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A B S T R A C T 

Small ruminants are raised outdoors in the southeast US irrespective of seasons and associated weather 
conditions. Severe weather in winter can affect the performance of pregnant animals and compromise their 
health. Keeping animals indoors may provide comfort and minimize the adverse weather impact; however, 
such potential has not been assessed. This study tested the hypothesis that the performance and health status 
of pregnant ewes would improve when raised indoor versus outdoor during winter. The objective of this 
study was to evaluate the performance and health status of pregnant ewes when raised indoor versus outdoor 
during winter. Eighteen pregnant Katahdin-St. Croix cross ewes were divided into indoor and outdoor 
groups and fed corn-soybean mix (3:2) (0.8% of live weight) and ad libitum hay. Temperature and relative 
humidity were measured, and temperature-humidity index (THI) was calculated for both sites. Animal 
performance data (live weight, body condition score (BCS), and FAMACHA score) and fecal samples were 
collected on Day 1, weekly during the study, and at the end of the study. Blood samples were collected on 
Days 1, 34, and 69, and analyzed for hematological, biochemical, and immunological parameters. Indoor 
temperature was higher (7%, p<0.01), humidity was lower (8%, p<0.05), and THI was higher (5%, p<0.05) 
vs. outdoor. Indoor ewes had higher BCS (5%, p<0.05), EPG for GI nematodes (56%, p<0.05), reticulocytes 
(75%, p<0.05), mean platelet volume (8%, p<0.01), globulin (10%, 0.01), and serum chloride (12%, p<0.01) 
compared to outdoor ewes. Indoor rearing of pregnant ewes improved performance and impacted a few 
health parameters. 

© 2025 NAPA. All rights reserved. 
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1. Introduction 

In the southeastern United Staes, sheep are predominantly raised on 
pastures throughout the year (Karki, 2020), irrespective of weather 
conditions such as rainstorms, high humidity, extreme temperatures, and 
chilled winds (Jin et al., 2019). Stress caused by fluctuations in 
environmental temperature is one of the major concerns affecting animal 
production (Bhimte et al., 2018). When the ambient temperature is too high 
or too low, the thermoregulatory mechanism of animals is disrupted, 
resulting in thermal stress. Animals maintain their body temperature and 
perform satisfactorily when they are in the thermoneutral zone (TNZ) (Shi 
et al., 2022). When the ambient temperature is below the lower critical 
temperature of TNZ, heat loss is greater than heat production, thereby 
disrupting the thermal equilibrium and resulting in cold stress in animals 
(Wang et al., 2023). In such instances, the animals will require more energy 
to maintain their body temperature. The TNZ for sheep is approximately 
between 5oC and 25oC; however, if the ambient temperatures fall below 7oC 
during windy and wet conditions,  the sheep will enter a state of cold stress 

(Piirsalu et al., 2020; USDA, 1997). The winter of the southeastern United 
States is mild; however, the weather data for the past ten years show the 
minimum winter temperature can reach below 20C exposing animals to cold 
stress, which potentially affects their performance, immune function, and 
health (Bhimte et al., 2018).  

Indoor raising of small ruminants during winter can be one of the 
options to minimize the adverse effects of cold stress, especially when they 
are pregnant, as they require additional nutrients for fetal development (Jin 
et al., 2019; Zhang et al., 2016). The restricted capacity of pregnant animals 
to consume and digest enough food due to the limited space available in the 
digestive tract as a result of the expanded uterus with the developing 
fetus(es) makes them vulnerable to adverse weather conditions. A previous 
study found better live weight and higher white blood cell counts in ewes 
housed indoors compared to grazing ewes during a cold winter (Jin et al., 
2019). Another study reported the preference of ewes for indoors vs. 
outdoors at a low temperature (-2°C) when they were given free access to 
both indoor and outdoor facilities (Piirsalu et al., 2020). However, very 
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little is known about the physiological and immune response of pregnant 
ewes when raised indoors compared to outdoors during winter. 

During cold stress, the neuroendocrine pathway is activated and 
releases the stress hormone, cortisol, into the circulation. Cortisol promotes 
various biochemical reactions such as gluconeogenesis (production of 
glucose from fat and protein) and glycogenolysis (breakdown of stored 
glycogen into glucose) and increases glucose levels in the blood circulation 
(Young, 1981). Blood glucose is the readily available source of energy to 
produce metabolic heat to maintain body temperature (Berian et al., 2019; 
Bhimte et al., 2018; Liu et al., 2019; Shida et al., 2020). Increased 
utilization of stored fat and protein to maintain homeostasis impairs animal 
weight and other performance parameters (Adam et al., 2010). In stressed 
animals, the catabolism of protein into amino acids can increase amino acid 
concentration in the blood circulation until amino acids are used for 
gluconeogenesis. Cold stress is also known to affect various hematological 
parameters such as red blood cells (RBC), hematocrit (HCT), and 
hemoglobin (Hb) levels. In response to cold stress, the sympathetic nervous 
system is activated, and cardiac output and redistribution of blood flow 
from skin and extremities to vital organs are increased (Sawasaki et al., 
2001). Moreover, RBC, Hb, and HCT levels are increased to improve 
oxygen-carrying capacity to tissues and vital organs which is essential for 
meeting the elevated energy demands of cold-stressed animals to maintain 
body temperature during the prolonged cold stress. Studies have found 
elevated levels of RBC, HCT, and Hb in cold-stressed rats (Gordon, 2012). 
The levels of Hb and hematocrit were increased in lactating goats exposed 
to cold temperatures (-3°C to 6°C) compared to goats kept at the 
thermoneutral temperature (15°C to 20°C) (Coloma-García et al., 2020). A 
similar response can be expected from pregnant ewes when kept in different 
environmental conditions; however, this response is not well documented. 

Besides hematological parameters, prolonged exposure of animals to 
cold conditions may impair the immune system due to endocrine and 
metabolic changes. The immune system is important to protect animals 
against pathogens and infectious agents and keep animals in good health. 
Immune cells rely heavily on glucose utilization for activation and 
maintenance (Delmastro-Greenwood & Piganelli, 2013). A study done in 
rats reported that stress reduced lymphocytes (26%, p<0.05) but increased 
neutrophils (9%, p<0.05) (Dhabhar et al., 1994). In response to the elevated 
level of cortisol, lymphocytes adhere to the endothelial lining and undergo 
transmigration from circulation into various tissues, such as lymph nodes, 
spleen, bone marrow, and skin. In contrast, stress hormones induce the 
entry of neutrophils from bone marrow into the bloodstream but reduce the 
exit of neutrophils from blood into other tissues and organs where 
neutrophils are needed. As a result, the neutrophil-to-lymphocyte ratio (N: 
L) is also increased in stressed animals (Davis et al., 2008). However, in a 
study done on cold-stressed cattle, there was no difference in total leucocyte 
and lymphocyte count (Kim et al., 2023). Due to these inconsistent results, 
it is necessary to understand the effect of the rearing system on different 
types of blood leucocyte dynamics in pregnant ewes during winter. Cold 
exposure can also diminish the levels of plasma proteins required for 
antibody synthesis. Long-term stress also decreases B lymphocytes, 
subsequently reducing the production of antibodies (Dhabhar, 2009; Wu et 
al., 2022). Guo et al. (2021) found decreased IgG in cold-exposed sheep 
with high wind (9%, p<0.05) compared to sheep exposed to low wind. 
Similarly, Olson et al. (1980) found decreased IgG in cold-exposed calves. 

When long-term stress reduces the immune response, this can increase 
the vulnerability of animals to parasitic infection (Brown & Fuller, 2006; 

Romeo et al., 2020). The major immune cells produced against 
gastrointestinal (GI) parasites are eosinophils (Huang & Appleton, 2016). 
An increased stress hormone in mice has been reported to be associated 
with the decreased production of eosinophils (Louch et al., 1953). Davis et 
al. (2008) suggested that cortisol could reduce the eosinophil level, 
resulting in decreased resiliency of animals against parasitic infection. A 
study done in rodents has reported an association between high fecal 
cortisol metabolites and high fecal egg count (p<0.05) of Strongyloides 
spp., suggesting that physiological stress may result in high parasitic 
infestation (Romeo et al., 2020). However, other studies suggest that 
the association between stress and parasitic infection is highly dependent 
on the specific host-parasite system under study (Hammond et al., 2019; 
Lindsay et al., 2016).  

This study tested the hypothesis that the performance and health status 
of pregnant ewes would improve when raised indoors versus outdoors 
during winter. The objective of this study was to evaluate the performance 
and health status of pregnant ewes when raised indoors or outdoors during 
winter. 

 

2. Methods 

2.1. Study Site  

This study was conducted from late January to early April 2023 for 69 days 
using the indoor facility (Fig. 1a) and the outdoor facility (Fig. 1b) at the 
Browse Research and Demonstration Site. The facilities were located at the 
Caprine Research and Education Unit (CREU), George Washington Carver 
Agricultural Experiment Station, Tuskegee University, Tuskegee, 
Alabama, USA. The indoor facility was at latitude 32°44’17.4” N, 
longitude 85°73’96.4” W, and the outdoor facility was at latitude 
32°43’41.0” N, longitude 85°71’56.9” W. The two sites were 
approximately two kilometers apart.  

2.2. Study Animals 

Eighteen Katahdin-St. Croix crossbred pregnant ewes (51-52 months of 
age) were used for the study. Based on the initial liveweight, body condition 
score (BCS), FAMACHA score, and gastrointestinal parasite fecal egg 
count (EPG - parasite eggs per gram of animal feces), ewes were divided 
into two uniform groups: indoor and outdoor. The average EPG was less 
than 260 in both groups. Before the study began, ewes with egg per gram 
(EPG) of feces greater than 1000 were dewormed. Indoor ewes were kept 
in individual pens in the small ruminant barn of CREU, which was enclosed 
from all sides with the provision of natural sunlight from east and west and 
enough ventilation. Each pen was 1.2 m long and 1.1 m wide and contained 
a slatted plastic floor to facilitate the passing of animal excreta underneath 
the floor. Separate feeders for hay, minerals, concentrate feed, and water 
were installed in each pen. Outdoor ewes were kept in a fenced plot (0.4 
hectare) with dormant forage during winter, containing mobile shelters 
made of galvanized steel (2), mineral feeder, hay and grain feeder, water 
lines, and water troughs throughout the study period. Both indoor and 
outdoor ewes were supplemented with whole corn and whole soybean 
mixed at a 3:2 ratio, fed at the rate of 0.8% of live weight, and given ad 
libitum hay. The same type of hay was fed to both groups. Both groups had 
free access to mineral mix (Purina sheep mineral) and clean water 
throughout the study period. Indoor pens were cleaned twice daily, in the 
morning and evening. Animals were monitored and cared for as per the 
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protocol approved by the Animal Care and Use Committee of Tuskegee 
University (TUACUC no: RTD11-2022-7).  

 

Figure 1. Indoor ewes in individual pens at the Caprine Research and Education Unit; each pen contained hay feeder, mineral feeder, and water trough (a), and outdoor ewes 
resting on study plot at the Browse Research and Demonstration Site (b), January-April 2023, Tuskegee University, Tuskegee, Alabama, USA. 

2.3. Data Collection 

2.3.1. Weather Parameters 
Hourly daily ambient temperature (T) and relative humidity (RH) data from 
the indoor site were collected using the Govee-smart thermo-hygrometer. 
Outdoor weather data were downloaded from a secondary source, a nearby 
weather station, TUSKEGEE AL US SCAN, which was located 
approximately 4.8 km west of the study site 
(https://www.visualcrossing.com/weather-history/Tuskegee/metric/2023-
01-31/2023-04-9).  

2.3.2. Animal Performance 
FAMACHA score, body condition score (BCS), and live weight were taken 
on Day 1, every week during the study, and at the end of the study. 
FAMACHA scoring was done by using the FAMACHA card and following 
the guidelines for the FAMACHA system (Petersson, 2014). The color of 
animals’ conjunctiva of the lower eyelid on both eyes was compared with 
the color on the FAMACHA card and scored with the most matching color. 
The BCS was evaluated by feeling the muscles and fat tissues over the 
backbone, ribs, and brisket bone, and scores were provided ranging from 1 
to 5 (1 extremely thin, 5 obese). Both FAMACHA score and BCS were 
evaluated by a single trained person (the first author) throughout the study 
period to avoid potential individual bias. Live weight was measured using 
a digital weighing scale installed at both study sites. 

2.4. Sample Collection and Analysis to Determine the Health Status 
of Animals 

2.4.1. Fecal Samples 
Fecal samples were collected and analyzed to determine the prevalence of 
gastrointestinal nematodes. Fecal samples were collected on the very first 
day just before putting ewes into their respective study sites, then weekly 
during the study, and on the very last day of the study. Fresh feces were 
collected directly from the rectum and kept individually in airtight Ziploc 
plastic bags. Fecal samples were kept in a refrigerator until analyzed on the 

same day of collection for the type and quantity of GI nematodes. The 
number of nematode eggs per gram (EPG) of ewe feces was determined by 
using the McMaster technique (sensitivity: 1 egg = 50 EPG) and nematode 
egg identification was based on parasite egg chart (Merck Animal Health, 
2014). 

2.4.2. Blood Samples 
To assess the health status of pregnant ewes, blood samples were collected 
and analyzed for various hematological, biochemical, and immunological 
parameters. The first set of blood samples was collected on the first day of 
the study before allocating ewes to their respective sites. The subsequent 
sets of blood samples were collected on Day 34 and Day 69 on the last day 
of the study. Two sets of blood samples per ewe were collected directly 
from the jugular vein. The first set included 2 ml of blood collected in 
EDTA (ethylenediaminetetraacetic acid, purple cap) Vacutainer  tube and 
inverted gently a couple of times immediately after collection. This sample 
was used for hematological analyses (fifteen parameters). Another set 
consisted of 3.5 ml of whole blood collected into an untreated (red cap) 
Vacutainer tube, from which serum was separated later for analyzing 
biochemical parameters (sixteen parameters) and immunoglobulins (IgG, 
IgE, and IgA). Hematological parameter values were assessed using the 
IDEXX ProCyte Dx Hematology Analyzer and biochemical parameter 
values were assessed by using the IDEXX Catalyst One Blood Chemistry 
Analyzer.  

For analyzing each type of serum immunoglobulin (IgG, IgA, and IgE) 
in ewes, a separate set of sheep ELISA kit (96-well plate) from 
antibodies.com, which was coated with mouse monoclonal antibody, was 
used. Stored serum samples (-200C) were kept at the room temperature for 
about 30 minutes and diluted with the sample dilution solution. For IgG and 
IgA, samples were diluted at 1:10000, and for IgE at 1:2. For all IgG, IgA, 
and IgE, standards and samples were added into the wells and 
immunoglobulins present in each sample allowed to bind to the wells. The 
wells were washed, and biotin HRP-conjugated streptavidin was added into 
the wells. After another wash, TMB substrate solution was pipetted to the 
wells. As the TMB substrate reacted, blue color developed in the wells in 
proportion of the immunoglobulins bound into the well. A stop solution was 

(a) (b) 
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then added, changing the color from blue to yellow. The intensity of the 
color was evaluated at 450 nm in a microplate reader (Varioskan Lux ver. 
1.00.38) using SkanIt software. The coefficient of variance (CV) for each 
sample for the sheep ELISA was read, and samples with greater than 20% 
CV were reanalyzed until CV was 20% or less. The first set of serum 
samples was used as baseline for immunoglobulins level. 

2.5. Data Analysis 

All data sets were analyzed in SAS 9.4, and significance level (alpha) was 
set at 0.05 for the hypothesis test. Weather parameters (temperature and 
relative humidity), animal performance (live weight, BCS, and FAMACHA 
score), and hematological, biochemical, and immunological parameters 
were analyzed using the Generalized Linear Model (GLM) with 
Multivariate Analysis of Variance (MANOVA) option. The neutrophils-to-
lymphocyte ratio (N: L) was calculated and analyzed using the Mixed 
Model. Temperature-humidity index (THI) was also calculated from 
ambient temperature and relative humidity for every week using the 
formula: THI = T – 0.55 (1 – RH) (T – 58), where “T” is ambient 
temperature and “RH” is relative humidity, and the THI data were analyzed 
using the GLM procedure. The EPG data were analyzed by using the 
Wilcoxon Rank-Sum test. 

 
i. The model used to analyze the weather parameters: 
Yij = µ + αi + (αβ)ij + eij  
MANOVA h = Ewe group and the interaction of research site and 
observation date  
Where, Yij= weather variables from ith study site and jth observation 
date, µ = grand mean, αi = effect of study site, (αβ)ij = interaction of ith 
site and jth observation date, eij = error associated with the ith site and jth 

observation date. 
 
ii. The model used to analyze the animal performance data: 
Y (1-3) ij = µ + αi + (αβ)ij + eij  
MANOVA h = Ewe group and the interaction of ewe group and 
observation date  
Repeated factor = Individual ewe  
Where, Y (1-3) ij = performance variables of animals from ith group 
(indoor and outdoor) and jth observation date, µ = grand mean, αi = 
group effect, (αβ)ij = interaction of ith group and jth observation date, eij 
= error associated with the ith group and jth observation date. 
 
iii. The statistical model for hematological and biochemical 

parameters: 
Y (1-33) ij = µ + αi + (αβ)ij + ei  
Where, Y (1-33) ij = blood parameters for the ith group (indoor and outdoor) 
and jth observation date, µ = grand mean, αi = main effect of ith group, 
(αβ)ij = interaction of ith group and jth observation date, eij = error 
associated with the ith group and jth observation date. 
 
iv. The statistical model for immunoglobulins: 
Y (1-3) ij =μ+αi +(αβ)ij +eij  
Where, Y (1-3) ij = immunoglobulins for ith group (indoor and outdoor) 
and jth observation date, μ = grand mean, αi = main effect of the ith group, 
(αβ)ij = interaction of ith group and jth observation date, eij = error 
associated with the ith group and jth observation date 
 

 

3. Results 

3.1. Weather Parameters 

Indoor temperature was higher than outdoor temperature regardless of the 
observation week (Table 1). Overall, average indoor ambient temperature 
was higher by 7% (p<0.01) and RH was lower by 8% (p<0.05) compared 
to outdoor temperature and RH. In the seventh week of the study, the 
outdoor site had the lowest temperature which was 8.8°C. The maximum 
temperature difference between indoor and outdoor sites was 2.9°C in the 
sixth week in early March and minimum temperature difference was 1.6°C 
in the second week of the study in early February. Indoor THI was higher 
every week compared to outdoor THI (Table 1). Overall, average indoor 
THI was higher by 5% (p<0.01) compared to outdoor. 

3.2. Animal Performance 

Overall, indoor ewes had higher body condition scores by 5% (p<0.05) 
compared to outdoor ewes. In the fourth week of the study, BCS was higher 
in indoor ewes by 11% (p<0.05) (Figure 1); however, no difference was 
observed in other weeks. Although the difference was seen only in week 4, 
the BCS values of indoor ewes tended to be higher around other dates as 
well. BCS for indoor ewes ranged from 3.5 to 3.8 and outdoor ewes ranged 
from 3.3 to 3.7 (Figure 1). No difference was found between ewe groups in 
their live weight and FAMACHA scores.  

Figure 1. Body condition score (LS mean ± SE) of St. Croix-Katahdin cross pregnant 
ewes kept indoors and outdoors in winter, January–April 2023, Tuskegee University, 
Tuskegee, Alabama, USA (*p<0.05). 

3.3. Health Parameters 

3.3.1. Prevalence of Gastrointestinal Nematodes  
Haemonchus contortus was the major GI nematode found in both indoor 
and outdoor groups. Indoor ewes had higher EPG for GI nematodes by 76% 
- 129% (p<0.05) from the sixth to last week (tenth) during the study period 
compared to outdoor ewes. There was no difference in EPG between ewe 
groups for the first five weeks (Figure 2). 

 

a* 
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Figure 2. Mean score of GI nematodes EPG in St. Croix-Katahdin cross pregnant 
ewes kept indoors and outdoors during winter, January–April 2023, Tuskegee 
University, Tuskegee, Alabama, USA (*p<0.05, **p<0.01). 

3.3.2. Hematological Parameter  
In indoor ewes, hemoglobin (Hb) was higher by 11% on Day 1 (Table 3); 
however, no difference was observed for Hb between the two groups in 
later observations during the study. Reticulocyte was higher by 243% (p < 
.05) and MPV was higher by 22% (p < .01) in indoor ewes at the end of the 
study (Table 4). All hematological parameters were within the normal range 
for both indoor and outdoor ewes, except mean corpuscular volume (MCV), 
which was higher than normal, and mean corpuscular hemoglobin 
concentration (MCHC), which was lower than normal in both groups. 
However, this was the case for MCV and MCHC since the beginning of the 
study. 

3.3.3. Biochemical Parameters 
For biochemical parameters, glucose was higher in outdoor ewes (12%, 
p<0.05) and phosphorus was higher in indoor ewes (3%, p<0.01) at Day 1 
(Table 5); however, no difference was observed for these parameters 
between the two groups at later observation dates. Globulin was higher by 
17% (p<0.05) and serum chloride was higher by 45% (p<0.001) (Table 6) 
in indoor vs. outdoor ewes at the end of the study. Other biochemical 
parameters were similar in both groups. Serum globulin was above the 
normal range in indoor ewes on Days 34 and 69 but was within the normal 
range in the outdoor group. Additionally, cholesterol was above the normal 
range in both groups at the end of the study. Calcium was lower than normal 
in both groups at the end of the study, alkaline aminotransferase (ALT) was 
higher than normal at the first and second observations but was normal in 
both groups at the end, and GGT was higher than normal in both groups 
however, this was the case since the beginning of the study. All other 
biochemical parameters analyzed were within the normal range.  

3.3.4. Immunological Parameters  
Among the immune cells, no difference in lymphocyte, eosinophils, 
monocytes, and basophils count (Table 4) and N:L ratio was observed 
between indoor and outdoor ewes at any point of the study or for the overall 
observation. Lymphocytes were lower than the reference level in both 
groups at the end of the study period. There was no difference in 
immunoglobulins (IgG, IgA, and IgE). IgA was higher in indoor ewes 
before the study began, but this difference subsided during the study (Table 
7). 

Table 2. Weather parameters in indoor and outdoor sites during the study period (January–April 2023), Tuskegee University, Tuskegee, AL, USA. 

Obs. week Temperature (0C) RH (%) THI 
 Indoor Outdoor Indoor Outdoor Indoor Outdoor 
 LSMean ± SE 
1  13.1 ± 0.74a**** 10.5 ± 0.74b   61.1 ± 1.49b 67.9 ± 1.48a** 55.9 ± 0.19a**** 52.0 ± 0.19b 
  13.9 ± 0.74a** 12.3 ± 0.74b   69.1 ± 1.48 72.5 ± 1.48 56.7 ± 0.58a** 54.1 ± 0.58b 

3  15.6 ± 0.74a** 13.8 ± 0.74b   66.9 ± 1.48b 72.5 ± 1.48a** 60.0 ± 0.58a*** 57.2 ± 0.58b 
4  22.6 ± 0.74a*** 20.5 ± 0.74b   72.7 ± 1.48b 79.5 ± 1.48a** 70.2 ± 0.58a*** 67.3 ± 0.58b 
5  21.6 ± 0.74a**** 19.1 ± 0.74b   65.3 ± 1.48b 71.9 ± 1.48a** 68.1 ± 0.58a**** 64.6 ± 0.58b 
6  16.4 ± 0.74a**** 13.5 ± 0.74b   53.9 ± 1.48b 59.4 ± 1.48a* 60.6 ± 0.58a**** 56.4 ± 0.58b 
7  11.4 ± 0.74a****   8.8 ± 0.74b   48.4 ± 1.48b 52.6 ± 1.48a* 53.8 ± 0.58a**** 50.3 ± 0.58b 
8  21.8 ± 0.74a*** 19.7 ± 0.74b   68.3 ± 1.48b 74.2 ± 1.48a** 68.6 ± 0.58a*** 65.8 ± 0.58b 
9  19.4 ± 0.74a** 17.6 ± 0.74b   60.7 ± 1.50 63.8 ± 1.48 64.6 ± 0.58a** 62.3 ± 0.58b 
10  20.9 ± 0.91a*** 18.3 ± 0.91b   73.1 ± 1.82b 80.5 ± 1.82a** 67.0 ± 0.58a** 63.4 ± 0.58b 

abLSMean in the same row of Temperature, RH, and THI with different superscripts differ (*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001).  

Table 3. Hematological parameters of pregnant St. Croix-Katahdin cross ewes on Day 1 when raised indoors and outdoors in winter during the study period (January - 
April 2023), Tuskegee University, Tuskegee, Alabama, USA. 

Hematological parameters Indoor Outdoor Normal range 
 Day 1  
  LSMean ± SE  
Red blood cell (M/µL)   11.9 ± 0.69   11.0 ± 0.74   9.49 – 15.12 
Hemoglobin (g/dL)   12.3 ± 0.79a*   10.1 ± 0.64b 10.00 – 14.90 
Hematocrit (%)   40.2 ± 1.92   36.0 ± 1.92 27.00 – 42.00 
Mean corpuscular volume (fL)   33.9 ± 1.69   33.7 ± 1.91 24.40 – 32.50 
Mean corpuscular hemoglobin (g/dl)   10.4 ± 0.24   10.3 ± 0.27   8.50 – 11.8 
Mean corpuscular hemoglobin concentration (g/dl)   30.9 ± 0.80   30.5 ± 0.90 32.30 – 42.00 
Reticulocytes (K/µL)     2.5 ± 0.99     2.7 ± 1.13   0.00 – 15.00 
White blood cell (K/µL)     6.9 ± 0.64     6.2 ± 0.72   5.06 – 14.12 
Neutrophil (K/µL)     2.3 ± 0.40     1.8 ± 0.45   1.72 – 10.61 
Lymphocyte (K/µL)     3.2 ± 0.32     3.1 ± 0.38   2.68 – 11.54 
Monocyte (K/µL)     0.1 ± 0.06     0.2 ± 0.07   0.06 – 0.89 
Eosinophil (K/µL)     1.2 ± 0.16     1.1 ± 0.18   0.03 – 1.29 
Basophil (K/µL)     0.1 ± 0.04   0.05 ± 0.04   0.00 – 0.24 
Platelet (K/µL) 268.6 ± 40.85 272.7 ± 43.67 NA 
Mean platelet volume (K/µL)     9.0 ± 0.24a**     8.9 ± 0.28b NA 

   abLSMean in the same row with different superscripts differ (*p<0.05, **p<0.01).  
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Table 4. Hematological parameters of pregnant St. Croix-Katahdin cross ewes on Day 34 and Day 69 when raised indoors and outdoors in winter during the study 
period (January - April 2023), Tuskegee University, Tuskegee, Alabama, USA. 

Hematological parameters Indoor Outdoor Indoor Outdoor 
 Day 34 Day 69 
  LSMean ± SE 
Red blood cell (M/µL)   10.7 ± 0.69     9.5 ± 0.69   11.1 ± 1.37   9.8 ± 1.12 
Hemoglobin (g/dL)   11.2 ± 0.39   10.5 ± 0.39   12.3 ± 0.79  10.9 ± 0.65 
Hematocrit (%)   36.6 ± 1.92   33.7 ± 2.04   37.4 ± 1.92  35.2 ± 2.04 
Mean corpuscular volume (fL)   33.3 ± 1.79   35.3 ± 1.79   35.2 ± 3.58  36.4 ± 2.93 
Mean corpuscular hemoglobin (g/dl)   10.4 ± 0.25   11.0 ± 0.25   11.0 ± 0.50  11.1 ± 0.41 
Mean corpuscular hemoglobin concentration (g/dl)   31.3 ± 0.84   31.1 ± 0.84   31.3 ± 1.69  30.5 ± 1.38 
Reticulocytes (K/µL)     6.7 ± 1.05     4.8 ± 1.05     7.9 ± 2.11a*    2.3 ± 1.72b 
White blood cell (K/µL)     7.0 ± 0.68     5.6 ± 0.68     7.1 ± 1.35    5.9 ± 1.10 
Neutrophil (K/µL)     2.4 ± 0.42     1.6 ± 0.42     3.7 ± 0.84    2.2 ± 0.68 
Lymphocyte (K/µL)     3.5 ± 0.34     3.0 ± 0.34     2.5 ± 0.68    2.4 ± 0.56 
Monocyte (K/µL)     0.2 ± 0.07     0.3 ± 0.07     0.4 ± 0.14    0.3 ± 0.11 
Eosinophil (K/µL)     0.8 ± 0.17     0.7 ± 0.17     0.4 ± 0.33    0.9 ± 0.27 
Basophil (K/µL)   0.04 ± 0.03   0.03 ± 0.03   0.06 ± 0.077   0.02 ± 0.063 
Platelet (K/µL) 319.5 ± 40.85 262.9 ± 40.85 354.5 ± 81.69 286.5 ± 66.71 
Mean platelet volume (K/µL)     9.5 ± 0.26     9.4 ± 0.26   11.2 ± 0.51a**     9.2 ± 0.42b 

   abLSMean in a row under the same day with different superscripts differ (*p<0.05, **p<0.01). Normal range for the hematological parameters is presented in Table 3. 

Table 5. Biochemical parameters of pregnant St. Croix-Katahdin cross ewes on Day 1 when raised indoors and outdoors in winter during the study period (January – 
April 2023), Tuskegee University, Tuskegee, Alabama, USA. 

Biochemical parameters Indoor Outdoor Normal range 
 LSMean ± SE  
 Day 1  
Glucose (mg/dl)  48.1 ± 1.75b  53.8 ± 1.98a* 50.00 – 80.00 
Creatinine (mg/dl)    0.9 ± 0.03    0.9 ± 0.03 0.60 – 1.50 
Blood urea nitrogen (mg/dl)  18.7 ± 1.28  16.7 ± 1.45 5.00 – 20.00 
Phosphorus (mg/dl)    5.3 ± 0.29a**    4.1 ± 0.33b 4.00 – 8.90 
Calcium (mg/dl)    9.0 ± 0.12    8.8 ± 0.14 9.10 – 10.80 
Albumin (g/dl)    3.1 ± 0.05    3.0 ± 0.06 2.40 – 3.70 
Globulin (g/dl)    4.0 ± 0.11    3.8 ± 0.12 3.20 – 4.10 
Alanine Amino Transferase (U/L)  24.5 ± 1.77   20.3 ± 2.02 5.0 – 17.00 
Alkaline Phosphate (U/L)  56.4 ± 6.69   54.7 ± 7.58 50.00 – 228.00 
Gamma Glutamyl Transferase (U/L)  63.6 ± 5.38   55.4 ± 6.09 33.00 – 55.00 
Total Bilirubin (mg/dl)    0.3 ± 0.03     0.3 ± 0.04 0.10 – 0.40 
Cholesterol (mg/dl)  78.8 ± 4.57   71.4 ± 5.18 44.00 – 82.00 
Amylase (U/L)  27.6 ± 1.67   24.5 ± 1.89 1.00 – 30.00 
Lipase (U/L) 237.5 ± 17.54 223.1 ± 19.88 1.00 – 71.00 
Sodium (mmol/L) 149.8 ± 0.51 149.8 ± 0.57 NA 
Potassium (mmol/L)     4.7 ± 0.11     4.7 ± 0.13 NA 
Chlorine (mmol/L) 111.4 ± 3.35 111.0 ± 3.80 NA 

abLSMean in the same row with different superscripts differ (*p<0.05, **p<0.01).  

Table 6. Biochemical parameters of pregnant St. Croix-Katahdin cross ewes on Day 34 and Day 69 when raised indoors and outdoors in winter during the study period 
(January–April 2023), Tuskegee University, Tuskegee, Alabama, USA. 

Biochemical parameters Indoor Outdoor Indoor Outdoor 
 Day 34 Day 69 
 LSMean ± SE 
Glucose (mg/dl)  52.5 ± 1.85   51.2 ± 1.85  52.5 ± 3.72   51.0 ± 3.03 
Creatinine (mg/dl)    0.7 ± 0.03     0.8 ± 0.03    0.8 ± 0.06     0.9 ± 0.05 
Blood urea nitrogen (mg/dl)  13.1 ± 1.35   14.5 ± 1.35  15.5 ± 2.72   18.3 ± 2.22 
Phosphorus (mg/dl)    4.6 ± 0.31     4.7 ± 0.31    4.6 ± 0.61     4.1 ± 0.51 
Calcium (mg/dl)    9.3 ± 0.13     9.4 ± 0.13    9.0 ± 0.27     8.7 ± 0.22 
Albumin (g/dl)    2.9 ± 0.06     2.9 ± 0.06    2.9 ± 0.12     2.7 ± 0.10 
Globulin (g/dl)    4.3 ± 0.11     4.0 ± 0.12    4.6 ± 0.23a*     3.9 ± 0.19b 

Alanine Amino Transferase (U/L)   24.3 ± 1.88   20.4 ± 1.88  13.0 ± 3.77   18.7 ± 3.08 
Alkaline Phosphate (U/L)   58.1 ± 7.09   68.5 ± 7.09  53.0 ± 14.19   65.7 ± 11.59 

Gamma Glutamyl Transferase (U/L)   81.0 ± 5.70   66.7 ± 5.70  96.5 ± 11.41   70.7 ± 9.32 
Total Bilirubin (mg/dl)     0.2 ± 0.03     0.3 ± 0.03    0.2 ± 0.06     0.3 ± 0.05 
Cholesterol (mg/dl)   84.2 ± 4.85   80.8 ± 4.85  94.0 ± 9.71   95.0 ± 7.92 
Amylase (U/L)   21.6 ± 1.77   17.0 ± 1.77    8.5 ± 3.54     9.6 ± 2.89 
Lipase (U/L) 237.5 ± 18.60 223.1 ± 18.60 203.5 ± 37.20 177.3 ± 30.37 
Sodium (mmol/L) 149.3 ± 0.53 150.1 ± 0.53 152.5 ± 1.07 152.3 ± 0.87 

Potassium (mmol/L)     5.0 ± 0.12     5.1 ± 0.12     5.2 ± 0.24     5.0 ± 0.20 

Chlorine (mmol/L) 110.4 ± 3.56 110.7 ± 3.56 111.0 ± 7.12a***   76.6 ± 5.81b 

   abLSMean in a row within the same day with different superscripts differ (*p<0.05, ***p<0.001). Normal range for biochemical parameters is presented in Table 5. 
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Table 7. Immunoglobulins (IgE, IgG, and IgA) of pregnant St. Croix-Katahdin cross ewes when kept indoors and outdoors in winter during the study period (January–
April 2023), Tuskegee University, Tuskegee, Alabama, USA. 

Observation date Indoor Outdoor 
 LSMean ± SE  

IgE (ng/mL) 
1/31/23 24.1 ± 7.2 29.7 ± 6.8 

3/5/23 36.0 ± 6.8 31.8 ± 7.2 

4/9/23 38.4 ± 7.2 37.8 ± 6.8  
IgG (mg/mL) 

1/31/23  0.21 ± 0.05 0.22 ± 0.05 

3/5/23  0.37 ± 0.05 0.44 ± 0.05 

4/9/23  0.35 ± 0.05 0.35 ± 0.05  
IgA (ng/mL) 

1/31/23 24.9 ± 1.13a** 19.9 ± 1.13b 

3/5/23 26.9 ± 1.13 30.1 ± 1.13 

4/9/23 20.4 ± 1.13 20.1 ± 1.13 

abLSMean in the same row with different superscripts differ (**p<0.01).  
 
 

4. Discussion 

4.1. Animal Performance 

The hypothesis that the performance of pregnant ewes would be better 
when raised indoors vs. outdoors was partially accepted, as there was better 
BCS in indoor ewes; however, there was no difference in FAMACHA score 
and live weight between the two groups. Both groups of ewes were within 
the thermoneutral zone throughout the study period which might be the 
reason for no difference in live weight and FAMACHA score. Better BCS 
in indoor ewes in this study might be due to the reduced walking activity. 
Such physical exercise can account for 25-50% of daily energy 
requirements for outdoor animals but can be utilized for improved 
performance by indoor animals (Animut et al., 2005; Osuji, 1974). Also, 
ewes raised outdoors during winter are affected by cold temperatures and 
chilled wind increasing their energy requirement for maintaining body 
temperature. The indoor facility provides warmer temperatures for pregnant 
ewes during the cold season which would reduce the weight loss due to cold 
stress and improve the overall performance (Zhang et al., 2014). Zhang et 
al. (2016) found similar results where ewes kept in warm shed maintained 
higher live weight by 4% (p<0.05) and weight gain of lambs kept in warm 
shed increased by 12% (p<0.05) compared to traditional open sheds.  

4.2. Health Parameters 

The hypothesis that the health status of pregnant ewes raised indoors would 
be better compared to outdoor ewes during winter was rejected, as EPG for 
GI nematodes was higher in indoor-raised ewes and other indicators of 
health (hematological, biochemical, and immunological parameters) were 
inconclusive. Reticulocytes, MPV, globulin, and serum chloride were 
higher in indoor ewes vs. outdoor; however, these parameters were within 
the normal range in both indoor and outdoor groups throughout the study 
period. Both groups of ewes were within the TNZ during the study period 
which might be the reason for no difference in health parameters. Animals 
do not require extra energy when raised within TNZ during cold conditions, 
which helps to improve performance, immune function, and health (Bhimte 
et al., 2018). Further study during the extreme cold (below TNZ) would be 
worthwhile to find out the possible differences between animals kept 
indoors and outdoors. 

GI nematodes such as H. contortus have evolved to survive cold 
temperatures within the host as arrested larvae through hypobiosis and are 
dependent on pregnant or lactating animals for their life cycle (Emery et al., 
2016). During winter, adult H. contortus neither lay eggs nor cause damage 
to the host (Simpson, n.d.). GI nematodes such as H. contortus can continue 
their life cycle in warm temperatures. The warmer indoor temperature 
compared to the outdoor may have allowed the arrested larvae in the GI 
tract of indoor ewes to develop into adult worms and released eggs into the 
feces. In contrast, the colder outdoor temperature may have inhibited the 
maturation of the larvae into adult worms. This could be the reason for 
lower EPG in outdoor vs. indoor ewes in the current study. Similar findings 
were reported by So-In & Sunthamala (2023), who reported high EPG of 
GI nematodes in barn-raised goats - around 120% (p < 0.001) higher than 
goats in the semi-intensive system and about 85% (p < 0.001) higher than 
free-ranging goats during November and December. This result was 
contradictory to the findings of Badran et al. (2012) where a higher 
prevalence of H. contortus (41%, p<0.01) was found in grazing cattle 
compared to cattle raised intensively (zero grazing) for one year. This was 
expected since their study was conducted beyond the winter season as 
opposed to the current study.  

Elevated reticulocytes and MPV found in indoor ewes at the end of the 
study may be due to the higher EPG found in them compared to the outdoor 
ewes. A threefold increase in the rate of erythropoiesis has been observed 
in sheep infected with H. contortus as a compensatory process to maintain 
blood hematocrit (Dargie & Allonby, 1975; Flay et al., 2022). However, no 
signs of anemia were observed in indoor ewes in the current study. There 
was a 141% (p < 0.01) higher level of reticulocytes in bison highly infected 
with GI nematodes compared to low-infected ones (Kołodziej-Sobocińska 
et al., 2016). High infection with GI nematodes can cause oxidative stress 
in animals thereby increasing free radicals such as reactive oxygen species 
(ROS), which are known to cause platelet activation and aggregation 
resulting in high MPV (Masselli et al., 2020). Better MPV (within normal 
range) helps in blood clotting to minimize blood loss (Aydınyılmaz et al., 
2021). Higher MPV in indoor vs. outdoor ewes in the current study might 
be the response of the indoor ewes against the higher infection with GI 
nematodes to minimize the blood loss from their GI tract. Schmidt et al. 
(2021) found increased oxidative stress in lambs infected with higher GI 
parasite burden due to GI tract inflammation compared to low-infected 
lambs. MPV was 41% (p < 0.05) higher in sheep infected with GI 
nematodes compared to uninfected sheep (Ngetich et al., 2019).  
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Higher globulin in indoor ewes at the end of this study might be due to 
GI inflammation caused by GI nematodes. A type of globulin (alpha-
globulin) acts as an acute-phase protein and its level increases during 
chronic inflammation (Chovanová et al., 2021). Similar findings were 
reported in a previous study where higher globulin (22%, p<0.01) was 
found in sheep exhibiting high GI nematode eggs compared to sheep with 
no eggs of GI nematodes (Nagy et al., 2020). A higher level of serum 
chloride found in indoor vs. outdoor ewes in the current study might be due 
to less physical activity of the former group (Kratz et al., 2002). As indoor 
ewes were confined in individual pens (1.2 m x 1.1 m) unlike outdoor ewes 
having access to a one-acre plot, the movement of the former group was 
restricted, which might have resulted in less chloride loss through urine vs. 
outdoor ewes. Previous studies have indicated the influence of physical 
activity on serum chloride levels. A study by Kratz et al. (2002) found lower 
serum chloride (p<0.001) in 24-hour post-marathon runners vs. pre-
marathon runners. Similarly, a study in horses by Prado et al. (2019) 
reported a higher serum chloride level (5.5%; p<0.05) before physical 
exercise compared to one-hour post-exercise. However, the effect of long-
term physical activity on serum chloride levels in pregnant ewes needs to 
be further investigated.  

Higher than normal levels of blood cholesterol in both groups of ewes 
at the end of this study might be due to reduced sensitivity towards insulin 
because of their pregnancy stage. In late gestation, maternal tissues become 
less responsive to insulin to ensure a continuous supply of glucose for the 
growing fetus. This reduction in insulin sensitivity promotes adipose tissue 
breakdown, and lipid metabolism, leading to increased cholesterol 
production. (Varanis et al., 2021). Similar findings were reported in Iranian 
fat-tailed sheep with higher cholesterol level (p <0.05) at the end of 
pregnancy compared to early pregnancy (Nazifi et al., 2002). Decreased 
calcium level than normal in both groups of pregnant ewes at the end of this 
study might be due to the high calcium demands for fetal development and 
preparation for the ensuing lactation (Kovacs & Kronenberg, 1997). 
Variation in ALT activity during early, mid, and late pregnancy in both 
groups found in this study might be due to changes in energy metabolism 
and liver activity. Similar findings were reported in Holstein and 
Montbeliard cattle with decreased level of ALT from early to late 
pregnancy, however the levels were within the normal range in this study 
(Chikhaoui et al., 2023).  

Similar immunological parameters found in indoor and outdoor 
pregnant ewes in the current study could be attributed to the temperature in 
both sites being within the thermoneutral zone. A similar result was 
reported by Lejeune et al. (2010) with similar WBC and lymphocyte count 
in cattle raised indoors and outdoors (pasture-raised) during winter. 
However, the same study reported lower eosinophils in indoor vs. outdoor 
cattle (12.5%; p<0.05). In contrast to this study, Guo et al. (2021) found 
decreased IgG in sheep exposed to cold temperatures with high wind (9%, 
p<0.05) compared to low wind. Shi et al. (2022) found 50% higher IgA 
(p<0.001) in an indoor heated group of lambs compared to the outdoor 
group; however, no difference in IgG was reported between the two groups. 
Hence, further investigations in pregnant ewes during colder winters with 
the ambient temperature below the critical point would be useful to 
understand the effect of cold stress on their immune response. 
 
 

5. Conclusion 

Indoor housed ewes had better performance in terms of BCS as it was 
greater during the fourth week of the study (11%; p<0.05) vs. outdoor ewes. 
However, indoor ewes had higher EPG (76% - 120%, p<0.05) for GI 
nematodes during the second half of the study. Higher levels of 
reticulocytes (243%, p<0.05), MPV (22%, p<0.05), globulin (17%, 
p<0.01), and serum chloride (45%, p<0.001) were found in indoor ewes 
compared to outdoor ewes, although these parameters were within the 
normal range in both groups. Both groups of ewes had satisfactory 
performance and health status throughout the study period. Results 
suggested that the rearing system affected the performance and health status 
of pregnant ewes when raised indoors and outdoors, although temperatures 
in both systems were in the thermoneutral zone. The provision of outdoor 
shelters or indoor facilities for pregnant ewes during the extreme cold 
seems beneficial to minimize performance loss. Further studies are 
recommended to evaluate the benefits of shelters or indoor facilities for 
pregnant ewes, especially during the extreme cold. 
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