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Summary 

Small mammals across various habitats (including across an aridity gradient) face the 
challenge of maintaining a constant water and fluid (solute concentration) balance 
to maintain homeostasis. This is achieved through osmoregulation. Osmoregulation 
ensures water intake equals the water lost to the environment to maintain a constant 
water and fluid balance. African mole rats (family Bathyergidae) occur across an aridity 
gradient and have a variety of social structures ranging from eusocial to solitary. 
African mole-rats gain water from subterranean roots and tubers and lose water via 
urine and faeces as well as body surfaces. Due to their fossorial nature, they lose 
minimal water via evaporative water loss due to the humidity in the burrow systems. 
This thesis explored the physiological and behavioural osmoregulatory adaptations 
that African mole-rats possess to survive in their experienced environments (Arid to 
mesic). 

According to predictions based on surface-dwelling small mammals, it was 
expected that African mole-rat species that persist in arid environments (a water-
scarce environment) would possess physiological adaptations to efficiently conserve 
water in comparison to mesic (water-abundant environment) dwelling African mole-
rat species. These adaptations would include increased urine concentration, as a 
consequence of increased kidney mass and volume and increased loop of Henle 
length (a function of increased medulla: cortex ratio), and faecal dehydration abilities, 
as a function of increased gastrointestinal tract surface area and length, in species 
that live in arider environments.   

In contrast to the predictions, all test species of African mole-rats showed the 
same urine-concentrating ability and no significant difference in kidney morphology 
(kidney mass and volume and medulla: Cortex ratio). The same was true for the 
gastrointestinal tract measurement and faecal dehydration capacity. Therefore 
African mole-rat species showed no physiological adaptation to surviving in arid 
environments compared to mesic enviroments, this indicated that behaviour must 
be considered. 

The newly formed Behavioural Osmoregulation hypothesis states that group 
living can negate the need for physiological adaptations to the African mole-rat 
experienced environment. However, this hypothesis lacked concrete evidence until 
this thesis.  The results of this thesis support the Behavioural Osmoregulation 
hypothesis in that African mole-rat species do not show morphological or 
physiological osmoregulatory adaptations, but likely utilise group living to mitigate 
the effects of environmental pressures that challenge the maintenance of a constant 
water and fluid balance. This indicates the possibility of species developing group 
living to survive and adapt to changing climate and habitat shifts.  
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General Introduction 

 

Mammalian water homeostasis  

The survival of mammals depends on maintaining a constant internal environment 
regardless of external changes in a process known as homeostasis, as explained by 
Cannon (1929). Fluid balance is a crucial aspect of homeostasis, in which the amount 
of water in a mammal's body needs to be controlled through morphological, 
physiological, and behavioural processes (Gross 1998). This is to ensure that the 
concentrations of electrolytes in the various body fluids ensure homeostasis. The 
fundamental principle of fluid balance is that the amount of water lost from the body 
must be equal to the amount of water taken in through preformed water, absorbed 
from food and drinks, and metabolic water, from cellular respiration. In mammals, 
output via respiration, perspiration, urination, and defecation must equal the input 
(Nawata and Pannabecker 2018). A constant fluid balance is achieved through 
osmoregulation (Bourque 2008). Bourque (2008) defines osmoregulation as the 
process of modulating changes in the plasma osmolality to maintain constant 
extracellular fluid volume and tonicity as well as a constant solute concentration 
through balancing avenues of water loss or ingestion. 

 

Environmental challenges to mammalian fluid balance 

Mammals persist in all known biomes of the world, including the oceans, freshwater 
rivers and lakes, subterranean refuges (such as caves and underground burrow 
systems) and in a range of terrestrial environments, ranging from rainforest [often 
hyper-mesic, environments characterised by a constant and high supply of water] to 
deserts [often hyper-arid, environment characterised by an unpredictable and poor 
supply of water] (Ceballos and Ehrlich 2006). Mammalian species are therefore 
exposed to a range of water and solute conditions that challenge their all-important 
fluid balance.  

 Maintaining a constant internal environment is crucial for the survival of 
marine mammals such as pinnipeds and cetaceans. They must regulate their fluid to 
prevent dehydration caused by water movement from the lower solute concentration 
inside their bodies to the more concentrated external environment (Fetcher Jr 1939). 
In contrast, mammals living on land in deserts or arid regions face numerous 
challenges due to the lack of fleshy (water-rich) food and drinking water (Donald 
and Pannabecker 2015). These challenges are particularly difficult to overcome as 
the high body temperatures of these animals make it hard to restrict evaporative 
water loss and maintain water balance (Walsberg 2000). Furthermore, these 
mammals also lose water through excretion, making it even harder for them to 
survive in such harsh environments (Larsen et al. 2011). This results in the need for 
these mammals to efficiently retain water and excrete excess solutes to maintain their 
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optimal fluid balance. In contrast, those mammals that live in mesic environments 
or feed on water-rich diets are posed with the opposite stressor, whereby they must 
lose excess water while retaining solutes (Donald and Pannabecker 2015).    

 A large body of work has been undertaken by researchers focussing on the 
evolutionary selection pressures imposed by the aridity of the environment and the 
accompanying adaptations to this aridity which facilitates survival and reproduction 
(Nagy 2004, Donald and Pannabecker 2015). This body of work has particularly 
focused on the evolutionary behavioural, physiological and morphological 
adaptations that arid-dwelling mammals possess to save water. Nagy (2004) 
demonstrated that arid-dwelling mammals had an increased ability to retain water 
compared to mammals that inhabit mesic environments (Figure 1). Through the use 
of the water economy index [the ratio of ml water “turned over” (equal to both 
intake rate and loss rate in a steady-state situation) per day to kJ energy metabolised 
per day in the field or ml/kJ], Nagy (2004) observed that arid-dwelling mammals 
possessed a lower water economy index in comparison to mesic dwelling mammals, 
even once the arid dwelling reduction in daily water needs, field metabolic rates and 
feeding rates is taken into account. A lower water economy index in arid dwelling 
mammals compared to mesic dwelling mammals indicates reduced water losses in 
the field, perhaps due to physiological adaptations (lower evaporation, more 
concentrated urine, drier faeces) or behavioural adaptations (less time spent active 
above ground, being relatively more nocturnal) or both. The evolutionary adaptation 
to the arid environment is highly evident in small mammals as small mammals are at 
a high risk of dehydration due to their increased surface area to body size ratio, and 
as such, those species that inhabit arid conditions, which are characterised by high 
ambient temperatures, low food and water availability and predictability, show 
adaptations to minimize water loss (Chew 1951, Howard et al. 2020).  
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Figure 1: Water economy index (WEI - ml water used per kJ energy metabolised) for arid 
(N=6) and mesic dwelling mammals (N=6). Data extracted from Nagy (2004). Mean±SE 

t = 2.49, p =0.03). 

 

Physiological osmoregulatory adaptations 

Arid-dwelling mammals possess several physiological osmoregulatory adaptations to 
survive their water-limited environments. These can include fat storage, which can 
be metabolised to form energy and metabolic water, yielding enough water to allow 
long periods without access to preformed water (Candlish 2010). This is however 
somewhat more applicable to large mammals, as small mammals are limited by size 
and cannot store large fat reserves. Thermoregulatory adaptations are more practical 
for small mammals, such as lower resting metabolic rates, body temperatures and 
rates of evaporative water loss, as well as an increased breadth of the thermoneutral 
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zone [the range of ambient temperatures that require minimal metabolic regulation 
to maintain body temperature, has been seen with an increase in aridity (becoming 
arider)](Tieleman et al. 2003, Williams et al. 2004, Van Sant et al. 2012, Klüg-
Baerwald and Brigham 2017, van Jaarsveld et al. 2021, Wallace et al. 2021). While in 
some cases, heterothermy and adaptive brain cooling can be employed by water-
stressed arid-dwelling mammals (Mitchell et al. 2002). The adaptive value of 
thermoregulatory adaptations in more arid-dwelling animals is related to increased 
water and energy savings under low and unpredictable resource availability 
(Lovegrove 2000, Tieleman et al. 2003).  

 The ability to reduce the amount of water excreted by a mammal is not limited 
to reduced evaporative cooling, but also includes a reduction of water contained in 
excreta, such as urine and faeces. Concentrating urine and dehydrating faeces are 
vital avenues for arid-dwelling mammals to maintain their fluid balance; this is done 
through two primary mammalian osmoregulatory organs the kidneys and the 
gastrointestinal tract (GIT) (Chew 1951, Larson et al. 2011).  

 

Kidneys 

The kidneys are  the excretory organs responsible for concentrating urine to 
minimise water loss and serves as an avenue to excrete metabolic waste from the 
body (Finco 1997). The kidneys do not simply secrete waste, instead, the kidneys 
filters the blood and allows for the reabsorption of beneficial metabolites, molecules 
and water (Rehberg 1926). In brief, the kidney comprises of a renal capsule, 
peripheral cortex, internal medulla, renal artery, veins, and the renal pelvis. The 
cortex and medulla are further made up of sub-units, the nephrons, the kidney's 
primary functional unit. A nephron again can be sub-divided into the Bowman’s 
capsule, which encloses a cluster of microscopic blood vessels called the glomerulus, 
proximal convoluted tubule, loop of Henle, distal convoluted tubule and the 
collecting duct. The blood is first fed to the Bowman’s capsule and glomerulus, 
where all molecules smaller than albumin, a protein that carries molecules in the 
bloodstream and maintains the concentration of the blood, is filtered out of the 
blood through a membrane, creating filtrate that is fed into the proximal convoluted 
tubule where reabsorption of essential substances like glucose, proteins, amino acids, 
electrolytes and water takes place (Yamada 1955). Next, the filtrate is fed into the 
loop of Henle, the length of the loop of Henle has been associated with increased 
urine-concentrating abilities, with longer loops resulting in increased urine-
concentrating abilities. As the loop of Henle is housed in the medulla of the kidney, 
the increased loop of Henle lengths often results in increased medulla presence in 
the kidney (often referred to as the medulla:cortex ratio). Next, the filtrate is directed 
to the distal convoluted tubule that empties its contents into collecting ducts that 
line the medullary pyramids. The collecting ducts amass contents from multiple 
nephrons and fuse together as they enter the papillae of the renal medulla. The distal 
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convoluted tubule secretes ions such as hydrogen, potassium, ammonium, and urea 
into the filtrate.  

 The correlation between the urine concentrating ability and the relative length 
of the longest loops of Henle [as reflected by the ratio of the medulla and cortex] 
has been observed in hundreds of studied mammalian species (Beuchat, 1996) Those 
species inhabiting arid environments possess larger medulla:cortex ratio than mesic-
dwelling mammals, while kidney mass and volume do not show clear patterns of 
change that correlate with urine concentrating ability (Beuchat 1990, Jackson and 
Spinks 1998).  

 

Gastrointestinal tract 

The second and equally as important organ for osmoregulation is the GIT. The GIT 
is a series of connected organs joined in a long, twisting tube from the mouth to the 
anus. The organs that comprise the GIT are the mouth, oesophagus, stomach, small 
intestine, large intestine (comprised of the caecum and colon), and anus. The small 
intestine and large intestines, namely the colon, are responsible for water absorption 
in the GIT. The surface area and length of the various portions of the GIT play a 
role in water absorption; namely, increased surface area and length results in 
increased water absorption (Weaver et al. 1991). Increased length and surface area 
of the GIT, in particular the small intestine and colon, have been seen in mammals 
specialised to living in arid environments, as the increased length and surface area 
allows for the increased absorption/reabsorption of water from food and faecal 
matter (Jackson and Spinks 1998, Duque-Correa et al. 2021).  

 

Behavioural osmoregulatory adaptations 

Small mammals that live in arid environments have developed a number of 
behavioural adaptations to maintain their fluid balance. One of these adaptations is 
a nocturnal lifestyle, meaning these animals are only active at night when 
temperatures are cooler (Nagy 2004). This allows them to avoid the hottest part of 
the day when they would need to cool themselves through evaporation and lose 
water (Nagy 2004). By being active at night, these small mammals can reduce their 
exposure to high temperatures and conserve their water supply.  

 Another prominent small mammal behavioural adaptation is creating and 
utilising a micro-climate, such as a subterranean burrow/tunnel or tree/wall hole. 
Small mammals such as the hyper-arid-dwelling Kangaroo rat (Dipodomys spp.) can 
store their food underground and allow the increased water vapour in the air to be 
absorbed by the dry food, increasing water consumption of the animals. The creation 
of a microclimate, especially by a small mammal, creates an environment protected 
from outside temperature extremes and increases water vapour in the microclimate 
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habitat, which aids in reduced evaporative water loss (Wallace et al. 2021). A prime 
example of a microclimate is an underground or subterranean niche.  

 

Subterranean mammals and sociality 

Among all the avenues of water loss discussed, the most significant water loss occurs 
through evaporative water loss (Chew 1951, Van Sant et al. 2012). The humidity in 
subterranean burrow systems saturates the air with moisture, decreasing the gradient 
across which evaporation would occur (Šumbera et al. 2006, Burda; et al. 2007). The 
air saturation forces a decrease in evaporative water loss, resulting in the main water 
loss avenue via faeces and urine.  

Two African subterranean rodent families have been identified: Rhizomyidae 
and Bathyergidae (Jarvis and Sale 1971). The genus Tachyoryctes (Family Rhizomyidae) 
utilise their forefoot and head to push soil out of the burrow to form a “molehill”, 
whereas all species of mole-rat in the family Bathyergidae use their teeth and hind 
feet to remove soil from the burrows. Jarvis and Sale (1971) attributed the 
differences in burrow length in both families to the different habitats, nutritional 
requirements and colony size. The complexity and size of burrow systems depend 
on rainfall and temperature, affecting the availability of  underground storage organs 
of geophytes, the main source of food and water (Jarvis and Sale 1971). Geophyte 
density also affects burrow structures where the number of branches in tunnels 
increases with a lower geophyte density due to searching behaviour (Heth 1989). In 
the family Bathyergidae, geophyte density and rainfall can also affect their social 
behaviour (Bennett and Faulkes 2000). 

The broad spectrum of social organisation in the family Bathyergidae is a 
point of great interest. Social organisation in African mole-rats ranges from strictly 
solitary to truly social (colony size range of 2–20 in social species) to eusocial (colony 
size range of 2–300 in eusocial species) species, while their adult body masses can 
range from an average of 35 to 780 grams (Bennett and Faulkes 2000). Eusocial 
species differ from social species not only by group size but by limiting breeding to 
a simgle dominant female and implementing cooperative brood care (Burda et al. 
2000, Jarvis et al. 1994). The proximate (ecological) and ultimate (evolutionary) 
factors underlying the range of social organisation (namely colony size) have been 
debated for several decades (Jarvis et al. 1994, Šumbera et al. 2006, Burda et al. 2007, 
Kalamatianos et al. 2010, Faulkes and Bennett 2013, Caspar et al. 2021, Hart et al. 
2022). However, several overlapping hypotheses address these proximate and 
ultimate causes. 

The predictability and abundance of rainfall distribution, along with the size, 
and digestibility of their food and water source, geophytes, are thought to play a 
crucial role in shaping sociality within the family Bathyergidae (Jarvis et al. 1994, 
Faulkes and Bennett 2013). The importance of these ecological factors has given rise 
to the ‘Aridity food distribution hypothesis’ (AFDH) (Jarvis et al. 1994). The AFDH 
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posits that sociality in African mole-rats evolved, from a solitary living ancestor, due 
to individuals forming colonies to increase their survival and share the costs of 
foraging in arid landscapes with scattered food resources. The AFDH is often 
contested since some social (group living) species of the genus Fukomys and Cryptomys 
are found to occur in mesic conditions, often sympatrically with solitary living 
African mole-rat species (Lövy et al. 2012, Šumbera 2019, Hart and Bennett 2022). 
The AFDH predicts these mesic conditions to be a driving force in selecting a 
solitary lifestyle, yet, some species persist as group-forming mole-rat species 
(Bennett and Faulkes 2000). Consequently, other hypotheses have been developed 
to explain these mesic-dwelling social species and the evolution of sociality in 
African mole-rats in general; namely that bathyergids were originally social and 
represented the ancestral state, but the condition was subsequently lost in solitary 
species invading more mesic habitats, and those social mesic-dwelling species may 
have had insufficient time to facilitate evolutionary divergence in their social 
structure (Burda et al. 2000, Šumbera et al. 2007)  

More recently, Hart et al. (2022) have expanded the AFDH by developing the 
‘Behavioural osmoregulation hypothesis’ (BOH). The BOH combines the energetic 
AFDH and osmoregulatory benefits of group living. As such, the BOH suggests that 
in species that form large groups, water and food (energy) are not limited resources 
as the increased group size allows for the efficient locating and retrieval of food and 
water (Hart et al. 2022). Therefore, increased group sizes would be seen in species 
inhabiting arid regions to provide sufficient food and water (Hart et al. 2022). 
Consequently, Hart et al. (2022) hypothesised that the ancestors of mesic-dwelling 
social mole-rat species may have been arid-dwelling social species (possibly with 
thermoregulatory adaptaions) and due to the osmoregulatory benefit to remaining 
as group-forming species,  they retained a social lifestyle.  

 

African mole-rat (Bathyergidae) 

The family Bathyergidae is a subterranean group of rodents endemic to sub-Saharan 
Africa and comprises six genera (Bennett and Faulkes 2000, Visser et al. 2019) 
(Figure 2). The African mole-rats inhabit environments ranging from mesic to arid 
and occur in a variety of soils, climates and altitudes (Jarvis and Bennett 1990, 
Skinner and Chimimba 2005, Visser et al. 2019) (Figure 2). Three of the six genera 
are solitary mole-rats (Bathyergus, Georychus and Heliophobius), while two genera of 
Bathyergidae (Fukomys and Cryptomys) are social, forming small groups of up to 20 
group members, while one genus and a species of Fukomys, namely Heterocephalus 
glaber and F. damarensis are eusocial, forming groups of up to nearly 300 group 
members. The solitary species are often larger and occur in regions of predictable 
rainfall compared to the social and eusocial genera, frequently found in areas with 
unpredictable rainfall (Skinner and Chimimba 2005). African mole-rats are 
herbivorous, with the main food source being underground storage organs of 
geophytes. Mole-rats rely on these storage organs as a source of nutrients and their 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



  

8 
 

only water source as mole-rats drink no free water (Jarvis 1981, Bennett and Jarvis 
1995). Most African mole-rats, particularly the social and eusocial species, remain 
underground to forage and encounter their food sources randomly as they burrow. 
They dispose of excavated soils onto the surface. The burrow system creates a refuge 
from environmental extremes and predators. 

The burrow system of African mole-rats provides a relatively thermo-stable 
environment (Bennett et al. 1988). Furthermore, the burrow system is characterised 
by low oxygen concentrations (hypoxic) and high relative humidity and carbon 
dioxide levels (hypercapnic) (Kennerly 1964, Darden 1972, Roper et al. 2001). Most 
of the system is located 20cm below the ground (Bennett and Faulkes 2000). African 
mole-rats are equipped with extra buccal incisors with indeterminate growth used 
for soil excavation. These animals are streamlined with a low body carriage and skin 
connected loosely to their trunk to provide minimum friction as the animal moves 
forwards and backwards with equal dexterity within the tunnels (Genelly 1965, Jarvis 
and Sale 1971, Bennett and Faulkes 2000). Compared to surface-dwelling rodents, 
the haemoglobin of African mole-rats has a higher affinity for oxygen and their 
resting metabolic rates and body temperatures are substantially lower (Van Aardt et 
al. 2007). In addition, African mole-rats possess behavioural adaptions to life 
underground, such as their locomotor activity entrained to the ambient temperature 
instead of light (Hart et al. 2021b). 

 

Figure 2: Phylogeny, geographic distributions, sequence divergences and divergence 

dates of the six bathyergid genera. Extracted from Visser et al. (2019). 
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Only one study has focussed on the osmoregulatory capacity of African mole-
rats, and this is in only one species, H. glaber (Urison and Buffenstein 1994). As such, 
there is a dearth of knowledge concerning African mole-rats osmoregulatory 
capacity in relation to life history traits, such as sociality and distributional range.  

 

Aims 

This thesis aimed to provide a comprehensive comparison of kidney morphology 
(kidney mass and volume) and medulla:cortex ratio of approximately 11 different 
mole-rats species from all three sociality categories (solitary, social and eusocial) 
occurring in varying climatic regions (aridities ranging from hyper-mesic to arid). In 
addition to the kidney morphology, the GIT lengths and surface areas of the seven 
species were compared as an alternative avenue of water loss. Furthermore, this 
thesis assesses the kidney concentrating and faecal dehydrating ability of the arid-
dwelling eusocial F. damarensis, the semi-arid dwelling social C. hottentotus pretoriae and 
the mesic (sub-humid) dwelling solitary living G. capensis through measuring the urine 
solute concentrations faecal water content after exposure to experimental diets 
varying in water content. Morphological and physiological differences were expected 
along an aridity gradient as seen in small mammals, however social structure was also 
expected to play a role in mitigating these differences to an extent. 
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Chapter 1 

 

The osmoregulatory capacity across the African mole-rat 
family(Bathyergidae): Evidence for behavioural osmoregulation 

 

Abstract 

Subterranean mammals inhabit and thrive over a range of environmental aridities 
and, as such, are exposed to varying water availability, which they obtain through 
their diet of underground geophyte storage organs. Evolutionary studies have 
conclusively shown that kidney and gastrointestinal tract adaptations have enabled 
increased water absorption under water stress events such as those experienced by 
small mammals living in arid environments. This chapter attempted to uncover if 
the subterranean African mole-rat family, the Bathyergidae, possessed the predicted 
kidney and gastrointestinal tract adaptations in response to their experienced aridity. 
Unlike terrestrial living small mammal species, African mole-rats, regardless of the 
aridity they experience, possess similar capabilities of saving water due to comparable 
urine concentrating and faecal dehydrating abilities likely as a consequence of the 
similar morphological and anatomical structures of their kidneys and gastrointestinal 
tract. This strongly supports the Behavioural Osmoregulation Hypothesis, which 
posits that group-living, instead of kidney and gastrointestinal tract adaptations, has 
allowed some African mole-rats species to persist in arid environments. 
Furthermore, this chapter suggests that the capacity of a mammal to become social 
may lead to a social buffering effect against desertification due to climate change.  

 

Keywords: Group-living, kidney, gastrointestinal tract, urine concentration, 
faecal dehydration, medulla-cortex ratio, aridity 
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Introduction 

The subterranean African mole-rat family (the Bathyergidae) has revealed much 
about the evolution, behaviour, morphology and physiology of mammals, in 
addition to how these unusual mammals adapt to their subterranean niche (Bennett 
and Faulkes 2000, Ivy et al. 2020, Buffenstein et al. 2022, Hart and Bennett 2022, 
Hart et al. 2022). Many of these revelations have been in stark contrast to existing 
evolutionary theories, often based on terrestrial or surface-dwelling mammal species 
(Bennett and Faulkes 2000, Hart et al. 2022). Most recently, Hart et al.(2022) 
hypothesised a novel line of behavioural adaptation, rather than morphological, 
anatomical or physiological adaptation, in response to environmentally imposed 
water stressors in African mole-rats in their arid environment.   

 African mole-rats are a group of small mammals (Rodentia) comprising of six 
genera and over 30 species, which are all endemic to sub-Sahara Africa. The various 
members of this family experience a wide range of climates, from hyper-mesic 
through to arid environments (Colantoni et al. 2015, Visser et al. 2019, Jacobs et al. 
2022) (Figure 1), with behavioural and physiological adaptations corresponding to 
the macroclimate they experience (Šumbera 2019, McGowan et al. 2020, Wallace et 
al. 2021). The African mole-rat burrow system provides shelter from aboveground 
predators and temperature extremes, creating a relatively thermostable environment 
(Jarvis 1981, Roper et al. 2001, Holtze et al. 2017, Finn et al. 2020). However, the 
burrow systems have limited access to light and are poorly ventilated, resulting in an 
atmosphere of high humidity, high concentration of carbon dioxide (hypercapnic 
atmosphere), and low oxygen (hypoxic atmosphere)(Kennerly 1964, Darden 1972, 
Holtze et al. 2017). Furthermore, digging and excavating tunnel systems is 
energetically more expensive than aboveground exploration (Vleck 1981), with 
energy requirements of digging directly related to the soil moisture and subsequent 
hardness (Lovegrove 1989, Scantlebury et al. 2006). The added energy expenditure 
necessary for digging, in conjunction with the distribution, size as well as digestibility 
of their food and water sources, namely from the storage organs of underground 
geophytes, as well as the predictability and abundance of rainfall, is believed to have 
led to the wide range of social strategies, from strictly solitary through to social 
(colony size range of 2–20) and eusocial (colony size range of 2–300) species, seen 
in the African mole-rat family (Figure 1)(Jarvis et al,. 1994, Bennett and Faulkes 
2000, Hart et al. 2021a, Hart and Bennett 2022).  

 The Aridity Food Distribution Hypothesis (Jarvis et al. 1994) posits that 
geophytes are usually larger, but occur at lower densities in the more arid regions of 
some mole-rats’ distributional ranges, and thus, there is a lower probability of finding 
food resources while digging in dry (energetically expensive) soils in these arid 
regions due to the clumped distribution of geophytes and blind foraging of the mole-
rats (Jarvis et al. 1994, Spinks et al. 1999, Bennett and Faulkes 2000, Faulkes and 
Bennett 2013). As such, for species occupying arid regions, the potential for 
unsuccessful foraging has resulted in a tendency toward increased colony size and 
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degree of sociality, as group living ultimately leads to substantial energy savings and 
increased foraging efficiency (Faulkes and Bennett 2013). Hart et al. (2022) have 
attempted to expand on the Aridity Food Distribution Hypothesis (Jarvis et al. 1994) 
by developing the Behavioural Osmoregulation Hypothesis, which combines the 
energetic Aridity Food Distribution Hypothesis (Jarvis et al. 1994) and 
osmoregulatory benefits of colony living, essential factors to account for considering 
the added constraint that African mole-rats do not drink freestanding water, but 
obtain all their water requirements from underground geophytes (Bennett and Jarvis 
1995, Malherbe et al. 2003). Hart et al.(2022) suggest that water and food are not 
limiting resources in species that form large colonies, as the increased colony size 
allows for efficiently locating and retrieving food and water.  

The Behavioural Osmoregulation Hypothesis stems from the observation 
that all tested African mole-rat species to date possess a similar water economy index 
(a measure of how much water is used for a joule of energy spent) regardless of the 
habitat type they inhabit (arid vs mesic)(Hart et al. 2022); a stark contrast to 
observations on terrestrial small mammal species that see arid small mammals 
possessing a significantly lower water economy index compared to those living in 
mesic conditions, which in turn indicates a reduction in water used for a particular 
energy expenditure (Nagy 2004). Small mammals are at a higher risk of dehydration 
due to their increased surface area to body size ratio, and as such, those species that 
inhabit arid conditions, which are characterised by high ambient temperatures and 
low food and water availability and predictability possess several behavioural (such 
as a nocturnal lifestyle) and physiological (such as the ability to dehydrate their faeces 
and concentrate their urine) adaptations to save water and ultimately reduce their 
water economy index. These physiological adaptations that allow for the variation in 
the ability to dehydrate their faeces and concentrate their urine and ultimately save 
water between arid and mesic-dwelling small mammals are a result of fundamental 
differences in the anatomy and morphology of the gastrointestinal tract (GIT) and 
the kidneys (the two primary organs responsible for osmoregulation [the process of 
maintaining salt and water balance (osmotic balance) across membranes within the 
body] of mammals]) (Beuchat 1996, Jackson and Spinks 1998). In brief, the urinary 
concentrating abilities of a mammal depend on the abundance and arrangement of 
nephrons into the loop of Henle, which functions as a countercurrent multiplier 
system in the kidney medulla (See Chapter 1 for further details)(Beuchat 1996). The 
correlation between the concentrating ability and the relative length of the longest 
loops of Henle [as reflected by the ratio of the medulla and cortex (M:C - medulla: 
cortex kidney ratio)] has been observed in hundreds of studied mammalian species 
(Schmidt-Nielsen and O'Dell 1961, Beuchat 1996). Those species inhabiting arid 
environments possess larger M:C compared to mesic-dwelling mammals, while 
kidney mass and volume do not show as clear patterns (Beuchat 1996). Similar 
differences between arid and mesic-dwelling mammal species can be seen in the 
GIT, with increased length and surface area of the GIT, in particular the small 
intestine and colon, being seen in mammals specialised to arid environments, as the 
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increased length and surface area allow for the increased absorption/ re-absorption 
of water for food and faecal matter (Jackson and Spinks 1998, Duque-Correa et al. 
2021).   

Hart et al.(2022) speculated that due to the increased foraging efficiency of 
arid-dwelling African mole-rats, as a function of colony size, there would have been 
no need for morphological and anatomical adaptations to their arid environment as 
behavioural changes (sociality) would likely evolve faster than morphological and 
anatomical adaptations. As such, Hart et al.(2022) further speculated that all African 
mole-rat species, regardless of their experienced climatic region, would possess 
similar urine concentrating and faecal dehydrating capabilities, a speculation 
supported by Urison and Buffenstein (1994). Upon the examination of the hyper-
arid dwelling eusocial naked mole-rat (Heterocephalus glaber) kidney concentrating 
abilities, Urison and Buffenstein (1994) concluded that although this species 
successfully inhabits arid regions, water conservation is not facilitated by the kidneys, 
but is likely a consequence of their subterranean niche and as such a moderate kidney 
concentrating ability is adequate for survival. However, Urison and Buffenstein 
(1994) did not consider the effect of group living on the evolutionary pathway to a 
moderate kidney concentrating ability, as the authors were only assessing one 
species. Furthermore, Urison and Buffenstein (1994) failed to consider that due to 
the poor heat-dissipating abilities of African mole-rats and reduced thermal ranges 
(including a very low upper thermal critical limit) (Hart et al. 2021b, Wallace et al. 
2021, Jacobs et al. 2022), a likely consequence of their underground lifestyle, they 
are routinely exposed to temperatures which result in the use of evaporative heat 
loss (Wallace et al. 2021) and ultimately water loss. As such, a combination of the 
subterranean environment and group living would likely drive similar moderate 
kidney concentrating ability across all African mole-rat species, as speculated by Hart 
et al. (2022).  

To robustly test the Behavioural Osmoregulation Hypothesis, this chapter 
compared the kidney morphology (kidney mass and volume) and anatomy (M:C) 
and GIT lengths and surface areas of approximately 11 different mole-rats species 
from all three sociality categories (solitary, social and eusocial) from varying climatic 
regions (aridities- hyper-mesic to arid) (Figure 1). Differences in kidney morphology 
with increasingly arid habitats were expected based on previous small mammal data, 
however the Behavioural Osmoregulation Hypothesis would be supported if no 
significant morphological differences were noted. Furthemore, this chapter, will 
expand on Urison and Buffenstein’s (1994) observation by repeating the author's 
experiment and assessing the kidney concentration and GIT water retention abilities 
of the arid dwelling eusocial Damaraland mole-rat (Fukomys damarensis), the semi-arid 
dwelling social highveld mole-rat (Cryptomus hottentotus pretoriae) and the mesic (sub-
humid) dwelling solitary living Cape mole-rat (Georychus capensis). Increased urine 
concentration with increased aridity would be expected in small mammals, yet the 
possible impact of behaviour mitigating the expected adaptations were expected.  
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Figure 1: The optimal phylogenetic tree of the 11 different African mole-rat species 
investigated in this study, their respective sociality category (Solitary, Social or Eusocial), 
and their habitat Aridity index (AI) value. Hyper-arid environments possess AI < 0.05, while 
hyper-mesic environments possess AI > 0.75[6]. The phylogenetic tree was constructed using 
mitochondrial cytochrome-b and 12S rRNA (see Materials and Methods). 

 

Methods 

Ethics approval 

The Animal Use and Care Committee of the University of Pretoria evaluated and 
approved the experimental protocol (ethics clearance number ECO14-17 (Original, 
Amendment 1, 2, 3); ECO44-16; ECO69-17; NAS046-19; NAS129-2020) and 
DAFF section 20 approval (SDAH-Epi-20062206131). Permission from all land 
owners and provincial authorities was obtained before the capture of wild animals.  

 

Climate data 

Climate data were gathered using the methods outlined by Wallace et al. (2021). All 
environmental conditions are presented in Table 1. The climate variables include 
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Aridity Index, the precipitation and moisture in a habitat, the air temperature and 
the soil water volume. Aridity Index and air temperature has an impact on the 
moisture lost to the environment and in turn affects osmoregulation. The soil water 
content would have an impact on the energetic expenditure experienced while 
burrowing in that habitat.  

Climate data for each site was retrieved from ERA5-Land of the European Centre 
for Medium-Range Weather Forecasts-the latest generation created by the 
Copernicus Climate Change Service (Muñoz-Sabater et al. 2021). The spatial 
(resolution is 0.1◦ by 0.1◦). These data were used to calculate an annual aridity index 
(AI) (Equation 1). Whereas, total precipitation (tp) was directly obtained from 
ERA5-Land, potential evapotranspiration (PET) was calculated from the well-
known Romanenko estimation (Equation 2)(Romanenko 1961). For Equation 2, 
relative humidity (RH) was calculated from ERA5-Land d2m (Equation 3).  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1: 𝐴𝐼 =
𝑡𝑝

𝑃𝐸𝑇
   

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2: 𝑃𝐸𝑇 = 0.00006 × (100 − 𝑅𝐻)  ×  (25 +  𝑇𝑎𝑖𝑟)2 

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3: 𝑅𝐻 = 100 × 10 7.591386 ( 
𝑑2𝑚

 𝑑2𝑚 + 240.7263
− 

𝑇𝑎𝑖𝑟
𝑇𝑎𝑖𝑟 + 240.7263

 )
 

 

Soil water content at depths of 0-7cm and 7-28cm as these are the depths at which 
most mole-rat species forage (Bennett and Faulkes 2000), and therefore the water 
content at these depths would directly affect the ease of digging. Each environmental 
condition (Table 1) was correlated with one another using Pearson correlation 
coefficients (Table 2). As AI, SWC (0-7cm) and SWC (7-28cm) were all significantly 
correlated with one another (Table 2), all future models will only contain AI and Ta. 
All data are presented as mean.  

 

Animal capture  

Apart from the naked mole-rats, which came from laboratory-raised colonies, all the 
other mole-rat species were wild-caught from various locations in sub-Saharan 
Africa (Table 1). All study animals were adults, and only non-breeding colony 
members were used for the social mole-rat species. African mole-rats (except the 
naked mole-rats) were captured using Hickman live traps, baited with a small piece 
of potato (Hickman 1979). The traps were positioned at the entrance of excavated 
burrows where tunnels were open. Traps were monitored for captures or blocking 
every 2-3 hours over the day and left overnight, being checked first thing in the 
morning. 
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  Naked mole-rats were kept in tunnel systems with several plastic chambers 
serving as food storage, toilet and sleeping areas and connected by acrylic glass 
tunnels. Nesting material consisted of wood shavings. Before processing (euthanasia 
and dissecting) or experimental protocols, all wild-caught animals were housed in 
large plastic crates (1 m × 0.5 m × 0.5 m), with wood shavings and paper towelling 
provided as nesting material. Housing room temperatures ranged between 24.5 and 
27 °C (wild-caught animals) and 29–30 °C (naked mole-rats), with relative humidity 
around 50–60%. Animal rooms were maintained on a 12L:12D photoperiod. 
Animals were fed chopped vegetables and a high-protein commercial cereal 
(Pronutro; RSA) and drank no free water.  
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Table 1: Scientific and common names and capture areas climatic data, sourced from ERA5-Land dataset for each site from 1981 to 2020, 
for the 11 African mole-rat species used in this study. 

Species Common name Location GPS 
latitude 

GPS 
longitude 

Habitat 
type[6] 

AI Ta 
(°C) 

tp 
(m) 

SWC 0-
7cm (m) 

SWC 7-28cm 
(m) 

Bathyergus 
suillus 

Cape dune mole-rat Darling, Western Cape, 
South Africa 

-33,41 18,41 Sub-
humid 

0,51 16,83 1,14 0,13 0,12 

B. janetta Namaqua dune 
mole-rat 

Kamieskroon, Northern 
Cape, South Africa 

-30,21 17,94 Arid 0,13 16,77 0,58 0,17 0,16 

Cryptomys 
hottentotus 
hottentotus 

Common mole-rat Darling, Western Cape, 
South Africa 

-33,41 18,41 Sub-
humid 

0,51 16,83 1,14 0,13 0,12 

C. h. mahali Mahali mole-rat Patryshoek, Gauteng,  
South Africa 

-25,63 27,96 Semi-arid 0,39 18,50 1,75 0,21 0,20 

C. h. natalensis Natal mole-rat GlenGarry, Kwazulu- 
Natal,  South Africa 

-29,76 29,23 Hyper-
mesic 

1,34 11,08 3,57 0,37 0,38 

C. h. pretoriae Highveld mole-rat Tygerpoort, Gauteng,  
South Africa 

-25,80 28,36 Semi-arid 0,48 17,21 1,97 0,22 0,21 

Fukomys 
damarensis 

Damaraland mole-
rat 

Van Zylrus, Northern 
Cape,  South Africa 

-26,88 22,05 Arid 0,10 21,30 0,77 0,04 0,12 

F. hanangensis Hanang mole-rat Mount Hanang, Tanzania -4,45 35,39 Hyper-
mesic 

1,36 17,64 3,29 0,24 0,28 

Georychus 
capensis 

Cape mole-rat Darling, Western Cape, 
South Africa 

-33,41 18,41 Sub-
humid 

0,51 16,83 1,14 0,13 0,12 

Heliophobius 
emini 

Silvery mole-rat Morogoro, Tanzania -6,80 37,57 Hyper-
mesic 

1,28 23,11 3,50 0,25 0,26 

Heterocephalus 
glaber 

Naked mole-rat Lerata, Kenya 0,75 37,42 Arid 0,20 22,72 1,25 0,18 0,19 

AI: Aridity index - Degree of dryness of the climate at a given location. 
Ta: Ambient temperature - Temperature of the air 2m above the soil surface. 
tp: Accumulated liquid and frozen water that falls to the Earth’s surface. 
SWC 0-7cm: Soil water content 0-7cm - Volumetric soil moisture content of the soil in layer 1 (depth 0 – 7cm). 
SWC 7-28cm: Soil water content 7-28cm - Volumetric soil moisture content of the soil in layer 1 (depth 7-28cm). 
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Table 2: Pearson correlation coefficients between all site climatic conditions (Table 1). 

Climatic variables AI Ta (°C) Rainfall (m) Soil volume 0-7cm (m) Soil volume 7-28cm (m) 

AI  -0.9923 4,8517 * 3,6831 * 4,3567 * 

Ta (°C) -0.9923  0.16068 -1.3493 -0.96354 

Rainfall (m) 4,8517 * 0.16068  3,9938 * 4,1628 * 

Soil volume 0-7cm (m) 3,6831 * -1.3493 3,9938 *  8.1558* 

Soil volume 7-28cm (m) 4,3567 * -0.96354 4,1628 * 8.1558*  

 * : Indicates significance (p < 0.05)  
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Kidney anatomy and morphology 

Animals were euthanised by cervical dislocation or an overdose of isoflurane and 
immediately dissected. The fat and connective tissues were removed from around 
the kidneys and weighed to the nearest 0.0001 g using a high-precision scale (Ohaus 
Corp., Pine Brook, New York, USA). The length (mm) and the width (mm) of the 
fixed kidneys were measured to the nearest 0.01 mm using a pair of digital callipers 
(Sylvac Opto RS 232; Ultra Praezision Messzeuge GmbH, Germany). These 
dimensions were, in turn, used to calculate kidney volume (mm3) using the formula 
for the volume of an ellipsoid (equation. 1, where a represents half the maximum 
length and b represents half the maximum width (Hart et al. 2021)). The mass and 
volume of the two kidneys were averaged for each individual, and the average mass 
and volume for a single kidney were calculated. 

  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4: 𝑉𝑜𝑙𝑢𝑚𝑒 =  
4

3
𝜋𝑎𝑏2 

 

Kidneys were either fixed in Bouin’s fixative or 10% neutral-buffered formalin 
(NBF) for approximately 24 h before being rinsed and stored in 70% ethanol. The 
kidneys were put through a series of ethanol baths of increasing concentrations for 
dehydration and were subsequently embedded in wax. Kidneys were cut into 5 μm 
thick sections with a rotary microtome (820 Spencer; American Optical, Scientific 
Instrument Division, Buffalo, New York, USA). The sections were mounted in 
consecutive order on microscope slides with gelatine and finally dried in an oven at 
36 °C for 48 h. Dried sections were stained with Ehrlich’s haematoxylin and counter-
stained with eosin (Bloom and Fawcett 1964).  

 Kidney sections were investigated using a light microscope (Diaplan; Ernst 
LeitzWetzlar GmbH, Germany) and photographed at x10 magnification with a 
digital camera (Moticam 1000, 1.3 MP USB 2.0; Motic China Group, Ltd., Xiamen, 
People’s Republic of China). The programme Motic Images Plus 2.0ML (Motic 
China Group, Ltd., Xiamen, People’s Republic of China) was used to measure the 
diameter of the cortex (μm) and medulla (μm) of each respective kidney. A total of 
15 cortex and medulla measurements were conducted on each kidney. The M:C was 
calculated by dividing the medulla and cortex diameters from the same plane.  

 

Gastrointestinal tract morphology and histology  

The mean proportion (%) of the total GIT surface area and length of the four 
anatomically distinct regions of the GIT (stomach, small intestine, caecum, colon 
and the combination of colon and caecum) of seven species African mole-rat 
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species, namely the Cape dune mole-rat, Cape mole-rat, common mole-rat, highveld 
mole-rat, Natal mole-rat and naked mole-rat were extracted from Kotze et al. (2010).  

 

Kidney concentration and gastrointestinal tract water-retention ability 

A total of eight Damaraland, six highveld and seven Cape mole-rats were housed at 
the mole-rat laboratory at the Department of Zoology, University of Pretoria. Each 
animal was housed individually in a metabolic/urine collection chamber for the 
duration of the experiment. Collection chambers had a wire-mesh bottom and a 
collection dish underneath. The wire-mesh bottom prevents contamination of the 
samples (especially urine) by food remains or faeces. The animals were given one 
day to acclimate to the chambers and handling. 

 

Diets (experimental protocol) 

All mole-rats were initially, for the first day, fed ad libitum on a diet of a high quality, 
high protein commercial cereal (Pronutro; RSA) mixed to a thin paste with water 
(Table 3; Control group). This food was continued as the diet of the Control group. 
This cereal mixture is readily eaten in captivity, and the animals maintain body mass 
on this diet.  

 

Table 3: The control and experimental diets consisted of dry cereal mixed with different 
ratios of distilled water. The water ratio decreased to simulate increased water stress in 

each of the experimental treatments. 

Treatment 
Number of 

animals 
Dry cereal:fluid 

Fluid mixed 
with dry cereal 

Control 8 1.0: 8.5 Distilled water 

Mild water stress 
(MWS) 

8 1.0: 4.0 Distilled water 

Extreme water 
stress 
(EWS) 

8 1.0:3.0 Distilled water 

 

All animals were exposed to each treatment once. The Control treatment received 
the diet with the highest water content (Table 3). The MWS treatment received only 
50 % of the amount of water provided in the control feed, while the EWS group 
received 35 % of the water given to the control group (Table 3). Weighed amounts 
of food were supplied in excess twice daily for five consecutive days. Animals were 
weighed before and after each treatment, all species possessed similar body mass 
losses across all treatments (See supplementary material). 
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Urine collection and analysis 

Urine was collected under Reitzer's Technical Oil in plastic trays beneath the 
metabolic cages. Urine samples were frozen in sealed 1.5ml plastic containers 
(Eppendorf) at -20°C for later analysis. Due to funding constraints, only day five 
urine samples were used for further analysis.  

 Urine electrolytes (sodium and potassium), creatinine and urea concentrations 
(nmol/L) were measured in day five urine samples. All urine samples were analysed 
at the Clinical Pathology unit at the Department of Companion Animal Clinical 
Studies, Faculty of Veterinary Science, University of Pretoria, South Africa, using a 
RA-1000 analyser (Bayer (Pty) Ltd Isando, SA)(De Scally 2006). 

 

Faecal collection  

Fresh faeces were collected immediately after defecation in the chambers. Faeces 
were weighed immediately, then oven-dried at 60 °C and weighed again. Only day 
five faecal samples were used for further analysis. 

 

Blood collection  

After each experimental treatment, venous blood samples were collected from an 
individual's hind foot using heparinised micro-haematocrit tubes. As a precaution, 
individuals were also weighed, and blood samples were less than 1% of the 
individual's body mass. Blood haematocrits (%) were measured after centrifugation.  

 

Phylogenetic Tree Determination 

A phylogenetic tree (Figure 1) was constructed using mitochondrial cytochrome-b 
and 12S rRNA(Faulkes et al. 1997). Sequences were aligned manually for analysis 
using Mesquite (v. 3.03, 2014), and phylogenetic relationships were investigated 
using the maximum parsimony option within MEGA 11 (Tamura et al. 2021). The 
min-mini heuristic algorithm with a search factor of 1 was used, while gaps were 
treated as missing data and eliminated from the analysis. 

 

Data analysis  

Unless specified, all calculations, statistical, and visual analyses were performed using 
the statistical software R version 4.2.2 and GraphPad Prism 8.4.3. Data are presented 
as the mean ± standard error, and a p-value of < 0.05 indicates significance. The 
dependent variables' normality was determined using Shapiro–Wilk tests, and the 
homogeneity of all dependent variables was checked with Levene’s test. Log-
transformation was attempted to normalise all data sets if required. 
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Phylogenetic generalised least squares (PGLS) of kidney and gastrointestinal tract anatomy and 
morphology 

Despite body mass being the single most significant determinant of mammalian 
kidney mass and volume (Beuchat 1996), this study set out to identify to what extent 
climatic traits describe the remaining variation in kidney and GIT anatomy and 
morphology. Body mass was accounted for in the PGLS modelling by adding body 
mass as a covariant to models containing kidney mass and volume. While through 
the use of ratios (M:C) and mean proportion (%) of the total GIT surface area and 
length of the four anatomically distinct regions of the GIT (stomach, small intestine, 
caecum, colon and the combination of colon and caecum) body mass were 
accounted for in all PGLS models. 

Phylogenetic generalised least squares modelling was performed using the R 
package caper (v. 1.0.1) (Orme et al. 2013). Pagel's lambda (λ) was used to assess the 
phylogenetic signal of kidney mass and volume across the 11 species, M:C across 
nine species, and mean proportion (%) of the total GIT surface area and length of 
the four anatomically distinct regions of the GIT (stomach, small intestine, caecum, 
colon and the combination of colon and caecum) across seven species. Pagel's 
lambda (λ) was calculated using the R package phytools (v. 0.6-60) (Revell 2012) on 
999 phylogenetic simulations. Pagel's λ is an index (0 ≤ λ ≥ 1) used to determine the 
strength of the phylogenetic signal of a trait across a phylogeny. Pagel's λ values 
approaching 0 indicate no phylogenetic signal for example, kidney mass has evolved 
independently of phylogeny), whereas Pagel's λ values approaching 1 indicate the 
evolution of a trait according to Brownian motion. The phytools R package (v. 0.6-
60) (Revell 2012) also performs a Likelihood Ratio Test to determine how 
significantly the trait can be explained by Brownian motion by comparing the λ-value 
to the nul hypothesis, which is evolution independent of phylogeny (λ=0). All PGLS 
contained AI and Ta. Body mass was added as a covariant for the kidney mass and 
volume PGLS models, respectively.   

 

Kidney and gastrointestinal tract water-saving abilities 

After log-transformation all data sets were found to be normally distributed. Two-
way ANOVAs were conducted to test the effect of species (Damaraland, highveld 
and Cape mole-rat), treatment (Control, Mild water stress and Extreme water stress) 
and the interaction between diet and treatment (Species*Treatment) on the various 
parameters testing kidney concentrating abilities [urine urea (nmol/l), sodium 
(nmol/l), potassium (nmol/l) and creatinine (g/l) concentrations], GIT water-
retention ability [faecal water content (%)] and blood haematocrit [(blood solid/ 
blood plasma)*100 - %). Post-hoc analyses were conducted on all significant 
predictors using Tukey HSD tests.  
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Results 

Anatomy and morphology 

Kidney morphology and histology  

Phylogenetic heritability or the lambda (λ) for kidney mass (λ=1.00) and volume 
(λ=0.88) strongly suggests phylogeny does strongly predict kidney morphology 
(Table 4, 5). Similarly, body mass is a strong predictor of kidney mass (Figure 2a) 
and volume (Figure 2b) (Table 4, 5). In contrast, neither AI nor Ta significantly 
predicts kidney mass or volume (Table 4, 5).  Lambda (λ) for M:C (λ=0.72), however, 
were lower than kidney mass and volume, which suggests that phylogeny does not 
predict M:C (Table 4, 5). However, like kidney mass and volume, M:C were 
unaffected by AI and Ta (Table 4, 5). 
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Figure 2: The relationships between body mass (g) and a) kidney mass (g) and b) kidney 
volume (mm3) for individuals from 11 African mole-rat species 
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.  

 

Table 4: Sample size, body mass, kidney mass and volume and cortex-medulla ratio (M:C) for the 11 African mole-rat species used for 
Phylogenetic generalised least squares (PGLS) models. 

Species 
Body mass (g) Kidney mass (g) Kidney volume (mm3) M:C 

N Mean±SE N Mean±SE N Mean±SE n Mean±SE 

Bathyergus suillus 7 587±90.9 7 1.32±0.22 7 2080±331 4 0.114±0.015 

B. janetta 3 647±138 3 1.60±0.28 3 3164±387 - - 

Cryptomys 
hottentotus 
hottentotus 

11 83.3±3.41 11 0.22±0.02 11 438±42.6 5 0.13±0.007 

C. h. mahali 11 113±6.30 11 0.36±0.04 11 697±70.0 3 0.115±0.02 

C. h. natalensis 3 134±12.5 3 0.73±0.07 3 805±220 3 0.093±0.013 

C. h. pretoriae 14 118±7.21 14 0.40±0.04 14 925±95.7 5 0.094±0.016 

Fukomys damarensis 5 101±16.6 5 0.68±0.06 5 838±173 3 0.117±0.01 

F. hanaganesis 7 84.5±10.1 7 0.40±0.08 7 363±77.1 - - 

Georychus capensis 10 133±19.0 10 0.40±0.05 10 615±77.0 4 0.113±0.009 

Heliophobuis emini 3 177±21.5 3 1.28±0.06 3 1531±163 3 0.126±0.011 

Heterocephalus 
glaber 

28 21.7±2.40 28 0.10±0.01 28 169±17.1 6 0.159±0.0.007 
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Table 5: Phylogenetic generalised least squares (PGLS) models outputs for kidney mass and volume and medulla-cortex ratio (M:C). 

Dependent variable Independent Variable 
 

Phylogenic signal Body mass (g) AI Ambient Temperature(˚C) 
 

λ p-value t-value p-value t-value p-value t-value p-value 

Kidney mass 1.00 0.07 6.47 0.0003* 2.14 0.07 1.40 0.20 

Kidney volume 0.88 0.18 7.51 0.0001* 0.40 0.70 0.73 0.49 

M:C 0.72 0.28 - - -0.25 0.81 2.35 0.06 

AI: Aridity index - Degree of dryness of the climate at a given location. 
Ta: Ambient temperature - Temperature of the air 2m above the soil surface. 
* : Indicates significance (p < 0.05)  
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Gastrointestinal tract morphology and histology  

The proportion of the GIT surface area made up by the colon along with the 
proportion of the GIT length made up by the stomach, small intestine, colon and 
the combination of the colon and caecum lambda (λ=0.99) strongly suggest 
phylogeny does strongly predict these variables (Table 6, 7). In contrast, the lambda 
(λ) of the remaining proportion of the GIT surface area and length strongly suggest 
that phylogeny does not predict the GIT variables (Table 6, 7). Aridity index nor Ta 

significantly predicted any GIT proportions barring the surface area of the caecum 
and small intestine (Table 6, 7). In areas of decreased AI (Figure 3a, b) and increased 
Ta (Figure 3c, d), there is a slight increase in the proportion of the GIT surface area 
made up by the caecum and small intestine, yet this was miminal.  
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Figure 3: The relationships between the proportion of the GIT surface area made up by 
the caecum (%) and small intestine and a and b) aridity index (AI) and c and d) ambient 
temperature (Ta - °C) for seven African mole-rat species. 
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Table 6: Sample size and mean proportion (%) of the total GIT surface area and length of the four anatomically distinct regions of the GIT 
(stomach, small intestine, caecum, colon and the combination of colon and caecum) for the seven African mole-rat species used for 
Phylogenetic generalised least squares (PGLS) models. 

 Species 

 Bathyergus suillus Fukomys 
damarensis 

Cryptomys 
hottentotus 
hottentotus 

C. h. natalensis C. h. pretoriae Georychus capensis Heterocephalus 
glaber 

N 4 4 3 4 4 4 4 

Surface area 
(%) 

Stomach  10.1±1.15 16.0±2.15 22.5±3.52 20.3±3.15 21.4±0.95 16.2±1.1 23.7±1.45 

Small intestine 19.6±1.10 28.9±0.95 45.6±3.64 33.4±2.60 35.4±1.35 32.0±1.05 26.5±1.10 

Caecum 21.7±0.65 26.5±2.55 20.8±0.40 26.6±1.25 21.3±2.20 20.3±2.65 30.7±3.25 

Colon 48.5±0.65 28.6±2.4 11.2±0.86 19.8±1.45 21.9±0.90 31.6±1.05 18.9±1.90 

Caecum & Colon 70.3±2.15 55.1±1.55 31.9±0.92 46.2±1.95 43.2±1.95 51.9±1.80 49.5±2.10 

Length (%) Stomach 7.18±0.70 11.1±0.75 13.4±1.04 11.9±1.30 12.2±0.45 11.0±0.60 16.8±0.95 

Small intestine 37.2±0.80 40.1±1.50 54.3±1.67 48.5±1.90 46.9±2.15 37.5±1.05 43.6±1.50 

Caecum 14.3±0.75 18.9±1.2 16.7±0.92 18.2±0.95 16.1±1.45 17.5±1.5 17.4±1.10 

Colon 41.3±1.45 30.3±1.5 15.7±0.81 21.4±0.40 23.3±0.80 34.0±0.75 22.3±0.80 

Caecum & Colon 55.6±1.20 49.1±2.00 32.4±1.50 39.6±1.30 39.4±1.30 51.5±1.30 39.6±0.75 
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Table 7: Phylogenetic generalised least squares (PGLS) models outputs for mean proportion (%) of the total GIT surface area and length 
of the four anatomically distinct regions of the GIT (stomach, small intestine, caecum, colon and the combination of colon and caecum). 

Dependent variable (%) 

Independent Variable 

Phylogenic signal AI Ambient Temperature(˚C) 

Λ p-value t-value p-value t-value p-value 

Surface area 

Stomach 6.61e-5 1 -0.33 0.76 -0.52 0.63 

Small intestine 6.61e-5 1 3.33 0.03* 3.71 0.02* 

Caecum 0.48 0.75 3.33 0.03* 3.71 0.02* 

Colon 0.99 0.43 -0.49 0.65 -0.49 0.65 

Caecum & Colon 6.61e-5 1 -0.40 0.70 -0.33 0.76 

Length 

Stomach 0.99 0.10 2.10 0.11 2.40 0.07 

Small intestine 0.96 0.62 0.46 0.67 0.22 0.84 

Caecum 6.61e-5 1 0.52 0.63 0.53 0.63 

Colon 0.99 0.29 -0.51 0.64 -0.48 0.65 

Caecum & Colon 0.99 0.34 -1.09 0.34 -1.25 0.28 

AI: Aridity index - Degree of dryness of the climate at a given location. 
Ta: Ambient temperature - Temperature of the air 2m above the soil surface. 
* : Indicates significance (p < 0.05)  
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Kidney concentration ability  

Urine analysis was dependent upon the urine volume collected. The number of 
African mole-rats that provided adequate urine volumes decreased from the control 
diet to the MWS diet to the EWS, which saw a sample size of only four individuals 
per species (Figure 4). 

Urea concentration in African mole-rats urine did not differ between species, 
nor was it affected by species*treatment interaction; however, urinary urea 
concentration was significantly affected by the treatment the mole-rats were exposed 
to (Table 8). African mole-rats under the control diet (81.2±14.9nmol/l) possessed 
lower urine urea concentration compared to those under MWS (223±80.6nmol/l, p 
= 0.0001) and EWS (207±82.8nmol/l, p = 0.0001) (Figure 4a). No difference in 
African mole-rat urine urea concentration was observed between those exposed to 
the MWS and EWS treatments (p = 072, Figure 4a). 

Similarly, sodium concentration in African mole-rats urine did not differ 
between species, nor was it affected by species*treatment interaction; however, the 
treatment significantly affected urine sodium concentration (Table 8). African mole-
rats under the control diet (28.9±2.13nmol/l) had significantly lower urine sodium 
concentration than EWS (48.8±18.9nmol/l, p = 0.006) (Figure 4b). No difference 
in African mole-rat urine sodium concentration was observed between those 
exposed to MWS (37.9±4.90nmol/l) and EWS treatments (p = 0.29) and control 
and MWS treatments (p = 0.17) (Figure 4b). 

In contrast, urine potassium concentrations differed between both treatment 
and species (Table 8), while the species*treatment interaction did not affect urine 
potassium concentrations (Table 8). African mole-rat under the control diet 
(33.1±3.19nmol/l) possessed lower urine potassium concentration compared to 
those under MWS (63.9±5.48nmol/l, p = 0.0001) and EWS (89.0±16.7nmol/l, p = 
0.0001) (Figure 4c). While, Cape mole-rats (45.2±10.8nmol/l), regardless of 
treatment, possessed significantly lower urine potassium concentration compared to 
Damaraland mole-rats (83.6±30.2nmol/l, p = 0.001) (Figure 4c). Cape and highveld 
(58.6±12.6nmol/l) mole-rats and Damaraland and highveld mole-rats possessed 
similar urine potassium concentrations (p ≥ 0.13, for both) (Figure 4c). 

Finally, the treatment significantly affected creatinine concentration in 
African mole-rats urine, but not by species or species*treatment interaction (Table 
8). African mole-rat under the control diet (0.08±0.01g/l) had significantly lower 
urine creatinine concentration than EWS (0.13±0.02g/l, p = 0.04) (Figure 4d), while 
no significant difference in African mole-rat urine creatinine concentration was 
observed between African mole-rats exposed to MWS (0.14±0.02g/l) and EWS 
treatments (p = 0.81) and control and MWS treatments (p = 0.11) (Figure 4d). 
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Table 8: Statastical output for the effect of species (Damaraland, highveld and Cape mole-
rat), treatment (Control, Mild water stress and Extreme water stress) and the interaction 
between diet and treatment (Species*Treatment) on urine urea, sodium (Na), log-
transformed potassium (LogK) and abosulte log-transformed creatinine.  

  Species Treatment Species*Treatment 

Urea 
F-value 0.57 19.8 0.95 

p-value 0.57 0.0001* 0.44 

Na 
F-value 2.03 5.52 0.15 

p-value 0.14 0.008* 0.96 

LogK 
F-value 8.10 29.6 1.18 

p-value 0.001* 0.00001* 0.34 

|LogCreatinine| 
F-value 1.66 3.97 1.8 

p-value 0.2 0.002* 0.15 

Log: Log-transformed data to achieve normality. 
|Log|: Absolute log-transformed data to achieve normality and positive values. 
* : Indicates significance (p < 0.05) . 
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Figure 4: The variation of a) urea (nmol/l), b) sodium (Na+, nmol/l), c) log-transformed 
potassium (LogK+, nmol/l) and d) Absolute log-transformed creatinine (|LogCreatinine 
(g/l)|) concentrations in three African mole-rat species [arid-dwelling eusocial 
Damaraland mole-rat (Fukomys damarensis – denoted by red colour and open circles (○)), 
the semi-arid dwelling social highveld mole-rat (Cryptomus hottentotus pretoriae - 
denoted by yellow colour and open squares (□)) and the mesic dwelling (sub-humid) 
solitary living Cape mole-rat (Georychus capensis- denoted by green colour and open 
triangles (∆))] fed three different diet treatments [Control, Mild water stress (MWS) and 
Extreme water stress (EWS) (see Table 3 for more details)]. * : Indicates significance (p 
< 0.05) . 

 

Gastrointestinal tract water-retention ability 

The water content of the faeces of African mole-rats was significantly affected by 
species (F = 14.3, p = 0.0001), treatment (F = 5.72, p = 0.006) and the interaction 
between species*treatment (F = 5.27, p = 0.002) (Figure 5). African mole-rat under 
the control diet (67.6±3.31%) had a higher faecal water content than those under 
MWS (56.8±5.11%, p = 0.004). No difference in the faecal water content of African 
mole-rats was observed between those exposed to MWS and EWS (60.9±2.91%) 
treatments (p = 0.13) and the control and EWS treatment (p = 0.22) (Figure 5). 
While, highveld mole-rats (48.5±11.4%), regardless of treatment, possessed 
significantly lower faecal water content compared to Damaraland mole-rats 
(69.7±4.15%, p = 0.0001) and Cape mole-rats (64.2±1.60%, p = 0.001) (Figure 5). 
Damaraland and Cape mole-rats did not possess significantly different faecal water 
content (p = 0.37) (Figure 5). 

On closer inspection, highveld mole-rats placed under MWS treatment 
possessed significantly lower faecal water content compared to all other species 
under all treatments (p ≤ 0.02, for all) (Figure 5). The remaining species under all 
treatments possessed similar faecal water content to each other (p ≥ 0.05) (Figure 
5).  
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Figure 5: The variation of faecal water (moisture) content (%)in three African mole-rat 
species [arid-dwelling eusocial Damaraland mole-rat (Fukomys damarensis – denoted by 
red colour and open circles (○)), the semi-arid dwelling social highveld mole-rat 
(Cryptomus hottentotus pretoriae - denoted by yellow colour and open squares (□)) and 
the mesic dwelling (sub-humid) solitary living Cape mole-rat (Georychus capensis- 
denoted by green colour and open triangles (∆))] fed three different diet treatments 
[Control, Mild water stress (MWS) and Extreme water stress (EWS) (see Table 3 for more 
details)]. * : Indicates significance (p < 0.05) . 

 

Haematocrit 

Haematocrits (solid/plasma) were found not to differ between species (F = 1.57, p 
= 0.22) and treatment (F = 1.62, p = 0.21), however, the interaction between 
species*treatment was found to significantly affect African mole-rat haematocrit (F 
= 4.28, p = 0.005) (Figure 6). On closer inspection, Damaraland mole-rats under the 
control diet treatment possessed significantly lower haematocrit values than highveld 
mole-rats under the control diet treatment (p =0.01) and MWS (p = 0.04) and 
Damaraland mole-rats under the MWS treatment (p =0.001) (Figure 6). 
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Figure 6: The variation haematocrit (Hct - %) in three African mole-rat species [arid-
dwelling eusocial Damaraland mole-rat (Fukomys damarensis – denoted by red colour 
and open circles (○)), the semi-arid dwelling social highveld mole-rat (Cryptomus 
hottentotus pretoriae - denoted by yellow colour and open squares (□)) and the mesic 
dwelling (sub-humid) solitary living Cape mole-rat (Georychus capensis- denoted by 
green colour and open triangles (∆))] fed three different diet treatments [Control, Mild 
water stress (MWS) and Extreme water stress (EWS) (see Table 3 for more details)]. * : 
Indicates significance (p < 0.05) . 

 

Discussion 

This chapter attempted to provide a comprehensive overview of the osmoregulatory 
capacity across the African mole-rat family in the hope of testing the validity of the 
recently created Behavioural Osmoregulation Hypothesis. A fundamental and 
untested, until now, assumption of the Behavioural Osmoregulation Hypothesis was 
that all African mole-rat species, regardless of what level of aridity they experience, 
would possess similar urine concentrating and faecal dehydrating capabilities; this 
chapter provides concrete evidence for this assumption ultimately providing support 
for the Behavioural Osmoregulation Hypothesis. All African mole-rat species, 
regardless of the climatic conditions they experience (aridity), possess similar 
capabilities of saving water due to comparable urine concentrating and faecal 
dehydrating abilities. The moderate water-saving abilities of African mole-rats likely 
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stem from similar kidney and GIT functions, morphologies and water-conserving 
mechanisms. As a result, African mole-rat species that inhabit arid regions possess 
similar kidney and GIT morphologies and water-saving mechanisms resulting in 
similar urine concentrating and faecal dehydrating abilities compared to those living 
in hyper-mesic environments.  

The findings from this study directly contrast the current evolutionary 
pathways explaining how small mammals persist in arid environments. The 
fundamental understanding currently held by biologists is that mammals, particularly 
small mammals, that persist in arid regions experience significant ecological stresses, 
including extreme daily and seasonal temperature fluctuations, unpredictable food 
resources and water scarcity (Frean et al. 1998). As such, the potential for body water 
loss is great, resulting in water-saving adaptation being selected for; this includes 
larger kidneys with a thicker medulla, resulting in longer loops of Henle, which 
ultimately results in the increased ability to concentrate their urine when under water 
stress compared to mesic dwelling small mammals (Beuchat 1996, Diaz et al. 2006). 
As such, small mammals M:C should decrease as AI increases (moving to a more 
mesic environment (Figure 7)). This was found to be true for the Middle East Blind 
mole-rat, Spalax ehrenbergi, subspecies that inhabit habitats ranging in aridity (Nevo 
et al. 1989). Nevo et al. (1989) found evidence of structural and functional 
adaptations of the kidneys to their environments with increases in M:C ratios as well 
as kidney size in the subspecies that occur in arid environments. However, the 
opposite trend is observed in African mole-rats, with increased M:C in species 
inhabiting a more mesic environment (higher AI) (Figure 7). The M:C ratio has been 
shown to correlate with kidney concentrating abilities as increased medulla thickness 
indicates an increase in the loop of Henle lengths (Beuchat 1996, Diaz et al. 2006). 
Therefore, it was surprising to observe that, in general, the mesic dwelling Cape 
mole-rat, semi-arid dwelling highveld mole-rat and arid dwelling Damaraland mole-
rats possessed similar urine concentrating abilities under any level of water stress. 
According to Figure 7, mesic dwelling African mole-rats, such as the Cape mole-rat, 
should have more significant urine-concentrating abilities compared to semi-arid and 
arid dwelling mole-rats; however, a possible cause for not observing this pattern in 
this study is due to Cape mole-rats inhabiting a region that is closer to semi-arid than 
hyper-mesic (however can be sympatric with the hyper-mesic dwelling Natal mole-
rats) and as such the use of hyper arid-dwelling mesic species, such as the Natal and 
silvery mole-rat species, in the future could be used to further investigate this 
prediction (Figure 7). 
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Figure 7: The relationship between aridity index (AI) and medulla:cortex (M:C) ratio. The 
black dashed line represents the predicted postive relationship between M:C and AI for terrestrial-
dwelling small mammal species (Beuchat 1996). The linear regression between M:C and AI for 
African mole-rat species in this study (grey dotted line) was found to be positive and significant (F 
= 6.35, p = 0.04). 

 

All three African mole-rats species (Cape, highveld and Damaraland mole-
rats) responded to both MWS and EWS in a similar manner, namely by decreasing 
the amount of water being excreted in their urine, ultimately increasing their urine 
concentration (as seen by increases in urine urea, Na+, K+ and creatinine 
concentrations). Importantly, there was no significant difference in urine 
concentrations between the MWS and EWS, indicating that either the two diets were 
too similar or that African mole-rat species have only a moderate ability to 
concentrate their urine and, as such, were incapable of increasing their urine 
concentration further under EWS. The latter is likely true as many individuals of all 
African mole-rat species under EWS could not produce urine after five days of 
treatment, indicating dehydration. This finding supports those of  Urison and 
Buffenstein (1994), that observed similar moderate urine-concentrating abilities in 
the arid-dwelling naked mole-rat.  

The difference between terrestrial-dwelling small mammals and subterranean 
living African mole-rats in osmoregulatory capacity can be seen in the relationship 
between kidney morphology and body mass. A positive relation between M:C and 
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body mass can be seen between terrestrial dwelling small mammals, while no 
relationship between M:C and body is observed in African mole-rats (Figure   8).  

 

 

 

Figure 8: The relationship between body mass (g) and medulla:cortex (M:C) ratio. The 
black dashed line represents the predicted positive relationship between M:C and body mass for 
terrestrial-dwelling small mammal species (n = 6, adapted from Diaz et al. (2006)) (F = 
21654735734983, p = 0.0001). The linear regression between M:C and AI for African mole-rat 
species in this study (grey dotted line) was found to be positive and significant (F = 0.12, p = 0.74). 

 

However, if both large and small mammals and marine and non-marine 
mammals are considered, the M:C – body mass relationship is no longer significant 
(Beuchat 1996). Therefore a likely body mass threshold is met where the decrease in 
surface area to volume with body mass for mammals reaches a point whereby the 
loss of water due to a high surface area to volume ratio becomes negligible, and thus 
the need for an increased M:C (thus the ability to save water) is not required (Beuchat 
1996). Interestingly, African mole-rats, large and small mammals, as well as marine 
and non-marine mammals combined, have kidney mass positively scaling with body 
mass, but at different proportions (Figure 9). This again suggests that African mole-
rats possess a reduced osmoregulatory capacity (through kidney function) compared 
to other mammals.  
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Figure 9: The relationship between body mass (g) and kidney mass. The black dashed line 
represents the predicted positive relationship between body mass and kidney mass for mammal 
species (n = 149, adapted from Beuchat (1996)) (F = 27608, p = 0.0001). The linear regression 
between body mass and kidney mass for African mole-rat species in this study (grey dotted line) 
was found to be positive and significant (F = 27.4, p = 0.001). A significant difference between 
the two slopes is evident (F = 54.5, p = 0.0001).  

 According to the Behavioural Osmoregulation Hypothesis (Hart et al. 2022), 
this reduction in osmoregulatory capacity (through kidney function) compared to 
other mammals is a function of colony size. The increased foraging efficiency as a 
function of colony size would have removed the need for morphological and 
anatomical adaptations to their environment, as sociality would likely relieve any 
selection pressure related to water stress. This can be seen through the relationship 
between colony size and M:C (Figure 10). In species that form large colonies, the 
M:C, and thus kidney-related osmoregulatory capacity, decreases (Figure 10). 
However, this pattern is driven by the smallest African mole-rat species, the naked 
mole-rat, that, upon exclusion, the relationship between colony size and M:C 
disappears (Figure 11). Naked mole-rats, being the smallest of all African mole-rats 
and being almost entirely naked, would be at the highest risk of water loss and 
dehydration and as a consequence the selection pressure to save water (through 
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behavioural osmoregulation) would be greatest in this species which as a 
consequence has the naked mole-rat forming colonies of up to 295 individuals (Hart 
et al. 2022, Faulkes et al. 2023).  

 

 

Figure 10: The relationship between average colony size and medulla: cortex (M:C) ratio. 
The linear regression between M:C and the average colony size for African mole-rat species in this 
study was found to be negative (F = 4.89, p = 0.06). Average colony size sourced from Faulkes et 
al. (2023). 
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Figure 11: The relationship between average colony size and medulla:cortex (M:C) ratio. 
The linear regression between M:C and average colony size for African mole-rat species (excluding 
naked mole-rats) (F = 0.006, p = 0.94). Average colony size sourced from Faulkes et al. (2023). 

 

Similar patterns of osmoregulatory capacity through GIT function can also 
be seen in the African mole-rat species, with GIT morphology being comparable 
between all African mole-rat species tested regardless of the environment, a stark 
contrast to terrestrial small mammals that see arid dwelling small mammals 
possessing longer GITs with increased surface areas that increases the capability of 
absorbing water and dehydrating faeces mesic-dwelling small mammals (Jackson and 
Spinks 1998). The ability for all three African mole-rat species to dehydrate their 
faeces, ultimately retaining water, did not change with treatment, indicating that there 
is no significant difference in osmoregulatory capacity through GIT function 
between the African mole-rat species tested. Interestingly, an outlier to this trend is 
the highveld mole-rat under MWS. It is unclear what caused this significant deviation 
from the pattern, and further research is required to resolve this issue, including 
repeating this experiment to eliminate any methodological causes. No changes in 
two of the three tested African mole-rat species (Cape and highveld mole-rats) 
haematocrit were seen between treatments indicating no significant changes in 
circulating water between the treatments; this may be due to unexplored mechanisms 
of water retention in African mole-rats (Jacobs et al. 2022). Interestingly, 
Damaraland mole-rats possessed lower haematocrit under the control treatment 
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compared to the two other tested African mole-rat species; however, this may be 
due to the unique division of labour in the eusocial Damaraland mole-rat (Wallace 
2022) rather than due to osmoregulatory capacity differences. Further research is 
required. 

 This chapter provides strong evidence supporting Hart et al. (2022) 
Behavioural Osmoregulation Hypothesis, namely that sociality, instead of kidney 
and GIT adaptations, has allowed some species of African mole-rats to persist in 
arid environments. As such, colony size is a crucial driver for survival and 
evolutionary fitness in African mole-rat species. Colony size has been implicated in 
several positive related evolutionary fitness consequences, including year-round 
breeding and increased offspring survival (Houslay et al. 2020, Hart and Bennett 
2022). Further research is required to truly grasp the effect of colony size on the 
osmoregulatory capacity of African species, including an intra-specific comparison 
of osmoregulatory capacity across an aridity gradient (Jacobs et al. 2022) and water 
turn-over rates as a function of colony size in a social species across different sized 
colonies. Recently, Olivier et al. (2022) suggested that small mammals that do not 
benefit from sociality (social buffering) would likely fall victim to climate change and 
global warming. This is true for African mole-rats. On a recent research field trip 
(2021), a noticeable reduction in the Namaqua dune mole-rat population in the areas 
of succulent Karoo (Kamieskroon, Garies and Groenrivier) was observed (Hart et 
al. 2022). It is believed that desertification, which has seen the areas of Kamieskroon 
and Garies regions in the Northern Cape area receive below-average rainfall and 
increased temperatures, increasing aridity, in combination with poor water retention 
abilities of solitary African mole-rats species, has driven this population decline over 
its distributional range (Hart et al. 2022). This chapter suggests that the capacity of 
a mammal to become social may lead to a social buffering effect against 
desertification as a result of climate change.  
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Figure S1: The change in body mass of three African mole-rat species [Damaraland 

(Fukomys damarensis), highveld (Cryptomys hottentotus pretoriae) and Cape mole-rat 
(Georychus capensis) between the three treatments (Control, Mild water stress and 
Extreme water stress). When all treatments are combined, body mass before treatment 
was higher than after (Table S1, Tukey-HSD post-hoc test) 
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Table S1: Statistical output (General linear mixed model with ID as a random factor) for 

the effect of time (Before and After experiment), treatment (Control, Mild water stress and 
Extreme water stress) and the interaction between time and treatment (Time*Treatment) 
on body mass of three African mole-rat species [Damaraland (Fukomys damarensis), 
highveld (Cryptomys hottentotus pretoriae) and Cape mole-rat (Georychus capensis ).   

 G. capensis C. h. pretoriae F. damarensis 

 F P F p F p 

Time  1.71 0.04* 4.79 0.04* 4.56 0.04* 

Treatment 0.04 0.96 0.50 0.61 0.02 0.98 

Time*Treatment 0.25 0.99 0.50 0.61 0.87 0.43 
* : Indicates significance (p < 0.05) . 
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Synthesis 

This thesis described the osmoregulatory capacity of a range of African mole-rats, 
from mesic to arid environments, employing solitary, social or eusocial group living 
strategies. Unlike terrestrial and other subterranean small mammal (rodent) species, 
namely the Middle Eastern Blind mole-rat (Spalax ehrenberg) (Nevo et al. 1989), that 
rely on both physiological [urine concentrating and faecal dehydrating abilities 
through specialised kidney and gastrointestinal (GIT) adaptations) and behavioural 
[ultilisation microhabitats like a tree or underground refuges and nocturnality] 
adaptations, African mole-rats likely only utilise behavioural adaptations, namely 
group living. Regardless of water availability in their environment (associated with 
the environmental aridity), all African mole-rat species possess similar kidney and 
GIT adaptations, ultimately leading to similar urine concentrating and faecal 
dehydrating abilities. This contrasts with the Middle Eastern Blind mole-rat (Nevo 
et al. 1989) and other terrestrial rodents (Withers et al. 1980), which shows the 
maximal relative medullary thickness and urine concentrating capacity of the rodent 
kidney from arid regions being greater than those from a mesic region. Yet all 
African mole-rats have similar water economy indices (Figure 1), indicating some 
level of water-saving capacity in this rodent family. 

It has long been believed that the subterranean niche has been the driver of 
the moderate and similar kidney concentrating abilities seen across the African mole-
rat family (Urison and Buffenstein 1994), as this environment would reduce the 
exposure of these small mammals to temperature extremes along with providing an 
environment with a high level of atmospheric water which would reduce evaporative 
water loss (Wallace et al. 2021). However, if this were the case, other subterranean 
rodent species, such as the solitary living blind mole-rats, that inhabit a wide range 
of aridities, would show similar urine-concentrating abilities regardless of their 
experienced aridity – this is not the case (Nevo et al. 1989). As such, the current 
thesis suggests that the Behavioural Osmorgulation Hypothesis may explain the 
efficient osmoregulatory capacity, in comparison to arid-dwelling mammalian 
terrestrial species (see Figure 1), seen in African mole-rats species, even those 
inhabiting arid regions.  
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Figure 1: Water economy index (WEI - ml water used per kJ energy metabolised) for arid 
and mesic dwelling mammals. Nagy (2004) and Hart et al. (2021) extracted data. 

 

 The Behavioural Osmorgulation Hypothesis posits that water and food are 
not the limiting resources in species that form large colonies, namely those that live 
in arid environments, but rather it is the increased colony size that enables the 
efficient location and retrieval of food and water (Hart et al. 2022).  Therefore, this 
thesis shows there would not have been a selection for morphological and 
anatomical adaptations to their arid environment since African mole-rats favour 
behavioural changes (sociality), which would likely have evolved faster than 
morphological and anatomical adaptations. Sociality relieves water stress from arid-
dwelling African mole-rats, while a solitary species that persist in an arid 
environment due to occupation of runoff galleries from inselbergs is unlikely to 
persist into the future as temperatures rise and rainfall fails(Hart et al. 2022).  

Sociality may relieve water stress, but water stress likely has promoted 
neuroendocrinological changes that prompted the arid-dwelling species to become 
social. Vasopressin is the antidiuretic hormone that regulates the permeability of 
tubules in the kidney (Bankir, 2017). Increases in vasopressin decreases the 
permeability of tubules and increases the urine solute concentration. Studies have 
noted that oxytocin is released in conjunction with vasopressin in response to water 
stress (Andersen et al. 1992; Bridges and James 1982; Williams et al. 1986). Both the 
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circulating levels and number of receptors of oxytocin increase under repeated water 
stress, such as those experienced in arid environments (Li et al. 2008, Chuang et al. 
2021). Oxytocin is an antidiuretic (a substance that helps control fluid balance in an 
animal's body by reducing urination) as well as a social bonding hormone. As the 
number of oxytocin receptors increase and/or circulating levels of oxytocin increase, 
so does urine concentrating ability, reduced aggression, and increased social 
interaction (Li et al. 2008, de Jong and Neumann 2018, Chuang et al. 2021). It is 
believed that all African mole-rats descended from a solitary terrestrial mesic-
dwelling species (Bennett and Faulkes 2000). As this ancestral African mole-rat 
invaded the more arid regions, they were most likely forced underground due to 
environmental extremes; however, this new subterranean and arid niche caused the 
ancestral mole-rats to experience extreme water stress. This water stress would have 
selected for increased circulating oxytocin levels along with the increased number of 
oxytocin receptors, leading to subsequent water retention and reduced aggressive 
behaviours favouring group formation and subsequent sociality. Solitary African 
mole-rat species are highly aggressive and xenophobic and live in more mesic or 
semi-arid dwellings. The only solitary African mole-rat species that dwells in arid 
environments is the Namaqualand dune mole-rat (Batherygus janetta),  that 
interestingly also possesses the least aggressive personality of all solitary African 
mole-rats, supporting the claim above (Hart and Bennett pers. comm.).  

 The Behavioural Osmorgulation Hypothesis may not only explain how 
African mole-rats may persist over a wide range of habitats they occur in, but also 
how their most striking evolutionary adaptation, the property of sociality, came into 
being. However, more work is required, including contrasting the circulating 
oxytocin concentrations and the number of oxytocin receptors between different 
species (inter-specific) and within the same African mole-rat species across an aridity 
gradient (intra-specific). Lastly, further research is required to truly grasp the effect 
of colony size on the osmoregulatory capacity of African species, including an intra-
specific comparison of osmoregulatory capacity across an aridity gradient and water 
turn-over rates as a function of colony size in a social species with different sized 
colonies. 
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