to maintain reproductive function under combined 
thermal and radiative stress conditions.

5 | Conclusion 

This study shows that, although summer heat stress induces 
marked physiological and metabolic adjustments in Barbarine 
ewes, reproductive performance remains largely unaffected, even 
under direct solar exposure. These findings highlight the strong 
adaptive capacity of this breed and its suitability for extensive 
production systems in hot environments. The dissociation observed 
between physiological stress responses and reproductive function 
suggests that key reproductive processes are preserved despite 
increased thermal load. In addition, the results provide new in
sights into the specific contribution of solar radiation under com
parable ambient thermal conditions. From a practical perspective, 
strategies aimed at reducing heat load may further improve animal 
welfare without compromising reproductive efficiency.
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