


Anatomical, Biochemical and Physiological Characteristics of Dromedary Camels (Camelus dromedarius) adapted to Climate Change and Desert conditions: An overview

Abstract
Dromedaries (Camelus dromedarius) can live in extreme climates, especially in Africa and Asia, without negatively affecting. However, dromedaries can survive where drought kills other ruminants like cattle, goats, and sheep. The purpose of this review was to summarize the adaptability of dromedaries to climate change and desert regions to ensure their performance even under difficult environmental conditions. Numerous studies have shown that the effects of heat and dehydration resulting from climate change on dromedaries are minimal, as they differ anatomically and physiologically from other animals in their ability to endure heat, tolerate water and food shortages, and exhibit greater adaptability. Dromedary camels can tolerate dehydration and lose up to 30% of their body weight due to lack of water, while other ruminants can only lose 10-15% of their body weight. In addition, a dromedary's body temperature can fluctuate by up to 6°C when they are dehydrated or exposed to heat stress.
Anatomical studies of dromedaries have shown that both their digestive and urinary systems are responsible for their ability to conserve water during periods of drought and heat in arid regions. Furthermore, from a physiological point of view, it has been proven that water loss in dromedaries during droughts is much lower than in ruminants.
It is noteworthy that the productivity of Arabian camels in terms of milk or meat production was higher than that of other milk-producing animal species under climate change and heat stress. In conclusion, the dromedary camel 'has evolved exceptional physiological, anatomical, and biochemical characteristics to adapt to the extreme heat, climate change, and aridity of the desert. 
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1. Introduction

The dromedary (Camelus dromedarius), also called the one-humped camel or Arabian camel, is a mammal species. Dromedaries are primarily native to Arabia and North Africa, where the harsh climate is characterised by hot deserts and semi-deserts. They are powerful animals that weigh between 450 and 650 kg, and reach a shoulder height of 1.8 to 2.3 meters. Typical features of dromedaries include long legs, a long neck, and a single hump. Under difficult conditions, dromedaries can produce eight to ten liters of milk daily (Abdallah & Faye, 2013; Khyralla et al., 2022). Later dromedaries were also introduced to Australia (Faye, 2013; Al-Jassim, 2017).
Climate change is one of the greatest threats the world has faced in recent decades (Chen et al., 2025). It affects all living species and therefore significantly reduces productivity, especially in food producing agricultural animals. Numerous studies prove that climate change has a significant impact on the dynamics of desert steppes (Chen et al., 2025; Lim et al., 2024; Xu et al., 2018). Signs of climate change, such as rising temperatures, altered precipitation patterns and increased extreme weather events, can significantly affect the vegetation structure and ecological functions of desert steppes (Xu et al., 2018). The main causes of these changes are human activities, like industry pollution, burning fossil fuels, and cutting down climate stabilising forests, to mention only a few reasons. On the other hand, the natural production of methane gas in the digestive system of farm animals -especially ruminant’s, additional minimal increase in global temperature, sea level and salinity in water and soil. In consequence, climate change affects the reproduction and productivity of livestock through various factors, including soil degradation, competition for feed resources, animal diseases, heat stress, and the loss of biodiversity (Godde et al., 2021; Kena, 2022). However, it has been shown that the effect of climate stress on dromedary camel production rates is much less compared to other livestock (Bekele et al., 2025). Dromedaries are specialized animals because they possess unique morphological, anatomical, metabolic, and physiological characteristics that enable them to withstand harsh environmental stress conditions (Ashour et al., 2024; Fesseha & Desta, 2020; Soliman, 2015). Dromedary camels belong to the “Old-World Camelids” and live primarily in the hot steppes and deserts of Asia and Africa. This means that camels are able to live and survive in harsh climates and adapt to climate change better than other farm animals, especially to drinking water scarcity, high temperatures and food shortages (Fesseha & Desta, 2020). From an economic perspective, the Arabian camels can play an important role in sustainable development and high protein delivery in many arid regions (Yosef et al., 2014). Furthermore, their high-protein milk, meat and fibre can help overcome hunger and poverty in many developing countries (Faye, 2016; Kurtu et al., 2017). In addition, dromedaries contribute to more sustainable land use and pasture usage particularly by their humble character and through the production of organic fertilizer (Al-Jassim & Sejian, 2015). 
However, extremely high temperatures and insufficient water intake can lead to dehydration in camelids. This disrupts the body's fluid balance, causing more fluid to be lost than absorbed, which in turn reduces circulating blood volume (Swenson & Reece, 1993). Due to their special physiological, morphological, hormonal, and anatomical characteristics, camelids can tolerate dehydration during heat stress and water shortages if they can drink approximately every 10 days (Gaughan 2011). The following is an overview and broad summary of the physiological, anatomical, and biochemical characteristics of dromedary camels, in the context adaption, climate change and desert conditions.

2- Anatomical features in dromedary camels adapted to climate change and desert conditions
2.1. Anatomy of the camel stomach
Although the camel's stomach is divided into chambers like that of ruminants, it is called a pseudo-ruminant because it does not have the clearly divided four-chambered stomach found in true ruminants (Ibrahim & Almundarij, 2023). However, it is assumed that the stomach plays the most important role in the adaptation mechanism of the digestive system of the Arabian camel. Therefore, the camel's stomach is divided into three chambers. Chamber 1(C1): This is the first and largest part, making up 83% of the total stomach volume and resembling the true rumen in ruminants (Perez et al., 2016). The second chamber (C2) in the dromedary is small and not completely separated from the first chamber (Abuagla et al., 2014). The third chamber (C3) is described as a long tube located in the right part of the abdominal cavity below C2 (Abuagla et al., 2014; Perez et al., 2016).
The anatomy of the C1 of the dromedary stomach contains water sacs, so-called water cells. Based on the observation of Mulu & Assen (2018), water cells can store large amounts of water, which constitute 20% of the total body weight.  It is noteworthy that one of these pouches was located in the cranioventral region of the C1, i.e. further to the right, and the other pouch was in the medioventral region or on the floor of the abdominal cavity (Purohit & Rathor, 1962). Other studies have shown that there are two “sacs of water”, namely the caudodorsal glandular sac and the cranioventral glandular sac. They consist of large glandular pits, each bordered by columns (Abuagla et al., 2014). In addition, it was found that the C1 consists of two pouches: dorsal and ventral water cells. Together they make up to 30% of the C1 volume and differ in structure and shape from other rumen parts (Figure 1) (Allouch, 2016). However, the cranial (dorsal) and caudal (ventral) C1 sacs contain the water cell area in three groups: cranioventral, caudoventral and caudodorsal sacs, whose shape and structure differ from the other parts of the C1.
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Figure 1. Internal view of the camel stomach showing the cranioventral water sac (A) and the caudoventral water sac with its primary, secondary, and tertiary folds as well as the C1 cells in formalized form (B), according to Allouch, (2016).

Furthermore, previous studies have shown that water absorption from the stomach and intestines of dromedaries occurs very slowly. However, this allows time for equilibrium to be reached without causing serious osmotic problems (Ali et al., 2019a; Soliman, 2015).

2.2. Anatomy of the dromedary camel kidney
[image: ]It has long been known that the production of highly concentrated urine is an important factor in water conservation, especially in many pets (Nawata & Pannabecker, 2018). Such physiological changes are due to anatomical changes in the kidneys during dehydration and heat stress. To produce concentrated urine, the kidneys must have certain anatomical features to ensure an effective urine concentration system (Ouajd & Kamel, 2009). However, the structure of the renal medulla and its connection to the renal pelvis, as well as the transport properties of the nephrons, suggest that the anatomical relationships of these structures may contribute to urine concentration (Nawata & Pannabecker, 2018). Observations have shown that the kidney in all camel species plays an important role in concentrating urine by increasing its osmolality (Abdalla, 2020; Ouajd & Kamel, 2009). Experimental evidence suggests that the kidneys of dromedary camels can retain more water during periods of dehydration (Ouajd & Kamel, 2009). This leads to a decrease in solutes in the kidneys because reduced plasma and tubular convection trap components in the plasma, resulting in further water retention (Kadhim et al., 2023). It is worth noting that the division of the renal medulla into inner and outer regions is a remarkable feature that links the kidney structure with the animal's ability to produce highly concentrated urine (Abdalla, 2020). Lange's results showed that the relative medulla thickness is the ratio of the average medulla thickness to the cube root of the kidney volume. This is an indicator of the length of the loop of Henle. In this context, it was found that high values of relative medulla thickness of about 7.89 mm were observed in the dromedary (Abdalla & Abdalla, 1979). Interestingly, anatomical studies of other camel kidneys under heat conditions and drinking water scarcity have shown that kidneys are able to regulate urine concentration and thus contribute to water conservation (Abdalla, 2020). Figure 2 shows that the dromedary camel's renal pelvis has a crescent-shaped main cavity that follows the long axis and curvature of the kidney. A thick, broad renal crest projects into the pelvic cavity. The thick renal crest contains numerous long loops of Henle and vasa recta, which are important for urine concentration. The renal crest is formed by the convergence of the medullary pyramids before it projects into the renal pelvic cavity. Finally, the kidney of the Arabian camel possesses the anatomical and histological prerequisites for producing concentrated urine. These prerequisites enable the kidney to contribute sufficiently to the camel's water retention and to tolerate the dryness of its environment (Schmidt-Nielsen & O'Dell, 1961).

Figure 2 Longitudinal sections of a dromedary camel kidney. 1. Renal cortex; 2. Renal pyramids converging toward the distal renal border; 3. Main cavity of the renal pelvis; 4. Walls of the lateral sinuses; arrowheads, lateral sinuses; 5. Normal fatty lining around the ureter (arrow) within the renal cavity, according to Abdullah (2020).

Interestingly, studies have shown that the glomerular filtration rate in camels differs from that in sheep and goats. However, the glomerular filtration rate in 6 adult camels (dromedaries) decreased by about 20% from 1.33 +0.23 to 1.06 +0.21 ml/min/kg after 34 days of water deprivation (Schroter et al., 1990). Table (1) clearly showed the glomerular filtration rate in dromedaries compared to sheep and goats (El-Bahri et al., 1999).

Table 1. Glomerular filtration rate of the dromedary in comparison with sheep and goat, according to El-Bahri et al. (1999). 

	Species
	Glomerular filtration rate
ml/kg/min

	Dromedary
	0.5-1 

	Goat
	4.0 

	Sheep
	1.2 



A dehydrated dromedary camel can excrete highly concentrated urine. This concentrated urine not only helps the animal to conserve water, but also allows it to drink water a higher salt content than seawater (over 3% sodium chloride) and to eat salt-tolerant plants that would be poisonous to other animals (Franklin, 2011; Irwin, 2010).

3- Aspects of dromedary camel physiological mechanisms in relation to climate change and desert conditions.
3.1. Physiological mechanisms of camels during water scarcity
Numerous studies have shown that Arabian camels are able to reduce dehydration caused by heat stress during water scarcity (Ali et al., 2023; Bekele et al., 2025; Fesseha & Desta, 2020; Soliman, 2015). Both the digestive and urinary systems are responsible for this water-saving ability (Mulu & Assen, 2018). However, due to specific physiological mechanisms, water loss in camels during water scarcity is significantly lower than in other ruminant species, like cattle, sheep, and other ruminants (Soliman, 2015). Mulu & Assen (2018) showed that dromedary camels lose about 1.3 Liter per day through faeces, while cattle can lose 20-40 Liters per day through faeces (Fesseha & Desta, 2020). It is worth noting that the water turnover rate was lower in dromedary camels (38-76 ml/kg/day) than in sheep (76-196 ml/kg/day) (Ouajd & Kamel, 2009). Interestingly, the animals can tolerate a loss of up to 30% of their body weight through water (Asres & Amha, 2014), while other ruminants can only tolerate 10-12% of their body weight (Ashour et al., 2024). It is important to emphasize that according to Elkhawad (1992), dromedary camels can survive for a maximum for 14 days without drinking water. Conversely, other studies have shown that they can only survive for an average of 6-8 days without water (Ouajd & Kamel, 2009; Schmidt-Nielsen, 1997). These differences in the authors' results can be attributed to the study region and the type of fodder intake (dry or wet). Studies have shown that camels in general can drink large amounts of water, in extreme cases up to one-third of their body weight, in a short period of time after a long period without drinking water. In this context, several lines of evidence indicate that camelids can drink 110 Liters in 10 minutes (Irwin, 2010; Schmidt-Nielsen, 1997). In other animals, rehydration on this scale would lead to overhydration and potentially death (Table 2) (Irwin, 2010). Nevertheless, drinking large amounts of water can affect blood concentration.
Table 2. Water turnover of a dromedary compared to other ruminants, according to Irwin, (2010).

	Species 
	Water turnover (ml/kg/day)
	Body water (%)

	Dromedary Camel
	38-76
	72

	Sheep
	62-127
	60

	Goat
	76-196
	65

	Zebu
	63-178
	65

	Buffalo
	108-203
	66




However, the large amount of water ingested is stored in the digestive system for 24 hours to prevent dilution of the blood (Willmer et al., 2004). Therefore, camels are superior to other ruminants in their resistance to water shortages because they can survive for long periods without water due to their ability to store water in their rumen and kidneys. In addition, it has been suggested that the soluble transport proteins aquaporins 1,2,3, and 4 as well as cholesterol in the renal cortex and renal medulla of dehydrated camels play a key role in water balance. Hereby, vasopressin, angiotensin, and other peptide hormones play an important role in this context (Ali et al., 2019b; Alvira-Iraizoz et al., 2021). Furthermore, the effects of prolonged dehydration were evident not only in the kidney but also in the abomasum (Ouajd & Kamel, 2009). These changes led to altered cell vacuoles, focal necrosis in the gastric mucosa, activation of oxidative stress markers, and the induction of apoptosis via an extrinsic mechanism (Ali et al., 2019a). In general, dromedary camels suffering from severe dehydration were observed to experience weight loss, the expulsion of very hard faeces and a few drops of concentrated urine, as well as mild tension, which was reflected in their behaviour in the form of loss of appetite (Ali et al., 2019a). Interestingly, the Arabian camel has a unique breathing pattern: the inhalation and exhalation frequencies through the nasal conchae are similar. This biphasic breathing pattern also reduces water evaporation and thereby also water uptake and consumption (Gaughan, 2011).

3.2. Physiological mechanisms under heat stress
The ability of camels to adjust their body temperature to the ambient temperature has long been known (Schmidt-Nielsen et al., 1957). The dromedary tolerates heat by raising its body temperature to reduce evaporative cooling during hot periods. Under normal conditions (without heat stress), the body temperature fluctuation is 2°C (36 to 38°C) (Fesseha & Desta, 2020). In conditions of dehydration and heat stress, these daily fluctuations can reach up to 6°C (Gaughan, 2011). In cattle, body temperature fluctuates only by 2 to 4°C under hot climate conditions (Gaughan et al., 2010; Mader et al., 2010). It is worth noting that the increased body temperature of dromedary camels exposed to extreme heat stress was beneficial to them, as it allowed them to store a large amount of heat during the day and release it at night, since high temperature differences appear in the desert (Grigg et al., 2009). Results from Abdoun et al. (2012) showed that camels exhibit better adaptability to seasonal fluctuations in body temperature and blood biochemistry than sheep under similar environmental conditions. In a similar study comparing the adaptability of dromedary camels and goats in summer, Samara et al. (2012) found that camels have a better ability to adapt to high temperatures compared to goats. However, long-term dehydration has been found to induce some pro-and anti-inflammatory cytokines, antioxidant markers of oxidative stress and apoptosis in the renal cortex of dromedary camels (Ali et al., 2020). In this situation, it was shown that the renal medulla in the kidney was less affected than the renal cortex during the dehydration and rehydration phases (Ali et al., 2023). It is worth noting that the effect of cholesterol levels has also been studied in dehydrated and dehydrated/rehydrated camels, where reducing the regulation of membrane cholesterol levels in kidney cells contributed to water conservation during dehydration (Alvira-Iraizoz et al., 2021). It is important to emphasize that Arabian camels are able to survive extremely high temperatures and avoid brain damage despite their high body temperature (Al-Jassim & Sejian 2015). It is difficult for camelids to maintain a constant brain temperature in extreme heat. However, camels have an amazing network of closely spaced arteries and veins that cool the blood flowing to the brain through counter current. This helps camelids maintain a constant brain temperature, which is essential for their survival (Asres & Amha 2014; Gaughan 2011).

3.3. Metabolic mechanisms under water and food scarcity.
The Arabian camel's ability to survive under conditions of thirst and food scarcity is known to be based on adaptive mechanisms, including the mobilization of body fat reserves (adipose tissue mainly in the hump) during periods of malnutrition and the storage of fat at appropriate times (Yosef et al., 2014). Several reports have shown that in dehydrated dromedaries, absolute liver fat is reduced from 13.0 down to 2.5%, indicating a strong mobilization of liver fat. However, severe water deprivation in the dromedary camels for more than 14 days stimulates lipolysis, leading to increased concentrations of triglycerides, free fatty acids, phospholipids, and cholesterol (Ouajd & Kamel, 2009). Therefore, the energy metabolism of camels differs significantly from that of ruminants. It is noteworthy that dromedaries have a normal blood sugar level of about 5 mmol/l, which is like that of monogastric species (Al-Salihi, 2016; Crane et al., 2018). Interestingly, the blood sugar levels of camels increase by 20 to 80% after 10 days of dehydration without any increase in urinary blood sugar levels (Al-Jassim & Sejian, 2015). Since water loss through the kidneys is very low in dehydrated dromedaries, the excretion of sugar-free urine is also reduced (Ouajd & Kamel, 2009).
In addition, it was observed that nitrogen utilization in dromedary camels increases with decreasing protein content in the diet and/or dehydration. This high urea utilization efficiency is based on highly efficient mechanisms that remain effective even under dehydration conditions (Gallacher & Hill, 2006).

3.4. Adaptation mechanisms of blood under heat stress and water shortage
It has been shown that the blood of the dromedary has adaptive mechanisms to cope with heat and dehydration. It was found that camel blood cells shrink and stiffen when dehydrated, but retain their oval shape. This allows them to remain suspended in the viscous blood and pass through even the smallest vessels. Their unique membrane and haemoglobin structure also prevents them from bursting, even after rapid rehydration through the intake of large amounts of water. This contrasts sharply with the round red blood cells of mammals (Perk, 1963). However, the red blood cells of the dromedary do not have a cell nucleus and can withstand osmotic fluctuations without bursting (Irwin, 2010). Furthermore, the erythrocytes of dromedaries can flow faster in a dehydrated state than the round red blood cells of other mammals (Fesseha & Desta, 2020). It is noteworthy that dromedary camel red blood cells are extremely elastic because the red blood cell membranes contain shorter and less saturated fatty acid chains, which could explain the elasticity (Fesseha & Desta 2020). The results of Oujad & Kamel (2009) showed changes in the morphology and flexibility of erythrocytes, and an increase in serum albumin concentrations was observed. These changes play an important role in maintaining osmotic pressure and water retention in tissues during dehydration. However, dehydrated dromedary camel can swell their red blood cells to up to 400% of their original size without bursting (Melaku, 2014; Soliman, 2015), while the erythrocytes of another ruminant can only swell up to 150% (Engelhardt, 2006). An interesting property of red blood cells is their extended lifespan in dehydrated dromedary camels from 90 to 120 days, and in cases of chronic dehydration in summer, even up to 150 days. Since the erythrocytes' metabolism is water- and energy-intensive, this extended lifespan of red blood cells reduces their total energy intake and water consumption (Crane et al., 2018; Ouajd & Kamel, 2009). In conclusion, among the most important adaptations of dromedaries to dehydration and rehydration are their characteristic red blood cells with the following functions: their oval shape, their high osmotic resistance, the flexibility of their membranes and the increased stability of their haemoglobin (Ali et al., 2023).

To save water and energy in the camel's body, the secretions of gastric glands and endocrine cells of dehydrated dromedary camels are regulated mainly by two hormones, vasopressin and oxytocin, which are both produced in a cluster of neurons, the supraoptic nucleus of the hypothalamus, and released by the posterior pituitary gland. New insights into the adaptation mechanisms in dromedaries have been described, including some of the latest molecular aspects related to heat shock protein expression in camels (Tibary and El Allali, 2020). Ali et al. (2023) examined haematological parameters in the blood of three groups of dromedaries. A control group (n=5) received water throughout the experiment, a dehydrated group (n=8) was deprived of water for 20 days, and a rehydrated group (n=5) was deprived of water for 20 days and allowed to drink freely for 72 hours starting on day 21. The results are shown in the following table (Table. 3).
Table 3. Changes in blood parameter values (Mean±SEM) in control (day 20), dehydrated (day 20), and rehydrated (day 20 and after 72 h rehydration) dromedary camels.

	Blood Parameter
	Control Dromedary Camels
(n=5)
	Dehydrated (day 20)
Dromedary Camels (n=8) 
	Rehydrated (day 20 and after 72 h rehydration)
Dromedary Camels
(n=6)

	Haematocrit (%)
	28.1 ± 0.6
	33.9 ± 0.5***
	30.9 ± 0.6∗∗††

	Haemoglobin (g/dl) 
	13.3 ± 0.3
	14.9 ± 0.4**
	14.3 ± 0.4*

	Red blood cells (106/µl)
	9.1±0.2
	9.8±0.3
	9.2±0.2

	Mean corpuscular volume (fl)
	31.2±0.5
	34.2±0.7***
	33.7±0.6*

	Mean corpuscular haemoglobin (pg)
	14.6±0.1
	15.4±0.2**
	15.6±0.3**

	Mean corpuscular haemoglobin concentration (g/dl)
	47.1±0.5
	45.1±0.4*
	46.2±0.5

	White blood cells (103/µl)
	11.7±0.5
	15.2±1.1**
	9.8±2.2†


A significant difference between the control group on the one hand and the dehydrated and rehydrated columns on the other hand was shown by the following: *p<0.05, **p<0.01, ***p<0.001, and between the dehydrated and rehydrated columns is characterized by †p<0.05, ††p<0.01; according to Ali et al. (2023) with some modifications.

The table shows that there was a significant increase (p<0.001) in haematocrit after dehydration, which persisted even 72 hours after rehydration compared to the control group. Furthermore, dehydration resulted in a significant increase (p<0.001) in mean corpuscular haemoglobin compared to control, and values remained high 72 hours after rehydration. Interestingly, dehydration resulted in a non-significant increase in red blood cells compared to the control group. After 72 hours of rehydration, red blood cells gradually returned to control levels, while white blood cells showed a significant increase (p<0.01) after dehydration. However, after rehydration, the levels gradually decreased and reached control levels after 72 hours. The above results show that the Arabian camel’s circulatory system is more resistant to dehydration and rapid rehydration than that of other species. 
In addition, from a physiological point of view, dehydration stress changes the concentration of stress hormones in the blood plasma to conserve water and energy in the camel's body. However, in dehydrated dromedary camels, there is a significant increase in cortisol, noradrenaline and dopamine levels and a significant decrease in adrenaline and serotonin levels (Ali et al., 2023). Furthermore, vasopressin (antidiuretic hormone) plays an important role in regulating urine volume and concentration in a lot of ruminants. It is produced in the hypothalamus and released by the posterior pituitary gland into the bloodstream when the “overall salt level” in the blood rises (Fesseha & Desta, 2020). However, the release of a larger amount of vasopressin triggers a rapid response in the kidneys, which increases water reabsorption. This results in the excretion of less, but more concentrated urine (Asres & Amha, 2024; Crane et al., 2018; Kamili et al., 2013).

3.5. Cellular and molecular adaptation to heat stress
Heat shock proteins (HSPs) have been observed to play an important role in physiological adaptation to heat stress in dromedary camels (Hoter et al., 2019). However, the HSP70 family includes highly conserved proteins with a molecular weight of 70 kDa that are known to be resistant to various temperatures and stresses. HSP70 has been studied mainly in relation to thermal and environmental stress (Ackerman et al., 2000; Kumar et al., 2003;). In a study by Sadder et al. (2015), HSP expression profiles in Arabian camels were investigated under controlled environmental stress, where the animals were exposed to heat stress of 43 °C air temperature. HSP expression levels showed a strong increase in mRNA levels of members of the HSP family, in particular HSP60, HSPA6, HSP105, HSP70, and HSPA1L after 3 hours of heat stress, followed by decreased levels after 6 hours. Based on these results, it is useful to link HSP expression levels with general animal performance and agricultural productivity in the genetic selection of heat-tolerant phenotypes. Interestingly, other studies on dromedary camel cells have shown varying levels of tolerance to heat stress (Saadeldin et al., 2018). Both oocyte cells and cumulus granulosa cells were exposed in cell culture to high temperatures of 45 °C for 2 and 20 hours, corresponding to acute and chronic heat stress. The oocyte cells showed lower resistance to acute heat stress, in contrast to cumulus cells, which tolerated both acute and chronic stress. Of note is the observation of small heat shock proteins (sHSPs) with a size of 12 to 43 kDa, which play a key role in cellular stress resistance and are expressed in many cell and tissue types (Bakthisaran et al., 2015). However, two members of the sHSP family have been identified in the Arabian camel: HSPB5 (B-crystallin, CRYAB) and HSPB1 (HSP27) (Hoter et al., 2018; Manee et al., 2017). Finally, heat shock proteins act as molecular machines that help other proteins fold properly, repair damaged proteins, and prevent the formation of harmful protein aggregates. They are expressed in response to cellular stress, such as heat, and play a crucial role in cell survival and longevity. All these interesting facts point to still undiscovered molecular-level mechanisms for the adaptation of camels to various stresses.
A very interesting study in dromedaries by Omidi et al. (2023) showed a positive correlation between heat shock protein (HSP) and malondialdehyde (MDA) levels (r = 0.754 to 0.884). This suggests that HSP synthesis is triggered in response to oxidative stress. This arises from an imbalance between the production of reactive oxygen species (ROS) and the body's own antioxidant defense mechanisms. Oxidative stress, in turn, is a consequence of thermal stress. 

4. Performance of Dromedary camels under climate change and desert conditions.
Dromedary camel production plays an important role in livelihoods and food security in many regions of the world (Al Abri & Faye, 2019; Kebede et al., 2015). Despite increasing heat stress due to climatic change, Dromedary camels possess unique physiological adaptation mechanisms (Boudalia et al., 2023; Mirkena et al., 2018). However, the camels have survived, even though climate change and climate variability have been shown to reduce productivity and reproductive capacity.
Dehydrated dromedary camels have been reported to limit their feed intake and reduce their metabolism and saliva production. Despite these changes, the productivity remains good compared to other agricultural milk-producing species (Ali et al., 2019a; Alvira-Iraizoz et al., 2021; Faraz et al., 2020). This means that dromedaries can produce milk even under harsh and hostile climatic conditions with very high temperatures and a lack of food and water (Faraz et al., 2020). Observations showed that the dromedaries were emaciated due to dehydration but were still able to move. However, it was found that dromedary camels that were severely dehydrated became less active, possibly to avoid wasting water and energy (Ali et al., 2023). Furthermore, dehydrated animals showed that they relied on the mobilization of body fat in the form of triglycerides, which are converted into fatty acids, to compensate for the energy deficit to protein metabolism (Fine & Feinman, 2004). Faced with the heat and drought stresses of the desert and climate change, the dromedaries have evolved exceptional physiological and biochemical characteristics to maintain their productivity (Hoter et al., 2019). Faraz et al. (2020) investigated and demonstrated milk production and composition of dromedary camels in the Thal desert in Punjab, Pakistan. With an average milk yield of 7.38 kg per day under conventional management, dromedaries appear to have a reasonably good milk production potential under harsh desert conditions (Table 4).

Table 4. Milk yield and composition of Barela Dromedary camels in the Thal desert, Punjab, Pakistan, according Faraz et al., (2020).

	Parameters
	Average
	Range

	
	
	

	Milk yield (M)* (kg)
	4.12±0.13
	3-5

	Milk yield (E)** (kg)
	3.26±0.18
	2-5

	Milk yield (total) (kg)
	7.38±0.27
	3-9

	Fat %
	4.26±0.36
	3.88-4.70

	Protein %
	3.62±0.06
	2.66-4.02

	Lactose %
	4.84±0.08
	3.67-5.04

	SNF %
	9.02±0.09
	7.62-9.87

	Total solids %
	13.28±0.06
	12.22-14.65


*: Morning milking; **: Evening milking

A study by Alwan & Zwaik (2014) compared the milk composition of dromedaries between desert situations and on the farms (Table 5). It is noteworthy that most milk compositions in the camel desert are significantly higher than on camel farms.
Table 5. Milk composition of dromedaries under desert vs. farm conditions of the Maghrebians in Libya, according to Alwan and Zwaik (2014).

	Parameters
	Means milk composition on camel farms
	Means milk composition in camel deserts
	Significance

	TS %
	9.92±0.12
	10.80±0.09
	**

	Water %
	90.02±0.11
	88.88±0.32
	*

	Fat %
	2.66±0.14
	2.31±0.03
	

	Protein %
	1.65±0.32
	2.64±0.04
	***

	Lactose %
	3.94±0.31
	5.12±0.12
	***

	Ash %
	0.67±0.08
	0.92±0.03
	***


*: P<0.05; **: P<0.01; ***: P<0.001; TS: Total solids

Several lines of evidence indicate that environmental conditions in the drylands of northern sub-Saharan Africa have deteriorated in approximately 17% of the study area between 2001 and 2020. These changes in environmental conditions led to an increase in goat and camel herds of 14% (7.7 million animals) and 10% (1.2 million animals), respectively, between 2001 and 2020, and a decrease in dairy herds of 24% (5.9 million animals). This results in an increase in milk production of 0.14 million tonnes (+5.7%), a reduction in water demand (-1,683.6 million m³, -15.3%) and feed demand (-404.3 million tonnes, -11.2%), as well as a reduction in greenhouse gas emissions of 1,224.6 million tonnes of CO2 (-7.9%) (Rahimi et al., 2022). Studies by Bekle et al. (2025) have also shown that climate change has led to the death of numerous cattle. A study by Faye et al. (2012) reported that many farmers in Nigeria, Uganda, Tanzania, Kenya and even Botswana in Africa switched from cattle to dromedaries because these performed better than cows due to dehydration and water scarcity.
Interestingly, although dromedaries have long been found in arid areas, they are able to adapt to European countries and North America. This means that the dromedaries showed good milk production and quality under cold and humid climate conditions. It is also noted that dromedary camels also appear to be resistant to the relatively cold and rainy European climate, as shown by European milk production, which is equivalent to that of Dromedary camels milked under natural desert conditions (Faye et al., 2025). It is important to emphasize that camels in Europe not only produced high-quality milk but were also milked using modern milking techniques (Figure 3) (kaskous, 2023)
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Figure 3. The image showed a female camel being milked with a StimuLactor milking machine (Siliconform, Germany) on a farm in Switzerland. The camels are already adapted to European conditions and produce good quantities of high-quality milk (Kaskous, 2023).

Arabian camels are an important source of meat in desert countries due to their exceptional adaptability to harsh, arid climates. They provide a sustainable source of protein, while other livestock struggle to produce meat under similar conditions (Sahoo, 2020). It was found that camel meat is low in fat and high in nutrients, and is enjoying increasing popularity worldwide. It contributes to food security and improves the livelihoods of rural populations in regions such as Africa and the Middle East (Al-Jassim & Sejian, 2015). An interesting new study by Boukrouh et al. (2026) showed that camel meat can be a viable alternative to traditional red meat in regions affected by climate change and food insecurity. These results suggest that camel meat is a sustainable alternative in these areas.

5- Conclusion
Numerous studies have shown that the Arabian camel possesses unique physiological, anatomical, metabolic, and hormonal characteristics that enable it to reproduce and produce milk easily, even under conditions of dehydration, food scarcity, and high temperatures. This means that dromedary camels can adapt to dry desert conditions and climate changes, while other milk producing species suffer under that harsh conditions and therefore can hardly survive or their agricultural performance declines significantly.
Due to the positive results regarding the adaptability of dromedaries to desert steppes and climate change, it is recommended that these animals be kept in production programs in many countries, especially where drought is becoming increasingly widespread.
Despite the valuable efforts already undertaken to elucidate the physiological and biochemical secrets of the Arabian camel, further in-depth investigations of the molecular adaptation mechanisms of these animals are needed. 
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