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Abstract 

 
 Transportation exposes domestic animals to multiple stressors, including environmental changes, noise, vibration, inadequate 

ventilation, and temporary deprivation of feed and water. The magnitude of the physiological response depends on factors such as 

transport duration, temperature, humidity, vehicle movement, and animal-related characteristics, including age and previous transport 

experience. These stressors can trigger endocrine, metabolic, and oxidative alterations that are reflected in measurable biomarkers. 

Evidence across species shows that transportation is associated with several physiological disturbances. Camels may exhibit 

increased oxidative stress, indicated by elevated malondialdehyde (MDA) levels and altered glutathione peroxidase activity. In 

ruminants such as sheep and calves, transport commonly increases cortisol, glucose, creatine kinase, and oxidative stress markers, 

while calves may also show changes in acute-phase proteins such as fibrinogen and ceruloplasmin, as well as increased intestinal 

permeability. In poultry, transportation is frequently associated with body weight loss, elevated blood glucose and cholesterol 

concentrations, and an increased heterophil-to-lymphocyte ratio. This review synthesizes current evidence on the biochemical and 

physiological responses of domestic animals to road transportation, focusing on key biomarkers of transport-induced stress, including 

cortisol, glucose, creatine kinase, acute-phase proteins, and oxidative stress indicators. The literature suggests notable species-

specific differences in sensitivity to transport stress, with horses and poultry often exhibiting pronounced physiological responses. In 

contrast, camels and some ruminants may show variable tolerance depending on environmental and management conditions. 

Transport duration emerges as a major determinant of stress severity, as longer journeys are generally associated with greater 

metabolic disturbances, muscle damage, and oxidative imbalance. In addition, accumulating evidence highlights a close interaction 

between oxidative stress and inflammatory processes, whereby excessive production of reactive oxygen species may activate 

inflammatory pathways and contribute to tissue damage during transportation. 
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Introduction 
 

 Stress is a physiological response to actual or 

perceived threats, primarily mediated by the activation of 

the hypothalamic-pituitary-adrenal (HPA) axis and the 

subsequent release of cortisol. This mechanism facilitates 

short-term survival by mobilizing energy and sustaining 

homeostasis; however, prolonged or recurrent exposure 

to stressors can disturb physiological equilibrium, 

compromise immune function, and heighten 

vulnerability to disease (Tüfekci et al., 2023). 

 In cattle production systems, transportation 

constitutes a major stressor affecting animal welfare. The 

transportation of domestic animals presents numerous 

challenges, such as relocation, exposure to unfamiliar 

environments, noise, social regrouping, vehicle 

vibrations, inadequate ventilation, and lack of food and 

water. The severity of these stress responses may 

fluctuate depending on the duration of transport and the 

environmental and managerial circumstances 

encountered by the animals during transit. Unfavorable 

housing circumstances, veterinary interventions, animal 

production practices, severe weather, and hunger may 

induce physical and psychological stress (Padalino, 

2015). 

 Diverse animal species demonstrate physiological 

and immunological reactions linked to transportation 

stress. These reactions encompass elevated cortisol 

secretion (Ruiz de la Torre et al., 2001), diminished 

humoral immunity (Mackenzie et al., 1997), and 

increased morbidity and mortality rates from infectious 

diseases in the weeks following movement (Chirase et 
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al., 2004). These modifications collectively suggest that 

transportation stress can profoundly impact the 

metabolic, hormonal, and immunological status of farm 

animals (Fazio et al., 2008). 

 Transporting animals to the slaughterhouse via road 

induces significant stress, potentially leading to 

hypercortisolaemia (Saeb et al., 2010) and increasing 

free radical production in camels (Nazifi et al., 2009). 

Physiological stress during road transportation is 

evidenced by alterations in blood components, including 

cortisol, glucose, plasma urea, and creatine kinase 

(Krawczel et al., 2007; Fisher et al., 2010). Prolonged 

travel has been associated with disease onset, potentially 

attributable to transport-related immune system 

suppression (Stull et al., 2004). 

 Environmental factors might intensify transportation 

stress. Climatic conditions are a significant 

environmental stressor. In tropical areas, higher ambient 

temperatures and humidity exacerbate heat stress, 

diminishing evaporative cooling efficacy and 

heightening the risk of hyperthermia. This intensified 

thermal load not only strains cardiovascular and 

respiratory systems but also induces oxidative damage, 

increasing vulnerability to metabolic and inflammatory 

illnesses relative to animals in temperate climates 

(Kuczynski et al., 2011). Prior research examining the 

detrimental effects of transportation on sheep for 

durations of 24, 48, and 72 h was predominantly carried 

out in temperate locations (Knowles et al., 1995; Fisher 

et al., 2010). Transport difficulties may be exacerbated in 

tropical climates marked by elevated temperatures and 

humidity (Minka and Ayo, 2012), indicating that climatic 

factors significantly influence the physiological reactions 

of animals during transit. 

 Despite substantial data indicating the adverse 

consequences of transportation, the literature often 

presents conflicting results concerning the extent and 

duration of physiological stress reactions. These 

differences may result from methodological 

heterogeneity across studies, encompassing variations in 

transport duration, stocking density, vehicle dynamics, 

and sampling techniques, thereby complicating the 

formulation of universal welfare standards. Furthermore, 

research remains fragmented; although transportation 

stress has been intensively investigated in several 

livestock species, insufficient information is available for 

particular animals, such as camels, and for transport 

conditions occurring in hot and humid areas. 

Consequently, there is still no consensus regarding the 

most reliable set of biomarkers for real-time welfare 

assessment across diverse transport scenarios. 

 Therefore, this review summarizes the physiological 

and behavioral responses of animals to transport-related 

stress and highlights key biochemical and physiological 

biomarkers associated with these responses. This review 

seeks to synthesize findings across species and transport 

conditions to elucidate transport-induced stress 

mechanisms and aid in the formulation of enhanced, 

welfare-focused transportation management strategies. 

This review’s novelty derives from its comprehensive 

synthesis of physiological and biochemical responses to 

transportation stress in many domestic animal species. 

This review offers a comprehensive perspective on 

transport-induced stress and its implications for animal 

welfare assessment by comparatively analyzing 

important stress indicators and examining the effects of 

transit time and environmental variables, especially in 

hot and humid climates. 

 
Ethical statement 
 This study was conducted under the supervision of 

the Iranian Society for the Prevention of Animal Cruelty 

and the Research Council of Shiraz University (IACUC 

No. 6387/63). 

 

Common stress mechanisms (HPA axis, 

oxidative stress, inflammation) 

 
 Transport stress activates a set of interconnected 

biological pathways that collectively shape the animal’s 
physiological response and determine the magnitude of 

welfare impairment. Among these, HPA axis activation, 

oxidative stress, and inflammation represent the principal 

common mechanisms underlying stress adaptation and 

stress-related damage. Rather than operating 

independently, these pathways interact dynamically, 

linking neuroendocrine regulation with metabolic 

disturbances and immune dysregulation. 

 The HPA axis serves as the central neuroendocrine 

system responsible for maintaining physiological 

homeostasis during stress. Under resting conditions, 

hypothalamic regulation of adrenocorticotropic hormone 

(ACTH) secretion by the anterior pituitary follows a 

circadian and pulsatile rhythm, which subsequently 

regulates glucocorticoid release from the adrenal cortex. 

However, this rhythmic pattern is highly sensitive to 

environmental influences, including illumination, 

feeding schedules, and physical activity, and is markedly 

disrupted during stress exposure. In acute stress 

conditions such as transportation, enhanced pulsatile 

secretion of corticotropin-releasing hormone (CRH) and 

arginine vasopressin (AVP) increases ACTH output and 

consequently elevates circulating glucocorticoid 

concentrations. Although CRH acts as the principal 

driver of pituitary-adrenal activation, AVP exerts an 

important synergistic effect, amplifying overall 

endocrine responsiveness. HPA axis activity is further 

modulated by additional mediators, including 

magnocellular AVP, angiotensin II, systemic cytokines, 

inflammatory lipid mediators, adrenal medullary 

hormones, and autonomic neural inputs. At the cellular 

level, glucocorticoids bind to cytoplasmic receptors, 

translocate to the nucleus, and regulate glucocorticoid-

responsive genes through glucocorticoid response 

elements, while also suppressing transcription factors 

such as c-JUN/c-FOS and NF-κB. Through these 
integrated actions, glucocorticoids influence endocrine 

output, immune cell function, and inflammatory tone, 

while negative feedback at hypothalamic, pituitary, and 
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extrahypothalamic levels helps limit excessive hormonal 

exposure and its associated catabolic, reproductive, and 

immunosuppressive consequences (Tsigos et al., 2002). 

 Alongside neuroendocrine activation, transport stress 

induces important metabolic changes that frequently 

disturb cellular redox balance. Under physiological 

conditions, reactive oxygen species (ROS) function as 

essential secondary messengers in redox-responsive 

signaling pathways involved in gene transcription, 

vascular tone regulation, and immune activation, and 

their steady-state concentrations are tightly controlled by 

endogenous antioxidant defense systems. During 

transport, however, the combination of physical exertion, 

psychological stress, and altered metabolic activity 

promotes increased mitochondrial ROS production and 

leakage. Once ROS generation exceeds the buffering 

capacity of intrinsic antioxidant mechanisms, the balance 

shifts from transient physiological redox signaling 

toward persistent oxidative stress, resulting in lipid 

peroxidation and mitochondrial dysfunction. At the same 

time, oxidative stress should not be interpreted as a 

purely linear process of injury, because its regulation is 

influenced by the so-called antioxidant paradox. 

Although oxidative damage is closely linked to cellular 

senescence and tissue degeneration, evidence from 

clinical and experimental studies suggests that 

indiscriminate antioxidant supplementation may not 

consistently provide benefits and may even interfere with 

adaptive mitohormetic signaling, through which 

moderate physiological challenges strengthen 

endogenous antioxidant defenses. In this context, the 

oxidative burden associated with transport resembles that 

observed during intense or unaccustomed physical 

exertion, where maintenance of nutritional homeostasis 

appears more beneficial than acute pharmacological 

antioxidant intervention. Thus, oxidative stress 

represents both a consequence of transport-related 

metabolic strain and a mechanistic link between 

neuroendocrine activation and subsequent cellular injury 

(Qin et al., 2026). 

 Inflammation constitutes a third major component of 

the common stress response and emerges through close 

interaction with both HPA axis signaling and oxidative 

imbalance. Stress-induced activation of the HPA axis 

stimulates glucocorticoid secretion, and glucocorticoids 

are classically recognized for their anti-inflammatory and 

immunosuppressive effects, including suppression of 

lymphocyte proliferation, reduction of pro-inflammatory 

cytokines such as TNF-α and IL-6, and enhancement of 

anti-inflammatory mediators such as IL-10. However, 

under prolonged or extreme stress, glucocorticoids may 

exert context-dependent pro-inflammatory effects. 

Persistent cytokine release may reduce cytoplasmic 

glucocorticoid receptor expression and impair 

glucocorticoid receptor-mediated transcription of anti-

inflammatory genes, thereby weakening negative 

feedback by glucocorticoid and contributing to reduced 

glucocorticoid responsiveness. In parallel, the 

sympathetic nervous system participates in inflammatory 

regulation through the release of norepinephrine and 

neuropeptide Y, which modulate cytokine synthesis and 

intracellular signaling pathways in immune cells. These 

neuroimmune interactions promote a stress-dependent 

shift in inflammatory tone, whereby mild or acute stress 

may transiently enhance immune vigilance, whereas 

prolonged or severe stress results in sustained 

inflammatory activation and dysregulation. This state is 

reflected by increased concentrations of inflammatory 

biomarkers, including CRP, IL-6, TNF-α, IL-1β, and NF-

κB, highlighting the role of inflammation as both a 
downstream consequence and an amplifying component 

of stress-associated physiological disruption (Liu et al., 

2017). 

 Taken together, these pathways demonstrate that 

transport stress is mediated by an integrated mechanistic 

network rather than isolated biological events. HPA axis 

activation provides the central neuroendocrine drive, 

oxidative stress reflects the metabolic cost of adaptation 

and redox disequilibrium, and inflammation represents 

the immunological dimension of prolonged physiological 

strain. Their convergence helps explain why transport 

stress is consistently associated with coordinated changes 

in endocrine, oxidative, and inflammatory biomarkers, 

and why the overall biological impact depends on the 

duration, intensity, and context of the stressor. 

 

Impact of transport stress on physiological, 

hematological, and biochemical parameters 

in animals 

 
Sheep, cattle, and goats 
 Cattle transported over long distances may become 

physically exhausted, dehydrated, hungry, and unable to 

rest or lie down. Poor transportation circumstances, such 

as poor ventilation, excessive temperatures, and 

overstocking, can severely influence animal well-being. 

Maximum voyage duration is an important welfare 

concern, particularly for unweaned calves. A positive 

correlation has been found between transport distance 

and metabolic alterations or death, particularly at long 

distances, often referring to travel times exceeding 8-12 

h or distances greater than 500-1,000 km, depending on 

factors such as the conditions of travel, the type of 

animal, and the availability of rest stops (Buckham 

Sporer et al., 2023). Reducing transit distances and 

durations may minimize mortality while also improving 

calves’ welfare during and after transportation. Longer 
journeys may increase the risk of animals being unwell 

due to prolonged exposure to severe temperatures, more 

time away from feed and water, difficulty resting, and 

poor environmental conditions. These combined 

stressors can disrupt physiological homeostasis and 

trigger endocrine, metabolic, and immune responses that 

ultimately compromise animal health and welfare. 

Activation of the HPA axis and the sympathetic nervous 

system during transport plays a key role in mediating 

these physiological responses. 

 Road quality has also been shown to influence the 

magnitude of transport stress responses. Animals 
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transported on unpaved or rural secondary roads exhibit 

greater physiological disturbance compared with those 

transported on paved roads (Miranda de la Lama et al., 

2011). Except for hematocrit and white and red blood 

cell counts, all variables were significantly affected by 

road type. Animals transported on unpaved roads had 

greater levels of cortisol, lactate, glucose, and creatine 

kinase (CK). These changes likely reflect increased 

muscular exertion and metabolic demand caused by 

vehicle vibration and instability during transport on poor 

road surfaces, as well as a higher neutrophil-to-

lymphocyte (N/L) ratio (Miranda de la Lama et al., 

2011). Elevated ambient temperatures on the farm may 

have caused heat stress in the non-transported sheep, 

leading to neutrophilia and lymphopenia. This, in turn, 

could explain the higher N/L ratio observed in this 

group, even in the absence of transport stress. 

 Transportation can also activate inflammatory 

pathways, leading to increased production of acute-phase 

proteins (APPs). Elevated plasma concentrations of 

fibrinogen, ceruloplasmin, serum amyloid A (SAA), and 

α-acid glycoprotein have been reported in transported 

calves, indicating the presence of systemic inflammatory 

responses. This inflammation is frequently accompanied 

by oxidative stress, an imbalance of reactive oxygen 

species (ROS) produced by metabolic and inflammatory 

reactions, which can cause severe tissue damage, altered 

metabolism, and potentially impaired reproduction in 

bovine species (Buckham Sporer et al., 2023). Sanusi et 

al. (2022) evaluated the effects of short-duration road 

transportation using a conventional livestock truck on 

three sheep breeds (Yankasa, Balami, and Sudanese Fat-

Tail). The animals were transported for approximately 3 

h during the dry season, and physiological and 

hematological parameters were measured before 

departure and upon arrival. The results indicated that 

packed cell volume (PCV), white blood cell count 

(WBC), and hemoglobin (Hb) levels did not differ 

significantly among the transported breeds. Only the 

Balami breed showed a significant change in red blood 

cell count (RBC), whereas the Sudanese Fat-Tail and 

Yankasa breeds showed no significant differences. 

Variations may relate to differences in transport duration, 

handling conditions, and breed resilience. Knowles et al. 

(1995) and Hall et al. (1998) have also documented the 

use of PCV as a useful indicator to evaluate the 

dehydration of animals during transportation (Table 1; 

Figs. 1a-c). 

 Alterations in leukocyte distribution represent one of 

the most consistent hematological indicators of transport 

stress. Lendrawati et al. (2020) investigated the 

physiological stress responses in sheep subjected to 

varying durations of transportation (4, 8, and 12 h) 

combined with feed and water deprivation. They 

observed significant alterations in leukocyte profiles, 

including an increase in neutrophil counts, a decrease in 

lymphocyte counts, and a consequent rise in the N/L 

ratio, indicating an elevated physiological stress response 

with prolonged transit. This leukocyte redistribution is 

largely mediated by glucocorticoids released during 

activation of the HPA axis. This pattern was further 

substantiated by observations of increased N/L ratios 

following longer transport durations (up to 48 h), 

consistent with Fisher et al. (2010). 

 

 
 

Fig. 1: Biochemical and physiological changes in sheep, calves, and goat induced by road transportation (a) goat, (b) cow, and (c) 

sheep 
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Table 1: Hematological and biochemical changes during road transportation in sheep, goats, camels, calves, horses, and poultry 

Animal Hematological change Biochemical test References 

Sheep Red blood cell count (RBC) and mean 

cell hemoglobin (MCH) ↑ 

Lymphocytes ↑ 

Neutrophils ↆↆ 

With ↑ transportation duration, 
hematocrit ↆ 

 

Glucose and ALP ↑ 

With ↑ transportation duration, cortisol and glucose ↆ 

Lendrawati (2020), 

Sanusi et al. (2022) 

Goats Hemoglobin ↑ IgM, IgA, IgG, and thyroxine ↆ propionic acid and epinephrine 

significantly ↑ 

Acetic acid, butyric acid, isobutyric acid, isovaleric acid, LPS, 

IL-1β, IL-6, TNFα, major acute phase proteins, and cortisol ↑↑ 

Antioxidant capacity ↆ 

AST and ALT ↑ 

Serum GSH-Px ↆ 

No significant changes in structure and composition of the 

rumen microbial 

 

Li et al. (2024) 

Camels  Cardiac-troponin-1 ↑ 

Cortisol, T4, T3 and fT4 ↑ 

Serum concentrations of glucose, NEFA, and urea nitrogen ↑ 

The mean concentration of MDA, and glutathione peroxidase ↑↑ 

Testosterone ↓ (long walk transport) 
Cholesterol ↓ (truck vs walk/control) → within normal range 

Liver enzymes: 

• ALT ↑ (both transported groups) 
• AST ↑ (higher in truck transport) 
• ALP → within normal range (highest in control) 
Iron ↓ (transport stress) 

Copper ↓ (truck transport) 
Total proteins ↓ (truck transport) 
 

Nazifi et al. (2009), 

Saeb (2010), 

Mohamed et al. 

(2021), Kumar (2022) 

Calves In BAL fluid the number of red blood 

cells, white blood cells, neutrophils, 

macrophages, packed cell volume ↑↑ and 
lymphocytes ↆↆ 

levels of cortisol, total protein, and fibrinogen ↑↑ 

Fibrinogen, ceruloplasmin, serum amyloidA, and α-acid 

glycoprotein ↑ 

Oxidative stress ↑ 

Haptoglobin ↆ 

Total protein ↑ 

 

Mohammadi et al. 

(2007), Pisoni et al. 

(2022), Buckham 

Sporer et al. (2023), 

Pisoni et al. (2023)  

Horses Neutrophil counts ↑↑, lymphocytes ↆ Serum albumin and plasma total antioxidant status ↑↑. Total 
serum protein and serum globulins ↑↑. 
↑ Expression of 5-HT1B and 5-HT2A receptors and ↆ 

expression of IL-12 in PBMCs 

Cortisol and glucose concentrations, and LDH activity ↑ 

Circulating 5-HT concentration ↆ 

 

Padalino et al. (2017), 

Bruschetta et al. 

(2024) 

Poultry Heterophil/lymphocyte ratio (H/L ratio) 

↑ 

Body weight losses, Serum glucose ↑ Serum cholesterol ↑ 
Creatine kinase ↑ 

Beski et al. (2011) 

 

 Interestingly, in the study by Lendrawati et al. 

(2020), the non-transported group exhibited a higher N/L 

ratio than the transported sheep. This finding was 

attributed to greater on-farm heat exposure due to 

increasing ambient temperature and humidity during the 

experimental period. Environmental measurements 

indicated that animals were subjected to warm ambient 

conditions with mild heat stress during transport, 

whereas a slightly higher thermal load was recorded at 

the farm. These results collectively suggest that the N/L 

ratio is a sensitive biomarker for both transport-

associated stress and heat exposure, with the latter 

potentially exacerbating stress responses even in non-

transported animals under certain farm conditions. 

 Cortisol is commonly used to assess the physiological 

stress response in transported sheep (Krawczel et al., 

2007). Following a few hours of travel, the blood cortisol 

level in transported sheep returns to its baseline level 

after experiencing a rise before loading (Cockram et al., 

2000). In the study of Lendrawati et al. (2020), cortisol 

levels peaked after 8 h of transportation. After 12 h, 

cortisol levels decreased to values similar to those 

observed after 4 h. These findings are consistent with 

glucose measurements and agree with Pascual Alonso et 

al. (2017), who reported that cortisol levels doubled after 

4 h of transport compared to pre-transport and were 

about two times higher than the control group. 

 These findings indicate that the interaction between 
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transport duration and treatment significantly affected 

serum glucose levels in sheep. The transport group’s 
serum glucose rose in 4 h, reduced in 8 h, and then 

increased after 12 h of transport; in contrast, the non-

transport sheep’s serum glucose did not change over 
time. Indicators of an animal’s metabolic reaction to 
stress include higher serum glucose levels (Ali et al., 

2006). Furthermore, as a sign of metabolic fatigue, 

Knowles et al. (1995) reported that rising plasma glucose 

is a reaction to early stress and will fall for up to 24 h. 

Miranda de la Lama et al. (2012) have demonstrated that 

increased cortisol levels during stress cause glucose to 

rise as a gluconeogenic impact. SAA and haptoglobin (an 

acute-phase protein) have been identified in feedlot beef 

cattle as biomarkers associated with physiological 

disturbances (Giannetto et al., 2011). 

 Additionally, in the assessment of physiological 

stress, oxidative stress biomarkers such as reactive 

oxygen metabolites (dROMs), antioxidant barrier (Oxy 

ads), and thiol antioxidant barrier (SHp) are commonly 

used to evaluate the inflammatory stress response in 

transported animals. Increased levels of these biomarkers 

have been reported in ewes after transport (Piccione et 

al., 2013; Fazio et al., 2018). Transport stress can also 

influence metabolic responses. For instance, Zhong et al. 

(2011) reported that during prolonged transport, animals 

utilize glucose as a primary energy source; glycogen 

reserves are mobilized and may become depleted after 

approximately 24 h. However, the same study indicated 

that an 8-hour road transport did not significantly affect 

blood cell counts or serum cortisol concentrations, 

although differences were observed among sheep of 

different ages. The absence of major metabolic changes 

in that study may be related to the relatively shorter 

transport duration and distance. 

 To explain the injuries and weariness that sheep 

experienced during transportation, CK became an 

essential variable (Fisher et al., 2010). Lendrawati’s et 

al. (2020) findings demonstrated that when travel time 

increases, CK activity continued to rise. The findings of 

Lendrawati et al. (2020) also compared 4- and 8-hour 

periods; The 12-hour transport group had increased CK 

activity, while the non-transport group’s CK activity 
tended to persist. Gregory (2005) reported that physical 

injuries sustained during handling, loading, and killing 

led to an increase in CK activity. Furthermore, Fisher et 

al. (2010) reported an increase in CK concentration upon 

arrival. Although this rise was also observed in the 

studies by Fisher et al. (2010) following 48-hour 

transports, the increase detected in the Lendrawati et al. 

(2020) investigation was comparatively minor. This 

suggests that CK elevation is a common response to 

transport stress, but its magnitude may depend on the 

duration and intensity of the journey. 

 Similar effects on blood urea nitrogen (BUN) 

concentration are seen in transport and starvation trials, 

which tend to increase with trial duration. The sheep in 

the study by Lendrawati et al. (2020) were not subjected 

to severe stress during the 4, 8, or 12-hour transport; 

however, the lack of feed and water resulted in 

alterations in blood metabolites such as BUN (a marker 

of protein metabolism and renal function), total protein, 

and glucose concentration. Because of the longer transit 

time and greater duration of food deprivation compared 

with the 4- and 8-hour periods, these alterations may be 

related to food deprivation, which would be more 

noticeable during the 12 h. Feed and water deprivation 

during transport can stimulate protein catabolism and 

increase nitrogen metabolism, resulting in elevated BUN 

concentrations. Furthermore, Montané et al. (2002) 

reported that, in roe deer, physical activity during 

transport, the impact of glucocorticoids on protein 

catabolism, and starvation could all contribute to an 

increase in BUN concentrations in transported sheep. 

 The findings indicated that, except for alkaline 

phosphatase (ALP), an enzyme related to liver and bone 

metabolism, no discernible variations were observed in 

the data obtained from the analyses of any of the 

biochemical markers investigated in the Yankasa sheep. 

Except for the ALP value, which demonstrated a 

significant difference following transportation, there 

were no significant differences observed in Balami sheep 

for the levels of alanine aminotransferase (ALT), a liver 

enzyme indicating hepatic injury, aspartate 

aminotransferase (AST), a liver and muscle enzyme, 

creatinine, urea, and glucose. None of the parameters 

measured in the Sudanese Fat-Tail sheep differed 

significantly, except for glucose (Sanusi et al., 2022). 

 According to the study by Knowles et al. (1995) in 

sheep, the cause of the decrease in plasma glucose for up 

to 24 h could be attributed to early stress. This would 

imply metabolic depletion and an initial increase in 

plasma glucose. Mohammadi et al. (2007) reported 

cytological, biochemical, and bacteriological 

examinations of bronchoalveolar lavage (BAL) fluid and 

hematological and biochemical examinations of blood 

samples in calves after 12 h of road transportation. They 

revealed that the number of RBC, WBCs, and 

neutrophils, as well as cortisol levels, PCV, total protein, 

and fibrinogen significantly increased. However, 

lymphocytes significantly decreased in the experimental 

(transportation) group compared with the control group 

on the day of transportation. In addition, regarding the 

BAL fluid content, the total cell count, macrophages, 

neutrophils, and total protein increased in the 

experimental group (Mohammadi et al., 2007) (Table 1; 

Figs. 1a-c). An increase in serum APPs (fibrinogen, 

ceruloplasmin, SAA, and α-acid glycoprotein) was 

reported in dairy beef calves during feed restriction, 

marketing, and transportation (Pisoni et al., 2022; Pisoni 

et al., 2023). According to Ishizaki and Kariya (2010), 

plasma cortisol levels increased significantly 4 h after 

calves were transported, whereas they did not change in 

the control group. Information on the effects of road 

transportation on the function of BAL fluid cells in cattle 

is limited (Ishizaki and Kariya, 2010). 

 Li et al. (2024) also discovered that after the goats 

were transported, there was a marked rise in the levels of 

AST and ALT. This further supports the possibility that 

they sustained liver injury during transportation. Clinical 
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indicators of renal function include urea and creatinine, 

which are nitrogen-containing end products of 

metabolism. When proteins in food and tissues are 

metabolized, the primary byproduct is urea. Muscle 

creatine catabolism results in creatinine. Further 

supporting the findings of Li et al. (2024) indicating that 

transportation could potentially lead to renal impairment, 

Dalmau et al. (2013) also noted a significant increase in 

blood urea levels in lambs following 24 h  of transit. 

Furthermore, chronic exposure to environmental stresses 

can alter the body’s ability to regulate the permeability 
and function of muscle cell membranes, allowing 

intracellular CK and lactate dehydrogenase (LDH, an 

enzyme released during tissue damage) to leak out and 

thereby elevating blood CK and LDH activity (Klein et 

al., 2020). 

 Antioxidant enzymes play a key role in the 

physiological stress response. Transport stress can 

disrupt the balance between ROS production and 

antioxidant defense systems, resulting in oxidative stress. 

Enzymes such as superoxide dismutase (SOD), 

glutathione peroxidase (GSH-Px), and catalase protect 

cells from ROS. SOD converts superoxide radicals into 

hydrogen peroxide, which is then detoxified mainly by 

GSH-Px and catalase. GSH-Px also reduces hydrogen 

and lipid peroxides, thereby protecting cellular 

membranes from oxidative damage (Celi, 2010). 

However, the activity of these enzymes, particularly 

GSH-Px, may vary among studies due to factors such as 

environmental conditions, nutrition, management 

practices, seasonal changes, and physiological status 

(Celi, 2010). Differences in experimental conditions, 

including transport duration and environmental 

temperature, may therefore explain inconsistent 

antioxidant responses. For example, Li et al. (2024) 

reported oxidative stress in transported goats, evidenced 

by a significant decrease in serum GSH-Px activity and 

an increase in protein carbonyl content. In contrast, 

Danyer et al. (2021) observed significantly higher serum 

GSH-Px and SOD activities in ewes after transport. 

 Variations in antioxidant responses may depend on 

transport duration, with short transports upregulating 

enzymes and longer ones depleting them. Biochemical 

and physiological changes in sheep, calves, and goats 

induced by road transportation are presented in Figs. 1a-

c. It is reasonable to assume that sheep may have a 

compensatory increase in antioxidant enzyme activity in 

response to brief transit. Longer transport durations may 

exhaust this protective mechanism, leading to severe 

depletion of antioxidant defenses and, consequently, a 

decrease in total antioxidant capacity (Figs. 1a-c). 

Hematological and biochemical changes during road 

transportation in sheep, goats, and calves are presented in 

Table 1. Overall, these findings indicate that 

transportation induces a complex physiological response 

involving endocrine activation, metabolic adjustments, 

inflammatory processes, and oxidative stress, the 

magnitude of which depends largely on transport 

duration, environmental conditions, and animal 

characteristics (Table 2). 

 The evidence suggests that road transportation of 

sheep, cattle, and goats does not yield a consistent 

biomarker profile, but rather a physiological pattern that 

is contingent on environmental conditions. Brief 

transport periods may result in minimal or temporary 

hematological alterations; however, extended transport, 

inadequate road conditions, lack of feed and water, and 

thermal stress exacerbate endocrine activation, leukocyte 

redistribution, muscle enzyme leakage, inflammatory 

signaling, and oxidative imbalance. Consequently, 

biomarkers including cortisol, glucose, N/L ratio, CK, 

BUN, APPs, and antioxidant enzymes must not be 

analyzed in isolation. Their diagnostic value depends on 

transport duration, environmental circumstances, 

nutritional deprivation, and breed- or species-specific 

resilience. 

 
Horse 
 Horses display a unique transport-stress profile 

marked by sympathetic activation, immunological 

modulation, hydration imbalance, oxidative alterations, 

and delayed recovery consequences. In contrast to short-

term stress management, extended transportation may 

combine psychological stress, postural strain, limited 

mobility, dehydration, and modified feeding behavior, 

resulting in quantifiable alterations in leukocyte 

distribution, acute-phase responses, antioxidant capacity, 

and clinical indicators. 

 Road transportation can induce a wide range of 

physiological responses in horses, including 

immunological, hematological, inflammatory, and 

oxidative alterations. Padalino (2015) evaluated these 

responses in mixed breed adult horses during and after 

transportation compared with non-transported controls. 

The extended trip was associated with an acute phase 

reaction, evidenced by higher levels of γ-interferon, 

reduced plasma total antioxidant status (PTAS), 

abnormal clinical signs, neutrophilia, and decreased 

lymphocyte responsiveness. Specifically, a diminished 

lymphocyte proliferative response was observed upon 

unloading, supporting the theory that a horse’s immune 
potential may decline following extended travel (Figs. 

2a-b). These findings suggest that prolonged

 
Table 2: Comparative table of transport-related biomarkers acrosssSpecies 

Biomarker Cattle and sheep Horses Camels Poultry 

Glucocorticoids Primary HPA indicator HPA activation (varies) HPA/HPT axis involvement Corticosterone (increase) 

CK (Creatine Kinase) High (muscle fatigue) High (muscle damage) High (muscle damage) High (significant marker) 

N/L or H/L Ratio Highly sensitive Leukocyte redistribution Less documented Primary welfare indicator 

Acute phase proteins SAA, fibrinogen (Up) Inflammatory response Moderate response Variable 

Oxidative status Antioxidant depletion PTAS/ROMs disturbance MDA/Catalase increase Metabolic trade-offs 

Metabolic shift Gluconeogenesis (glucose) Catecholamine-driven Lipid mobilization Catabolic (weight loss) 
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Fig. 2: Biochemical and physiological changes in horse and camel induced by road transportation (a) horse, and (b) camel 

 
transportation may temporarily suppress immune 

competence through stress-mediated physiological 

pathways. 

 Dehydration and transport-induced catecholamine 

release have been attributed to increased red cell mass 

during shorter trips. In the Padalino et al. study (2017), 

horses were incredibly silent and less receptive during 

unloading, which may have resulted from catecholamine 

depletion or adaptation to external stimuli to help them 

endure the protracted trip. Catecholamine release during 

transport is associated with sympathetic nervous system 

activation, which contributes to behavioral changes, 

cardiovascular adjustments, and metabolic responses. 

 The Padalino (2015) study’s observations of 
alterations in leukocyte counts are consistent with those 

of earlier investigations. Transport caused neutrophilia 

and lymphopenia in horses that did not become sick but 

did not increase the overall leukocyte count (Oikawa et 

al., 2005; Stull et al., 2008). This leukocyte 

redistribution is typically associated with glucocorticoid 

release and activation of the stress response. The 

transport-induced rise in cortisol has been linked to 

alterations in leukocyte populations and decreased 

leukocyte function (Stull et al., 2004). However, the 

Padalino et al. (2017) investigation observed no 

difference in cortisol concentrations. This result conflicts 

with the literature because elevated cortisol has been 

reported in numerous other studies following brief trips 

(Tateo et al., 2012; Fazio et al., 2013), 12-hour trips 

(Baucus et al., 1990), or 24-hour trips (Stull and Rodiek, 

2000). Variations in cortisol responses among studies 

may be explained by differences in transport duration, 

animal experience, and habituation to transport, and 

environmental conditions. 

 Several clinical examination measures were above 

the average range, as recently documented (Stull and 

Rodiek, 2000; Padalino et al., 2012; Padalino, 2015). 

The Padalino et al. study (2017) showed a positive 

correlation between these parameters and lymphocyte 

proliferation, indicating that the degree of insult to 

homeostatic processes may impact the severity of 

immunological impairment and the extent of the clinical 

reaction. These preliminary results highlight the 

significance of clinical assessment in determining each 

horse’s response to transportation, even though 
correlation is a poor indicator of association. Therefore, 

clinical indicators may provide useful insight into the 

physiological burden imposed by transportation. 

 According to the Padalino et al. (2017) study, the 

best practice for identifying horses more susceptible to 

illness and scheduling a recuperation period is to do a 

clinical assessment as soon as they arrive (Hodgson et 

al., 2013). 

 The transport did not affect leukocyte counts overall; 

however, there was considerable fluctuation in leukocyte 

subpopulations about transportation. Horses, in 

particular, showed higher neutrophil levels and reduced 

lymphocyte and eosinophil counts (Padalino et al., 

2017). 

 Changes in plasma protein fractions have also been 

reported in transported horses, reflecting inflammatory 

and hydration-related responses (Crisman, 2008; Cray et 

al., 2009). The decrease in albumin concentration could 

be because albumin is a negative acute phase response 

protein or because the hydration indices had recovered 

from transport and the seventh day exhibited an upward 

trend in globulin concentration, which was correlated 

with an increase in acute phase proteins (Crisman et al., 
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2008; Cray et al., 2009). Dehydration or 

hemoconcentration may be responsible for the elevated 

albumin value observed during unloading (Stull and 

Rodiek, 2000). Transport has been shown to slow food 

movement through the intestines, raising the 

temperature, heart rate, and breathing rate in horses 

(Oikawa et al., 2005). According to Padalino (2015), 

these alterations have been explained as an inevitable 

reaction to transportation linked to catecholamine 

release, muscle activity, and thermoregulation. At 

unloading, capillary refill time was significantly greater 

in the horses in the experimental group than in the 

control group, even though capillary refill time has been 

considered in previous studies to be the most trustworthy 

welfare indicator of adequate water intake and the 

absence of prolonged thirst (Dalla Costa et al., 2014). 

 The two most frequent effects of transportation have 

been dehydration and weight loss. These alterations are 

generally associated with reduced water intake, increased 

sweating, and prolonged standing during transport. 

Weight loss attributable to transportation can range from 

0.10 to 0.63% of body weight per hour of travel, with 

recovery often occurring within three days after arrival 

(Lendrawati et al, 2020). There was not a severe level of 

dehydration because serum total proteins and albumin 

were still within normal limits (Reed et al., 2003). 

Therefore, it is possible to interpret the capillary refill 

time and body weight changes as typical, modest 

responses to transit stress and hydration intake 

restrictions. It is therefore advised that measures be 

easily implemented to assess the recovery of horses after 

transportation, such as monitoring capillary refill time 

and body weight by tape after transportation. These are 

simple procedures that all owners and agents might 

perform before and after the trip. 

 The impact of extended travel on the immune system 

is intriguing since illnesses linked to transportation 

typically manifest clinically a week following the 

transportation. By day seven following the 

transportation, the effects of transportation were reversed 

in the Padalino et al. research (2017), and no animals had 

illnesses. This finding suggests that many transport-

induced physiological alterations are reversible once 

animals are provided with adequate rest and recovery 

time. Stull et al. (2008) demonstrated that a rest period is 

necessary for the immune system to repair and respond 

to the diseases to which animals may be exposed during 

travel (Stull et al., 2008). 

 Transport stress has also been associated with 

disturbances in oxidative balance. Onmaz et al. (2011) 

and Wessely Szponder et al. (2015) study suggests that 

changes in oxidative and antioxidative indices, such as 

PTAS and ROMs, can be attributed to the acute phase 

response caused by transport stress. This has been 

previously suggested by Onmaz et al. (2011) and 

Wessely Szponder et al. (2015). Padalino et al. (2017) 

did not observe a notable rise in ROMs, as previously 

reported in transported ewes (Piccione et al., 2013), even 

though oxidative product maxima can be observed one to 

two days following transportation (Nazifi et al., 2009; 

Piccione et al., 2013; Wessely Szponder et al., 2015). 

The Padalino et al. (2017) study examined a group of 

horses that showed the highest ROM values on day 1, 

with a concurrent and noticeable increase in PTAS to 

nearly twice the normal range (Kusano et al., 2016) 

(Table 1). The latter could be an antioxidant reaction to 

prevent oxidative stress by producing more free radicals 

(Celi, 2011; Niedźwiedź et al., 2013). Such increases in 

antioxidant capacity may represent a compensatory 

mechanism aimed at counteracting increased production 

of reactive oxygen species. This exceptionally high 

PTAS level could also be connected to the experimental 

group horses’ day-one serum albumin concentrations, 

which increased noticeably. Therefore, albumin is 

included in the assessment of PTAS (Celi, 2011), as its 

sulfhydryl (SH) groups are considered a vital part of the 

extracellular antioxidant defense system. 

 In 1996, Benzie and Strain found that proteins only 

comprise 10% of PTAS values. Uric acid, ascorbic acid, 

and α-tocopherol comprise 60%, 5%, and 5% of the total. 

Thus, Padalino’s et al. observations (2017) are in 

keeping with the literature suggesting that transportation 

increases PTAS, possibly due to the mobilization of 

antioxidants (Niedźwiedź et al., 2013). Stressed animals 

are known to protect their cells from oxidative damage 

by releasing antioxidants, which neutralize the effects of 

free radicals (Sconberg et al., 1993; Ralston and Stives, 

2012). Specifically, Pregel suggested that PTAS could be 

a more accurate and sensitive indicator of stress in calves 

that have been transported than the measurement of 

individual antioxidant markers. As a result, it may be 

advisable to monitor PTAS and ROMs (reactive oxygen 

metabolites, markers of oxidative stress) before and after 

travel to identify calves at risk of oxidative stress and the 

ensuing poor health and welfare effects (Pregel et al., 

2005). 

 The Bruschetta et al. (2024) study revealed that 

transport and slaughter stress activate the serotoninergic 

system, affecting the expression of serotonin-related 

receptors in peripheral blood mononuclear cells. This 

stress, combined with elevated glucose, cortisol, and 

LDH concentrations and reduced circulating 5-HT, 

suggests that serotonin receptor expression could serve 

as a key stress indicator, potentially aiding in the 

development of better elective protocols for transported 

horses (Bruschetta et al., 2024) (Table 1). Cortisol 

concentrations did not vary significantly after either 

journey. Nevertheless, cortisol response magnitude is 

currently a useful standard indicator for stress assessment 

(Boucher et al., 2019). Activation of the HPA axis plays 

a key role in restoring homeostasis, with many studies 

showing increased cortisol levels following transport (de 

Mira et al., 2021; Bruschetta et al., 2024). This response 

varies based on habituation, age, experience, transport 

duration, environmental conditions, and management. 

Foals exhibit high cortisol levels during early transport 

experiences, while stallions and racehorses show 

increases over both short and long distances (Rizzo et al., 

2017). Horses accustomed to transport for competitions 

also display significant cortisol elevation after transport 
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and slaughter (Bruschetta et al., 2024). This supports 

findings that cortisol levels remain elevated throughout 

transport due to external stressors triggering 

physiological responses. Biochemical and physiological 

changes in horses induced by road transportation are 

presented in Figs. 2a-b. 

 Aragona et al. (2024) studied the effects of transport 

distance and time of day on body temperatures in athletic 

horses. No significant differences were found in the left 

and right sides, inner thigh, or rectal temperatures across 

distances or times. However, jugular, shoulder, and 

croup temperatures were higher in the afternoon than in 

the morning for both distances. The study suggests that 

the time of day influences ocular temperature as much as 

transport distance. 

 Transportation to slaughterhouses can also result in 

several physiological and physical stress indicators in 

horses. After transport, some horses had superficial 

bleeding wounds, an increased respiratory rate, and 

elevated blood lactate concentration in both adults and 

foals. Blood glucose decreased in some horses, while 

plasma total protein increased. Bruising was observed in 

both adults and foals. Although the effects on physiology 

and bruising were minor, handling, transport, and lairage 

still caused injuries and stress, indicating suboptimal 

management (Roy et al., 2015). 

 The adrenocortical response is characterized by an 

increase in cortisol levels previously recorded in both 

stallions and geldings in response to excitement, 

transportation, and stress (Villani et al., 2006; Fazio et 

al., 2013). It is thus reasonable to hypothesize that the 

horse’s physical component of transport and slaughter 
stress stimuli may combine with the psychic one to 

modify the adrenocortical responses (Figs. 2a-b; Table 

2). Overall, these findings indicate that road 

transportation triggers complex physiological responses 

in horses involving endocrine activation, immune 

modulation, metabolic alterations, and oxidative stress. 

Hematological and biochemical changes during road 

transportation in horses are presented in Table 1. 

 
Camel 
 In camels, transport-induced stress responses must be 

understood in the context of their remarkable adaptation 

to dry conditions and extended resource scarcity. Despite 

camels’ physiological resilience, transportation can 
nevertheless trigger endocrine, metabolic, oxidative, 

hepatic, and mineral-related changes. In comparison to 

other livestock species, their reaction seems to be 

significantly influenced by energy conservation, lipid 

mobilization, thyroid-related metabolic regulation, and 

the maintenance of water balance. 

 Camels are well adapted to harsh environmental 

conditions, yet transportation can still impose 

physiological stress that triggers a range of metabolic 

and endocrine responses (Saeb et al., 2010). Transport 

stress activates the hypothalamic-pituitary-thyroid (HPT) 

axis, leading to increased secretion of thyroid hormones 

to meet elevated energy demands (Hyyppä, 2005; Saeb et 

al., 2010). Activation of this axis helps increase 

metabolic rate and energy mobilization to meet the 

elevated physiological demands associated with transport 

stress. However, hydration status remained stable, as 

serum total protein and albumin levels did not show 

significant changes. 

 Cardiac troponin-1 serves as a sensitive biomarker of 

cardiac muscle damage (Tharwat et al., 2013a). Tharwat 

et al. (2013b) found that its levels increased after 

endurance exercise, suggesting elevated cardiac stress 

under hypoxic conditions. These findings indicate that 

prolonged physical exertion during transport or 

endurance exercise may temporarily increase cardiac 

workload in camels. Though levels normalized after 

seven days, chronic exercise-induced stress may 

contribute to cardiac damage, indicating the need for 

adequate recovery time. Increased concentrations of 

cortisol, T4, T3, fT4, glucose, NEFA, and urea nitrogen 

were reported in the serum of one-humped camels 

following endurance load exercise (Kumar et al., 2022). 

 Metabolic biomarkers are frequently used to evaluate 

the physiological impact of transport stress and the load-

carrying capacity of camels. Most biochemical 

parameters remained unchanged, except for a notable 

increase in triglycerides, likely due to lipid mobilization 

for energy (Aragon and Younossi, 2010). This response 

reflects the camel’s well-known ability to mobilize fat 

reserves from the hump to meet increased energetic 

demands during periods of stress or limited feed 

availability. Oxidative stress-related parameters, 

including MDA and catalase activity, increased with 

transit distance, suggesting free radical production and 

erythrocyte membrane damage (Ramnath et al., 2008; 

Nazifi et al., 2009). Greater attention has been given to 

adaptive characteristics that help animals survive in 

challenging circumstances, in addition to generic 

physiological reactions. Specifically, elevated thyroid 

hormone activity, which aids in mobilizing energy 

reserves in arid and resource-constrained environments, 

is linked to their metabolic resilience. This hormonal 

change helps to maintain metabolic function and 

enhances resistance to environmental stresses (Taff et al., 

2024). 

 Under stress, the sympathetic-adrenal medullary 

system releases catecholamines, causing spleen 

contraction and erythrocyte release (Montane et al., 

2002). These findings highlight the physiological 

impacts of transport stress on camels and their adaptive 

responses. Testosterone, an anabolic steroid, decreased in 

camels subjected to long-walk travel, reflecting 

metabolic adaptation to prolonged feed and water 

deprivation through a reduction in metabolic rate 

(Baghshani et al., 2010). Reductions in testosterone 

during prolonged stress may reflect a shift in 

physiological priorities from reproductive functions 

toward energy conservation and survival. Although 

truck-transported camels showed lower cholesterol than 

walking or control groups, their values remained within 

the normal range for dromedaries (Mohammed et al., 

2007; Eltahir et al., 2016). The reduction in testosterone 

along with elevated cholesterol in walking camels may 
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indicate mobilization of hump fat to maintain cholesterol 

homeostasis after more than 30-40 days of desert travel. 

Similar to the current findings, road transport did not 

significantly affect testosterone release in stallions 

(Deichsel et al., 2015). 

 All transported camels exhibited increased liver 

enzyme activities, suggesting hepatic stress. ALT 

concentrations were elevated in both transported groups 

and were comparable to the upper limits previously 

reported in non-transported young camels (Eltahir et al., 

2016). AST levels were higher in truck-transported 

camels, consistent with observations in horses 

transported for long durations (>20 h) (Padalino et al., 

2017). ALP was highest in control animals but remained 

within normal physiological ranges (Eltahir et al., 2016). 

 Transport stress also reduced serum iron, similar to 

decreases observed after surgical castration or 

vaccination (Greunz et al., 2018). Transport stress has 

also been associated with alterations in mineral 

metabolism. Despite this decline, iron values remained 

several-fold higher than reference levels for young 

female camels, likely due to differences in sex, breed, 

and diet. Copper concentrations, which typically rise as a 

positive acute-phase response (Gruys et al., 1999), 

decreased in truck-transported camels, likely reflecting 

feed restriction. Even the lowest copper values recorded 

exceeded previously reported reference ranges for 

dromedaries (Baghshani et al., 2010; Eltahir et al., 

2016). Overall, the available evidence suggests that road 

transportation induces complex physiological responses 

in camels involving endocrine activation, metabolic 

adjustments, oxidative stress, and alterations in mineral 

and liver metabolism. Hematological and biochemical 

changes during road transportation in camels are 

presented in Table 1. Biochemical and physiological 

changes in the camel induced by road transportation are 

presented in Figs. 2a-b. 

 Total protein levels decreased significantly in truck-

transported camels, aligning with reductions previously 

reported in young bulls transported by truck (Padalino et 

al., 2017) and in animals undergoing prolonged 

dehydration (Kataria et al., 2007). However, other 

studies have documented increased total protein shortly 

after transport (Earley et al., 2010; Saeb et al., 2010; 

Earley et al., 2011; Cywinska et al., 2012; Tharwat et al., 

2013; Emeash et al., 2016), likely reflecting transient 

dehydration or acute-phase responses (Niedzwiedz et al., 

2012; Mohamed et al., 2021). These discrepancies may 

result from species- and context-specific adaptation to 

transport-related and environmental stressors. 

Differences in transport duration, hydration status, 

feeding conditions, and environmental temperature may 

also contribute to variability among studies (Figs. 2a-b; 

Table 1; Table 2). 

 
Poultry 
 Transportation is a multifaceted stressor for broilers, 

impacting both body mass and immune status. Beski et 

al. (2011) demonstrated that transport duration is 

positively correlated with body weight loss and the 

heterophil-to-lymphocyte (H/L) ratio. The heterophil-to-

lymphocyte ratio rises due to glucocorticoid-mediated 

immune shifts, a process that can compromise host 

defenses and increase disease susceptibility following 

transport. The rise in the H/L ratio serves as a reliable 

marker of HPA axis activation, reflecting a systemic shift 

in leukocyte distribution mediated by corticosterone. The 

group that was transported for 3 h had the highest 

percentage of body weight loss and H/L ratio (Beski et 

al., 2011). 

 However, compared to the control, the impact of 

transit on PCV% and hemoglobin concentration was not 

statistically significant. Furthermore, Ghareeb and Böhm 

(2009) found an increase in heterophils in broilers after 

24 h of transit. However, Voslarova found no evidence 

of a transportation-related impact on the patient’s H/L 

ratio in Phasianus colchicus (Voslarova et al., 2006). 

 Beyond the economic implications of body weight 

loss, these physiological markers highlight the significant 

welfare burden imposed on birds during transit. 

According to Altan et al. (2003), a rise in the H/L ratio is 

a physiological sign of stress in birds. Plasma 

corticosterone levels increase following road 

transportation (Satterlee et al., 1989). 

 According to Beski et al. (2011), there were no 

statistically significant differences between transported 

broilers and the control group in terms of serum total 

protein and triglyceride levels. However, Minka and Ayo 

(2008) reported that serum total protein levels 

significantly decreased in Shika Brown pullets following 

transport. Similarly, Huff et al. (2008) observed a 

decrease in serum triglyceride levels in transported 

turkeys. These variations may be attributed to differences 

in transportation conditions, travel duration, or dietary 

composition. Transported chickens showed a significant 

increase in serum CK compared with the control group. 

Birds transported for 3 h exhibited the highest CK levels. 

This finding is consistent with the study by Mitchell et 

al. (1992), which reported a significant increase in 

plasma creatine kinase levels in broilers after 216 min of 

transportation. Similarly, Scope et al. (2002) reported a 

significant increase in blood creatine kinase levels in 

pigeons following transportation. Elevated levels of 

intracellular muscle enzymes such as creatine kinase in 

plasma may indicate tissue damage and muscle 

dysfunction induced by transport stress (Mitchell et al., 

1992) (Table 1; Fig. 3). The leakage of CK into the 

circulation is indicative of skeletal muscle membrane 

permeability changes, likely resulting from physical 

exertion, and postural instability during transit, and 

potentially, localized ischemia. 

 Transport-related mortality is not merely a function 

of travel duration, but is strongly modulated by seasonal 

environmental conditions and species-specific 

thermoregulatory capacities. End-of-lay hens and broiler 

chickens showed the highest winter mortality, whereas 

turkeys and ducks were more affected during the summer 

months. The heightened vulnerability of end-of-lay hens
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Fig. 3: Biochemical and physiological changes in poultry induced by road transportation 

 
is attributable to inadequate feather insulation, low body 

energy reserves, and overall metabolic depletion (Nielsen 

et al., 2022; Richards et al., 2012). Microclimatic 

assessments further demonstrated that birds located in 

peripheral transport positions were exposed to substantial 

cold stress when temperatures fell below 10°C (Richards 

et al., 2012). Elevated winter mortality in broilers 

suggests that factors such as heterogeneous thermal 

distribution, humidity, wet litter, and suboptimal 

ventilation may override their capacity for endogenous 

heat production. This implies that when environmental 

conditions exceed the bird’s thermoneutral zone, their 
ability to maintain homeostasis is severely compromised, 

leading to increased mortality risk. 

 Although summer heat stress in broilers is 

extensively documented, cold stress remains 

comparatively understudied despite evidence of peak 

mortality in winter (Grilli et al., 2018; Teke et al., 2019). 

These findings reinforce the role of seasonal conditions 

and transport duration as key determinants of transport-

related mortality (Cockram et al., 2019; Justova et al., 

2025). In summary, the physiological response of poultry 

to transportation involves a complex interplay of 

endocrine activation, metabolic depletion, and physical 

fatigue, with outcomes heavily influenced by thermal 

environment and individual bird resilience (Table 2). 

Hematological and biochemical changes during road 

transportation in poultry are presented in Table 1. 

Biochemical and physiological changes in poultry 

induced by road transportation are presented in Fig. 3. 

 

Comparative interpretation across species 
 Across species, transportation triggers a conserved 

stress-response network that interacts with the 

hypothalamic-pituitary-adrenal axis, sympathetic 

nervous system, metabolic substrate mobilization, 

inflammatory signaling, and oxidative stress. 

Nevertheless, the manifestation of these reactions varies 

significantly among taxa. In ruminants, the transport 

duration, road conditions, feed and water deprivation, 

and breed robustness predominantly influence changes in 

cortisol, glucose, N/L ratio, CK, BUN, and acute-phase 

proteins. Prolonged travel in horses is closely linked to 

immune regulation, alterations in hydration status, 

oxidative imbalance, and the need for recovery upon 

arrival. In camels, the response is influenced by 

metabolic resilience, thyroid-mediated energy regulation, 

lipid mobilization, and adaptability to arid environments. 

In chickens, transport-related responses are significantly 

influenced by environmental temperature, with the H/L 

ratio, CK activity, body weight loss, and mortality 

serving as critical welfare indicators. Consequently, 

transport-related biomarkers must be understood within 

the context of a cohesive physiological network rather 

than as standalone indicators. 

 

Conclusion 
 

 Effective management of livestock transportation 

relies on a multifaceted approach, incorporating optimal 

environmental control via sufficient ventilation and 

suitable stocking density, as well as genetic factors 

related to stress resilience. Alleviating transport-related 

physiological and metabolic stress is essential for animal 

welfare, health, and productivity. Future research and 

species-specific solutions, particularly in response to the 
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challenges associated with climate change and long-

distance travel, are crucial for improving animal welfare 

during transit. 
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