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ABSTRACT

Transhumant grazing is a unique system of rearing domestic animals in the Himalayas. Migration
to high elevations during summer is regarded as a strategy to increase energy intake, and it has
been suggested that there is increased forage quality at high elevations. This led to the prediction
that body weight is positively correlated with the proportion of high-altitude habitats. There
are distinct physiological and metabolic changes in domestic animals during transhumance.
Cold stress might further contribute to the physiological and metabolic differences at the same
time as the low-altitude conditions of the animals. These changes have been further driven by
genetic and nongenetic factors. This review provides few insights on such changes, which may
help elucidate the scientific reasons behind the performance of sheep in the Himalayas. The
physiological disposition of the animals to their nutrition could be monitored by hematology
and serum biochemistry assays. Furthermore, changes in physiological states, such as the
respiration rate and heart rate, are the simplest indirect measures of the stress tolerance of the
animals during high-altitude grazing conditions, whereas blood metabolites can be observed as
adaptive phenomena. Research reports on common physiological and metabolic traits and the
reasons behind these changes under high-altitude conditions have been compiled in the present
review.
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INTRODUCTION
Transhumance grazing is associated with the cyclical, annual movement of livestock between
distinctive seasonal pastures from settlements within the same area (Vallentine, 2001).
Transhumant grazing systems still operate in many parts of the world where vegetation growth
is strongly seasonal (Tulachan et al., 2000). It is an integral part of livestock production in
many parts of the world and takes several forms, including moving livestock from lowlands to
mountainous pastures or from dry to humid areas (Eckert et al.,1994). This practice is a strategy
to cope with low temperatures and a shortage of fodder (Moktan et al., 2008). The vertical
movement of flocks from a low-elevation winter range to a high-elevation summer range is the
most common pattern of migration. At different elevations during migration, goths (temporary
sheds made of local resources) are established at stopover points, and their livestock are grazed
in nearby kharkas (natural grazing rangelands) (Aryal et al., 2014; Barsila et al., 2014b). Forests
in foothills with patches of grasslands are traditional winter grazing sites for transhumant
animals (Gurung, 2008). Some herders, however, move their animals to the adjoining district,
and the movement of the transhumance flock is restricted continuously, mostly within the district
(Joshi & Shrestha, 2010). Migration to high elevations during summer is regarded as a strategy
to increase energy intake, and it has been suggested that there is increased forage quality at
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high elevations. This led to the prediction that body weight is positively correlated with the
proportion of high-altitude habitats. Alternatively, cervids may benefit from prolonged access
to newly emerged forage as they migrate along an altitudinal gradient (Mysterud et al., 2001).

Physiological alterations in transhumant animals

Respiration rate (RR) and heart rate (HR)

The process of oxygen uptake and release of carbon dioxide is termed respiration (Schmidt,
1997). HR in healthy individuals represents the net interaction between vagal (which reduces HR)
and sympathetic (which increases HR) regulation (Hainsworth,1995). At rest, vagal regulation
dominates whereas increasing physical activity is frequently characterized by decreasing vagal
and increasing sympathetic influences. A rise in heart rate is caused mainly by an increase in
sympathetic activity (Hainsworth, 1995). Like many other physiological parameters, heart rate
variability is influenced by a variety of factors, such as sex, age, respiration, posture and physical
activity (Von Borell et al., 2007). High-altitude environments pose several unique physiological
challenges to animal life. In addition to being characterized by cold temperatures, high-altitude
environments are also characterized by lower partial pressures of oxygen (PO,) than low-altitude
environments at similar latitudes (Chineke et al., 2006). RR and HR variability are used as
indicators of energy expenditure and, in general, unspecific stress imposed by the environment
and altitudinal, climatic and nutritional constraints. The variation in environmental temperature
and relative humidity also causes variations in physiological responses, blood metabolites, and
hormones. An increase in skin temperature (ST) and pulse rate (PR) was observed during the
summer and hot humid seasons over the spring season (Bhan et al., 2013).

Performance under high-altitude hypoxia is enhanced by increases in the capacity to transport
oxygen along the oxygen cascade, which comprises ventilation, pulmonary oxygen diffusion,
circulation of oxygen in the blood, and tissue oxygen diffusion and utilization (Ivy & Scott,
2015). The hypoxic ventilator response (HVR) is initiated within one breath of a reduction in
arterial PO, and involves an increase in breathing that helps maintain O, transport (Brutsaert,
2007; Powell et al., 1998). Heart rate, cardiac output, and femoral vasoconstrictor responses
(acute hypoxia or catecholamines) are elevated in mammals that develop and are tested at high
altitudes (Graf et al., 2022; Herrera et al., 2010).

The average respiration rate increased as the temperature of the natural environment increased
from cool to moderate to warm. There was a linear increase in the mean respiration rate when
the ambient temperature increased in goats (Bianca et al., 1978). The compensatory mechanism
in animals involves the activation and transmission of neural signals to the hypothalamus,
thereby increasing the respiratory and heart rates (Hafez, 1968).

Metabolic blood profile

Blood parameters are important indices of physiological and pathological changes in an organism
(Mitruka & Rawnshey, 1977). With good blood composition, animals are likely to perform well
(Isaac et al., 2013). The opportunity to investigate the presence of several metabolites and other
constituents involves the examination of blood, which plays a vital role in determining the
physiological, nutritional and pathological status of an organism (Aderemi, 2004; Doyle, 2006).

Hematological components

Hematology includes the number and morphology of the cellular elements of the blood and has
been used as an indicator of high altitude distress in many studies. Hematological components
include the erythrocyte count, pack cell volume (PCV), hemoglobin level, total leukocyte count
(TLC) and differential leukocyte count (DLC). Furthermore, the haematological components
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included the mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean
plasma volume (MPV) and mean corpuscular haemoglobin concentration (MCHC).

The haematological values of farm animals are influenced by age, sex, breed, climate,
geographical location, season, day length, time of day, nutritional status, life habits of species,
the present status of an individual and other factors (Afolabi, et al. 2010). Hematological studies
of ecological and physiological interest help to understand the response of blood constituents to
the environment (Ovuru & Ekweozor, 2004). In addition, they help to determine body status in
the context of stress due to environmental, nutritional and/or pathological factors (Afolabi et al.,
2010). The haenatological reports by different authors has been compiled in Table 1.

Table 1. Reference hematological values of sheep in different studies
Cork &

Parameters Radostits et Halliwell Wang et al., Barsila et al., Barsila et al.
al., (2006) (2002) ’ (2015) (2020**) (2024)
Haemoglobin (g/dl) 9.0-15.0 8-16 9.08-16.01 15.68-17.53 10.10-10.82
PCV (%) 27-45 24-50 16.6-53.2 - 30.57-32.0
RBC (x10%uL) 9.0-15.0 8-15 3.75-12.6 9-11.48 9.03-9.95
Platelets (x10°uL) 250-750 - - 422-465
WBC(x10°uL) 4-12 4-12 3.5-18.0 5.66-7.66 6.60-7.92
Neutrophil % 10-50 10-50 26.3-70.1 38.25-42.17
Lymphocyte 40-75 40-75 35.2-71.0 56.5-67.31  55.75-60.25
Monocyte 0-6 0-6 0.2-4.5 - -
Eosinophil 0-10 0-10 0.9-5.1 - -
Basophil 0-3 0-3 0-0.4 - -

**data from 32 healthy Baruwal sheep were selected and divided into four groups: male (8) below 1 year, male
(8) greater than 1 year, female (8) below 1 year, and female (8) greater than 1 year,study report from Jumla Nepal
(2431-3885 m asl).

Erythrocytic (RBC) alteration in transhumant animals

Red blood cells (erythrocytes) serve as carriers of haemoglobin (Table 1). Elevation of RBC
levels is an important physiological event that occurs in transhumant animals to cope with
environmental factors at high altitudes. At high altitudes, an increase in RBC and a decrease
in MCV occurred simultaneously in the total count, so the total surface area of the RBC was
enlarged, which was advantageous for hemoglobin binding to oxygen (Bunn & Poyton, 1996;
Wu et al., 2005). Therefore, an increase in RBC and a decrease in the MCV area are common
hematological mechanisms by which mammals and birds adapt to high-altitude hypoxia (Wu
et al., 2005).

Hypoxic conditions at high altitudes regulate the partial pressure of oxygen in arteries, altering
physiological phenomena either by changing the haemoglobin concentration in the blood or by
changing the oxygen-binding affinity of haemoglobin (Storz, 2007; Storz & Moriyama, 2008).
The oxygen pressure (POL) at 3000 m is 68% of the value at sea level, and it further decreases
with increasing altitude (Sarkar et al., 1999). To cope with the hypoxic conditions at high
altitudes, the animal has some compensatory adaptations, such as an increase in erythropoietin
production, which in turn enhances red blood cell production and the synthesis of haemoglobin
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(Dover, 1979). Decreased oxygen in circulation enhances erythropoiesis under the influence
of the hormone erythropoietin, which stimulates the proliferation and differentiation of red
cell precursors and increases erythropoiesis in hemopoietic tissues, ultimately producing
erythrocytes (Gonzales, 2011). Yersin et al. (1992) also reported that an increase in RBC,
Hband haematocrit percentage is a compensatory mechanism of reduced oxygen saturation.
Storz (2007) reported that haemoglobin, which has high oxygen affinities, is more abundant in
high-altitude species than in lowland relatives.

Leukocytic alterations in transhumant animals

White blood cells (WBCs), also called leucocytes, are the cells of the immune system that are
involved in the defense mechanism of the body. White blood cells are produced and derived
from multi-potent cells in the bone marrow known as hematopoietic stem cells (Maton et al.,
1993). Animals with low white blood cell counts are at high risk of disease infection, whereas
those with high counts are capable of generating antibodies in the process of phagocytosis and
have a high degree of resistance to diseases (Soetan et al., 2013).

The stress imposed on an animal during transhumancy can release stress hormones, resulting
in elevated levels in several leukocytes via activation of the hypothalamic—pituitary—adrenal
axis, resulting in increased cortisol levels (Dantzer & Mormede, 1983). These stress hormones,
particularly cortisol and adrenaline, are well known for their ability to increase WBC (white
blood cell) counts and exert differential effects on leukocyte subset counts (Cupps & Fauci,
1982). Researchers have suggested that acute activation of stress hormones enhances immune
function by directing leucocytes to exit the spleen and bone marrow and enter the bloodstream
(Dhabar & McEwen,1997). A study conducted by Chandra et al. (2013) reported a greater
level of cortisol at a higher temperature during the summer than during the spring (Table
1). However, chronic activation of stress hormones suppresses cell-mediated immunity by
decreasing leukocyte deployment to the peripheral bloodstream, which negatively impacts the
ability of the immune system to respond to an immunological challenge (Beidleman et al.,
20006). Cortisol levels also increase when animals are exposed to cold stress due to lipolysis and
the utilization of brown adipose tissue for heat production (Himms-Hagen, 1990).The details of
leukocyte concentration in sheep blood has been presented in Table 1.

Hemoglobin (Hb)

Hemoglobin is an iron-containing oxygen-transporting protein in the red blood cells of
vertebrates. The deficiency of haemoglobin in red blood cells decreases blood oxygen-
carrying capacity, leading to anaemia (Aaron et al., 2005). Hemoglobin has the physiological
function of transporting oxygen to the tissues of the animal for the oxidation of ingested food
to release energy for other body functions as well as transporting carbon dioxide out of the
body of the animal (Ugwuene, 2011). Packed cell volume, haemoglobin and mean corpuscular
haemoglobin are major indices for evaluating circulatory erythrocytes (Table 1), are significant
in the diagnosis of anaemia and serve as useful indices of the bone marrow capacity to produce
red blood cells, as in mammals (Awodi et al., 2005; Chineke et al.,2006).

Biochemical components of blood

Total protein (TP)

TP indicates total protein in the serum (see Table 2 for detail reports of different authors).
Albumin, globulin, and fibrinogen are three major protein fractions contained in blood plasma
(Murray, 2003). The major share in the blood plasma of humans, sheep, goats, rabbits, and rats
is Albumin, whereas in the blood of horses, pigs, and cattle, globulin prevails (Gentry, 2004).
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The basis of cell structure, maintenance of colloidal osmotic pressure, catalysis of biochemical
reactions, buffer action, regulation of hormones, participation in blood coagulation, proffer
immunity, nutrition, and transportation of most of the plasma constituents are formed by the
protein (Kaneko, 2008). Total plasma protein is elevated by the anabolic effects of hormones
such as growth hormone, estrogens, and testosterone and is reduced by the catabolic effects of
hormones such as thyroxin and cortisol (Kaneko, 2008).

Table 2. Reference biochemical values of sheep available in some of the literature

Parameters Radostits et al.  Kaneko et al. Wang et al. Barsila et al.
(2006) (2008) (2015)* (2024)**
Glucose (mg/dl) 50-80 50-80 27-126 72.17-77.33
Triglyceride (mg/dl) - - - 51.44-71.92
Cholesterol (mg/dl) 43-103 52-76 120-309 53.29-66.59
Total Protein (g/dl) 6-7.9 6.0-7.9 4.2-7.4 5.71-5.91
Albumin (g/dl) 2.4-3.0 2.4-3.0 1.5-4.7 3.28-3.36
Creatinine (mg/dl) 1.2-1.9 1.2-1.9 0.35-2.37 0.92-0.99
Urea (mg/dl) 17.1-42.8 36.6-92.2 10-114 45.17-48.25

* Converted values (US units to SI units) in Tibetan sheep,

*#24 adult animals, 18 nonpregnant and nonlactating females and 6 intact males in Solukhumbu Nepal(2393-3391
m asl).

Source: Barsila et al (2024), Kaneko et al. (2008c), Radostits et al. (2006), Wang et al. (2015)

Albumin

Albumin is the most abundant protein in human plasma, constituting 50% of the total plasma
protein content and accounting for 70% of the oncotic pressure of plasma. The synthesis of
albumin is governed by changes in plasma colloidal osmotic pressure but is also regulated by
nutritional status and hormones, including insulin, glucagon, cortical, and thyroid hormones
(Farrugia, 2010). The serum ALB concentration is a good indicator for predicting an animal’s
protein status. A decrease in albumin levels is observed in ruminants with low dietary protein
intake. In ruminants with low dietary protein intake, a decrease in the serum ALB concentration
is observed (Caldeira et al., 1999; Sykes, 1978). Decreased values of serum ALB are observed
in conditions such as malnutrition, hepatic diseases, protein deficiency, starvation, and
malignancy; these conditions can decrease (Keser et al., 2008). Depression of protein synthesis
in the liver under low oxygen tension at relatively high altitudes can also reduce the synthesis
of serum albumin in animals (Monge et al., 1991). The details of blood albumin reports have
been presented in Table 2.

Glucose

Glucose in the blood is produced by the intestinal absorption of dietary glucose or by the hepatic
production of glucose from its precursors, such as glycogen, fructose, galactose, glucogenic
amino acids, etc. (Kaneko, 2008). The glucose level reported in previous studies is associated
with cold stress. The increase in glucose levels in cold-stressed lambs was observed as a
compensatory mechanism to produce heat for the neonate by depleting glycogen stores. The
increase in glucose levels under cold stress is associated with increased energy requirements
during weather. The mobilization of lipids and glycogen to provide energy precursors needed
for thermogenesis (Himms-Hagen, 1990), which in turn elevates glucose levels in hypothermic
animals, is associated with an increase in rectal temperature in calves (Godfrey et al., 1991).
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Plasma glucose may differ significantly between the groups with the highest concentration in
animals growing in a hot and humid environment. Higher glucose levels may be due to the
greater requirement of energy sources in the form of glucose to support the effort of physiological
mechanisms for thermoregulation( see all blood glucose reports by different authors in Table
2). Furthermore, the cortisol levels in these stressed animals are relatively high, which favours
hepatic gluconeogenesis to supply more glucose for respiratory muscular activities to dissipate
more heat (Sejian & Srivastava, 2010).

Factors influencing blood parameters

Both genetic and nongenetic factors influence the haematology and serum biochemical indices of
various livestock. Genetic factors include breed characteristics, whereas age, sex, management
system, health status and environmental factors such as nutrition, hormones, and climate are
regarded as nongenetic parameters. The haematological values of farm animals are influenced
by age, sex, breed, climate, geographical location, season, day length, time of day, nutritional
status, life habits of the species, the present status of the individual and other factors (Afolabi
et al., 2010).

Breed and genotype

A study conducted by Chineke et al. (2006) to determine the haematological parameters of
rabbit breeds and crosses in the humid tropics reported that the genotype influences on the PCV,
WBC, MCH, and ESR and that the RBC, HBC and MCHC values were identical across all the
genotypes, indicating similar cellular haemoglobin contents in the blood samples obtained. A
study on haematological parameters in goat kids reported that breed had a significant effect on
PCV (Ekiz & Yalcintan, 2013). Schalm et al. (1975) reported that haematological studies of
farm animals either revealed significant or no significant breed effects. Ologunowa et al. (2000)
reported no significant breed effect on blood parameters in their study.

Genetic factors

Effect of altitude

Various studies have addressed the effects of high altitude on haemoglobin, erythropoietin,
and platelets (Singh & Chohan, 1972). At high altitudes, an increase in the haemoglobin level
secondary to an increase in the erythropoietin level has been confirmed (Abbrecht & Littell,
1972). The ascent to high altitudes is associated with the expansion of red cell counts, which is
well documented. Furthermore, with increasing altitude, erythropoietin levels increase rapidly
(Faura et al., 1969).

Yaks (Bos grunniens) have been proven to be better adapted to high altitudes than their first-
generation hybrids Dimjos (B. grunniens % B. indicus) and Urangs (B. taurus * B. grunniens);
in research conducted in Nepalese Yaks and their hybrids, the former is better adapted than
the latter (Barsila, 2014a; Barsila et al., 2015), which indicates higher haemoglobin levels and
better oxygen uptake capacity at high altitudes (Bianca et al., 1978; Hays et al., 1978).

Effect of nutrition

The physiological disposition of the animals to their nutrition is determined by haematology and
serum biochemistry assays of livestock (Menon et al., 2013). Swenson et al. (2005) suggested
that diet affects serum vitamin, protein and lipid concentrations. The humorous discrepancy
in the hematological and serum biochemical profiles of livestock animals is triggered by a
deficiency of both macro- and micronutrients (Onasanya et al., 2015).
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Effect of the management system

Olayemi et al. (2000) reported higher PCV, Hb and MCYV in intensively managed animals than
in extensively managed animals in a study conducted to determine the hematology of West
African dwarf sheep under two management systems in Nigeria. Omani goats reared under
an intensive system with commercial feeds reportedly have higher levels of serum vitamin
B,, than their counterparts reared under an extensive system with greens forages (Al-Zadjali
et al., 2004). Compared with animals reared in intensive systems, those reared in extensive
systems tend to have a lower glucose index (Onasanya et al., 2015). The sedentary lifestyle of
intensively cared animals may not involve increased consumption of blood glucose; however,
for physical and ranging activities, animals under extensive care might consume this blood
glucose. Compared with modern husbandry practices, sheep and goats managed under traditional
husbandry practices have low haematological values regardless of age, sex and climate (Coles,
1986; Schalm et al., 1975). The management system under which animals are reared, therefore,
greatly affects a wide range of hematological and serum biochemical parameters.

Effect of season

The physiological response of an animal to its surrounding environment is reflected by
haematological and biochemical parameters. The effect of cold stress on changes in the
blood profile of lambs was presented by Maurya et al. (2013), who reported significantly
increased levels of PCV, Hb, and glucose in cold-stressed lambs. Similarly, increased values
of haematological indices such as haematocrit and haemoglobin levels in sheep were observed
at a relatively low temperature during the winter season by Soch et al. (2011). The increase in
glucose levels represents a regulatory mechanism for the requirement of more energy to fight
cold stress during the winter in animals. The mobilization of lipids and glycogen provides
the energy precursors needed for thermogenesis, which in turn elevates glucose levels in
hypothermic animals. (Himms-Hagen, 1990).

Seasonal variability has an impact on the physiological, haematological and biochemical
parameters of growing and adult animals. Bhan et al. (2013) reported a significant increase
in haematological parameters, viz. packed cell volume (PCV) and haemoglobin (Hb) in
Karanfriesian cattle during summer compared with other seasons of the year. Variation in
environmental temperature and relative humidity also causes variations in physiological
responses, blood metabolites, and hormones. The magnitude of the increase in the heart rate
and temperature of animals during summer was significantly greater than that in spring Bhan
et al. (2013). Similarly, Das et al. (1999) reported increases in respiration rates and pulse rates
in young buffalo calves exposed to solar radiation. Mirzadeh et al. (2010) reported lower WBC
counts in different breeds of cattle during summer than in spring. Changes in these parameters
due to climatic variability may help in designing strategies for combining stress and maximizing
production.

Effect of stress and release of hormones

A factor that elicits defence mechanisms in animals is considered stress (Scope et al., 2002).
Therefore, any condition that stimulates protective responses in animals is a stress stimulus.
The combination of the situation in which the animal lives may act as a stressor. In mammals,
to prevent hyperthermia, increased respiration for the expulsion of more carbon dioxide and
elimination of moisture from the respiratory tract is a major adaptive mechanism under high
ambient temperature. Thermal stressors negatively influence physiological activities in the
form of environmental heat stress. It increases overall performance, e.g., growth, feed intake,
lactation, conception, gestation, etc., if the animal suffers difficulty in dissipating excess heat
load from the body (Onasanya et al., 2015).
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Stress, hydration status, hormonal influences, dietary/nutritional differences, adaptations to a
desert environment or adaptations to a high mountain environment may also cause differences
in red blood cell (RBC) counts (Borjesson et al., 2000). In addition to the decrease in total white
blood, basophil and lactate dehydrogenase levels observed in clinical practice, stress increases
glucose and creatine kinase levels and decreases uric acid levels (Scope et al., 2002). Conversely,
monocytes, eosinophils, aspartate aminotransferase, total protein, and the packed cell volume
are not influenced by stress (Scope et al., 2002). Hence, various changes in hematological
and biochemical indices due to increased stimulation by corticoids could be induced by the
introduction of abrupt or sudden stress.

Effect of age

In animals aged 3—10 years, with increasing age, the mean corpuscular volume, haemoglobin
concentration, and mean corpuscular haemoglobin concentration increase, and the leukocyte
count and lymphocyte count decrease (Watson et al., 1993). The values of blood cholesterol,
triglycerides, urea, creatinine, total protein, and globulin are affected by age (Antunovic et al.,
2002; Carlos et al., 2015). In young animals, the total protein concentration is lower (Marco et
al., 1997) and reduces the amount of protein added to the diet, whereas a possible increase in
globulin and a slight decrease in albumin are attributed to a slightly greater total protein level
in older ewes (Perk & Lobl, 1960). With increasing age, there is a decrease in albumin and an
increase in globulin concentrations, which have been linked with a decrease in protein synthesis
(albumin) by the liver and increased exposure to different antigens and/or diseases over time,
thus stimulating the entry of additional antibodies (globulins) into the bloodstream (Dubreuil
et al., 2005). In mature ewes, the lower glucose concentration could be associated with a lower
rate of recovery of glucose (Radostits et al., 2006).

Effect of sex

Sex had a significant effect on the Hb concentration; females had higher mean corpuscular
Hb concentration values than males did. Sex influences lymphocytes and neutrophils in West
African dwarf (WAD) male goats and Nepalese mountain sheep (Barsila et al., 2020) compared
with their female counterparts (Daramola et al., 2005).

CONCLUSION
The physiological and metabolic changes in high-altitude-adapted animals are unique to the
study of biological processes. The associated changes could lead to alterations in the productive
and reproductive performance of domestic animals. These changes are compensated for by
multiple genetic and nongenetic factors. However, indirect measurements of physiological
parameters and metabolic blood profiles may reveal the biochemical changes associated with
high-altitude pastoralism and stress, including nutritional deficiencies, in pastoral areas.
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