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ABSTRACT 

Aspects of the energy and water metabolism in the rock hyrax 

P1toc.a.v,i_a. c.a.tJe.Ml.6 and the elephant shrew Efe.phantu.lu.-0 e.dwaJLd,(_ 

by 

Belle Leon 

Zoology Department, University of Cape Town, South Africa 

In three digestion trials the energy ·intake and assimilation of the 

hyrax P1toc.a.v,i_a. c.ay.:ie.ML~ 1.-:'as evaluated. Energy intake was low but the 

efficiency of energy assimilation was within the range found for other 

herbivores. Th + h t b l . bl . J. k ( 312 ~ k I k -Q 1 75 d - l ) us , e me a o 1za e energy 1n1a e · ,~ u, g . ay 

was low but commensurate with the low basal metabolic rate of the 

-1 -1 hyrax <0,27 ml02 .g .h ). The increment in energy cost of free exist-

ence over the basal metabolic rate was 1,83 which suggests a low energy 

expenditure for free-living hyraces. The digestibility of the 

different food components was affected by the crude fibre content of 

the food, but the hyrax was able to digest crude fibre effectively by 

virtue of the fermentation systems in three major areas of the alimentary 

tract. Fermentation in the cardiac portion of the stomach resembled 

silage fermentation with the predominance of acetic and lactic acids. 

The expanded regions of tne large intestine contained volatile fatty 

acids in similar proportions and concentrations to those found • J.' 1n ine 

typical herbivore rumen or caecum. The high glucose levels in the 

plasma and the high.proportions of unsaturated fatty ~cids in the depot. 
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fat, however, precluded the hyrax from the group of ruminant-like 

mammals. 

The unusual· occurrence of a calcium carbonate precipitate in the urine 

of the hyrax prompted an investigation of the pathways of excretion of 

calcium, phosphorus and magnesium using two balance trials. The 

renal pathway played a major role ln calcium excretion suggesting an 

efficient absorptive mechanism for this element in the gastro-intesti-

nal tract. Phosphorus was excreted mainly through the gastro-intesti-

nal tract but the major route for magnesium excretion was uncertain. 

Excretion of al.l three elements was diet-dependent. 

The water metabolism of hyraces exposed to natural climatic conditions 

was investigated using tritiated water. The water turnover rate was 

-0 8 -1 lower than predicted for its size (85, 1 mlH20.kg ' .day ) and 

' declined still further when the animals were dehydrated. The water 

requirements of the hyrax can be met by the water contained in the food 

tn a wet season, but in a dry season the animals would have to select 

~egetation with a high moisture content or reduce the water turnover 

rate and tolerate a reduction in mass. The Low water turnover rate 

of the hyrax is associated with the tow basal metabolic rate, the 

avoidance of extreme temperatures and efficient renal function. The 

latter also allowed for the conservation of essential icns within the 

body and contributed to the maintenance of a stable plasma osmolality 

on dehydration. 

( 

Both the extensive use of behavioural thermoreguLation and t:1e inactive 

/ 
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lifestyle of the hyrax contributed to the low energy expenditure of 

the hyrax. Physiological regulation, however, could maintain the 

body temperature constant at 37,2°C even at low ambient temperatures 

in the laboratory. In the field, though, the hyrax increased its 

body temperature to a higher level during the day through the exploit-

ation of solar radiation while basking. Shuttling between the sun 

and shade then kept the body temperature fairly stable at this higher 

level. In the absence of solar radiation at night, the body tempera-

ture dropped by ca.. 2°C-~ven when the animals were huddled together 

in a crevice. Because of the increased air temperature in a crevice 

occupied by several. animals, the oxygen consumption and thermal con-

duttance of huddled animal~ was lower than in single animals. Cold-

adapted hyraces showed no significant response to nor-adrenaline 

administration and therefore non-shivering thermogenesis does not 

appear to be an important mechanism of heat production in the oold. 

In contrast, in the elephant shrew E.f.e.pha.ntufu-6 e.dWM.dJ..., the increased 

heat production during non-shivering thermogenesls acco•Jnted for all 

of the metabolic heat produced at low ambient temperatures. This 

small insectivorous mammal was able to maintain a stable body tempera-

ture of 37,6°C over a wide range of ambient temperatures. P..t the 

thermoneutral zone between ca.. 33 to 36°C its resting metabolic rate 

was 1,09 mL02.g- 1.h- 1, which was Lower than predicted for its mass. 

Thermal conductance below thermoneutrality was as predicted from its 

mass and evaporative water Loss at these temperatures was stable 

At high ambient temperatures, evaporative 
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\':ater Loss lncreasea but r.ot enough to dissipate all the metabolic 

heat produced. The Low water turnover raie of the elephant shrew 

-1 (between 6,4 and 7,5 ml H20.day ) would allow the animal to survive 

on an insectivorous diet without additional drinking water. When 

dehydrated the elephant shrew was able to increase the osmolality of 
' -1 

the urine to 3118 mosm.kg with an increased concentration of urea 

and electrolytes. 
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SECTION 1 · 

GENERAL INTRODUCTION 



This study is concerned with.two unusual African mammals, the rock 

hyrax PJioc.a.v,la, c.apeVLJ.:i-W Pal Las 1766 and the elephant shrew E.f.epha.n.tu.f.tw 

edwa.Jid~ Smith 1839. Both belong to fami(ies <Procaviidae and Macro-

scelidldae respectively> which are endemic to Af~ica CBigalke, 1972) 

and the order of the hyraces, Hyracoidea Is considered by Keast ( 1972) 

to be one of the two endemic orders of Africa. The paucity of 

mammalian fossils prior to the Upper Eocene (Cooke, 1972) prevents a 

clear picture of the early evolution of these two families, though 

ancestral fossil forms of both have been found in the early Oligocene 

deposits of the Egyptian Fayum area.. Thus they are indeed old 

elements of the contemporary African fauna. It is perhaps because 

of their ancient Lineages, the sparse fossil record of the early 

African mammals and their unusual morphology - aspects which are dis

cussed further in this section, that the affinities of the two groups 

to extant mammals were uncertaiG until fairly recently. However, 

even today the taxonomy of the elephant shrews is a-controversial issue. 

The hyrax, commonly called the dassie or rock rabbit In South Africa, 

is a medium sized, herbivorous mammal often seen in rocky areas, 

_basking in group~ In the sun. They are extrernely successful animals 

in South Africa, to the extent of being considered vermin since they 

compete directly with sheep for food <Hanse, 1962; Kolbe~ 1967). 

The elephant shr.ews, sometimes called the jumping shrews <Fitzsimons, 

1920) are small insectivorous mammals with an elongated snout, as the 

name implies, and with large eyes and ears and a Long tail. Unlike 

the hyrax, they are more active, solitary animals, rarely seen ln the 

rocky areas. they inhabit. 
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In the remainder of this section where the evolution, taxonomy and 

general life history aspects have been discussed in greater detail, 

the hyrax and the elephant shrew have been separated for ease of 

explanation and reading. 

1. 1 THE HYRAX PROCAVJA CAPEN.SIS 

1. 1. 1 Evolution 

Scholars in natural history and zoology have been intrigued by the 

hyrax since the elght~enth century. Sirce then, the systematic 

position of this animal among the rnamm.:1Ls has been controversial, 

owing to its anomalous assemblage of morphological features. In 
I 

1766, Pal las gave the hyrax the generic name Ca.v,£a thus linking it to 

the guinea-pig a,nd the rodents. Indeed, the rabbit-like size and 

shape of the hyrax, its short legs, rudimentary tail, small rounded 

ears and prominent incissors do bear some outward similarity to the 

guinea-pig. Storr ( 1780), however; renamed the genus P:wc.av..i.a recog-

nising the generic error of Pallas, but the systematic position of 

the hyrax within the Rodentia was questioned only after Cuvier ( 1884) 

had examined the skeletal structure. He pl~ced It together with the 

hippopotamus and rhinoceros under the Pachyderrr.ata, and therefore cf 

ungulate Qrigln, a classification based on the similarities i.n tooth 

structure. Subsequently it was placed with the Perlssodactyla, but 

as additional, conflicting information became available on the 

placentation and embryology of the hyrax, Milne-Edwar~s and Huxley 



(from George, 1874) placed the animal in an order of its own; the 

Hyracoidea. The new order was allied to the Proboscidea and the 

Sirenia-under the superorder Subungulata or Paenungulata <Simpson, 

1945), a systematic position which is retained today. This classifi-

cation is based on similarities in ~keletal and anatomical structures, 

between the elephants, manatees, dugongs and the hyraces. Common to 

the three orders of the Subungulata are the presence of four or more 

pedal digits which are in close conjunction, except for the distal 

phalanges. These 1·ermi"nate with poorly developed hoofs which appear 

rather like nails. Other skeletal features in common are elements 

in the skull, the enlarged, separated incisors and the molarised 

character of the premolars which l1ave cross-lophs for grinding <Romer, 

1966). All three groups are true testicond mammals and the placental 

and foetal membranes show structural similarities (\/Jislocki, 1928; 

Wislocki and van der Westhuysen, 1940). Weitz C1953) has also shown 

a sero Log i ca L relationship behieen the hyrax l He...t.vr.oh.yJc.ax bJc.uc..e..i 

pJc.ittwitzi) and the Indian elephant I Eie.phcC,,6 e.£.e..pha.J~ J, wh i Le Buettner-

Janusch e.~ a£. <1964) have noted similarities in the plasma proteins 

and haemoglobins of the African elephant and the hyrax, further 

supporting their taxonomic relationship, 

Incongruous as it may seem to Link mamma(s of such disparate sizes 

and habitats, the relationship Is supported by the L •' 
I css I'- records of 

the three orders, which date back to the Upper ~ocene and early 

Oligocene, some 35 m 1 l lion years ago. In Africa, the earliest 

Tertiary mammals were apparently dominated by the subungulate orders 

of the Hyracoidea, Proboscidea and Embrithopoda <large marnmai.s 
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outwardly resembling the rhinoceros, but now extintt>, with Sirenians 

present but not as numerous (Cooke, 1972). By the Oligocene, the 

hyracoids had already radiated or adapted into di,fferent ecological 

niches, three African fossil families being recognised and comprised 

of six genera and 24 species <Matsumoto, 1926). The diversity of 

size and form of the early hyracoids was far greater than those of 

today, ·ranging from the large Titonohy11.ax Larger than a domestic pig, 

to Sa.gha.:thvr..ium, the size of extant P11.oc.a.v~ (Cooke, 1972). Subse

quently however, their ~b~ndance ~eclined, possibly due to increasing 

competition from the art!odactyls, rodents and lagomophs or from 

increasing numbers of predators <Cooke, 1972). Nevertheless, even 

until the fairly recent Pleistocene epoch (beginning three million 

years ago) the hyracoids retained their diverse sizes and therefore 

must have successfully withstood th~ impact of successive groups of 

competitors. Kitching <1966) has described three coexisting hyracoid 

species from the Pleistocene d~posits in the dolomite caves at 

Makapansgat, South Africa. These range in size from that of the 

present day P11.oc.avia species to Gigan:tohy11.a.x ma.gu,Ltr.e,[, three ti rr;es 

larger. Some later selection pressure must have favoured the s:Jccess 

of the smaller hyracoids since only these are present today. 

Possibly this took the form of predation by large carnivores or the 

hunting activities of primitive man, whi6h the small forms could 

avoid by retreating into rock crevices, inaccessible to both the 

larger hyraces and the predators or hunters. Although there is some 

size differentiation among the genera of the Hyracoidea today, it is 

by no means as marked as in the Pleistocene and only one family, the 

Procavi!dae, is stilt retained, incorporating alt the living·genera. 



1.1.2 Jaxonomy and distribution 

The 'revision of the taxonomy of the Procaviidae by Bothma (1971) 

clarified some of the confusion which existed previously <Ellerman & 

Morrison-Scott, 1951; Roberts, 1951; Ellerman e.t. a.1., 195:-S; Bothma, 

1964). This unen~iable task could not have been easy, given the 

large variation in appearance within a single species in any one 

area. The three genera P~OQav.<..at Hetvr..ohy1r.a.x and Ve.nd.Aohy1r.ax recog

nised prior to Bothma's ~1971) revision, have been r·etained by him 

with a total of eleven species(PJr.oeav..ltl - five, Hetvr..ohy1r.ax - three, 

VendJc.oh1p1.ax. - three) each with several subspecies. 

Of the three genera, P1r.oc.av.<..a.. has .the widest distribui·ion occurring 

throughout southern Africa and extending through most of Africa up to 

Syria and Israel CFig. iJ). Generally this genus appears to prefer 

drier regions, p~rticularly evident if one compares its distribution 

shown in Fig. 1.·1 with that of the "drought corridor" <Fig. 1.2) -· 

an area with a monthly rainfall of .less than 10 mm for three consecutive 

months CBalinsky, 1962). Although Ellerman and Morrison-Scott ( 1951) 

have made the interesting suggestion that there is only one species 

of P1r.oc.a.v.<..a which varies cl inally . from the Cape (34°5) to the 

Lebanon C34°N), I have accepted Bothma's ( 1971) classification of the 

genus here. Thus P1r.oc.cw.<..a. c.a.pen.o-0.i, the species under study, ·occurs 

throughout southern Africa, from South Africa to Zimbabwe, north

eastern Botswana and Namibia <South West Africa) ~xcluding the Kaoko-

veld CBothrna, 197i). Within these areas are desert, semi-desert, 

steppe, savannah, riparian, montane forest and Cape Macchia CFynbos) 
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PB PROCAVIA LiJ 

[lJ]] HETEROHYRAX 

µ i DENDROHYRAX 

Fig. 1.1 Recorded distribution of the three genera of the Hyracoidsa. 
<From Sale, 1960) 



7, 

Fio .. 1. 2 Map of Af-· . 

r 
- . , , ' ca s ho . 
0 

I nrall · , \'JI nq ·th 's le - 'e a~e consecut·· ss than 1 , as (sti~~ . . 'm month- 0 mm per m .eeled) in •·h· -·· <From Ral. onth ln at l "rch the 
._, rnsky, i962) east three 
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vegetation, with climatic conditions as varied as the vegetation types. 

H~t<Ul.ohyJtax has a more restricted distribution along the eastern part 

of Africa (Fig. 1.1), though one spe~ies is also found in southern 

Algeria and the central Sahara. The most southerly extent of this 

genus is in the more humid parts of the northeastern Transvaal of 

South Africa and the most northerly, the Red Sea coastal mountains of 

Egypt (8othma, 1971). H~t<Ul.ohyJtax may prefer moister habitats than 

PJtoc.avia, which would partly explain their restricted dl~tribution. 

PJtoc.av..i.a and H~:tvwhy:iax however, do occur sympatrically in some areas 

'of their distribu1·ion, even to the extent of sharing the same rock 

crevices, basking sites and using the same urinary and defecating 

places. <Turner & Watson, 1965; Hoeck, 1975). Ve.ndll.ohyJz.ctx., with its 

tree-dwelling habitat, is restricted to forest regions particularly 

around the equator, though it does extend south to the evergre~n 

forests of the eastern Cape Province of South Africa (Fig. 1. 1) 

1.1.3 Habitat, habits and morphological adaptations 

The earliest written reference to the habitat of the hyrax comes from 

the Old Testament where the animal is called the 11 coney". In 

Proverbs 30: 26 and again in Psalms 104: 18 the rocks and cliffs are 

referred to as the "houses" or "refUge for the conies". Both 

P Jtoc.cww. and He.:te,11.0htjJtax do indeed occupy a rock-dwell i ng niche in the 

numerous koppies (rock outcrops) throughout Africa or in the kloofs 

or ravines in the mountainous areas where rock·outcrops or boulder 

scree are present. They are gregarious diutnial herbivores, utilising 
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the. rock crevices as retreats. Although both genera are referred 

to as rock hyraces, He.tvr.ohy1ta.x is also culled the bush hyrax <Roche, 

1962; Hoeck, 1975) because of its tendency to browse as opposed to 

the grazing habit of PJr.oc.cw.ia. <Turner & Watson, 1965). This distinction 

is unwarranted however, since PJr.oc.a.v..la. also browses, at least 

seasonally in East Africa when grasses are unavailable (Sale, 1965a; 

Hoeck, 1975) and-both grazes .and browses when grasses are available 

in the Cape (personal observations). Ve.ndJr.oh1pia.x., the t.ree hyrax, 

differs markedly from the rock hyraces, being a solitary, nocturnal 

and arboreal form which shelters in hollow tree trunks within the 

r. forest habi'tat <Roberts, 1951; Sale, 1960). Little information on 

the habits and habitat of the tree hyrax is available, however, and 

s i nee this study is concerned with P1wc.av.J..a c.ape.11-6-W the rest of 

this discussion has been centred on the rock hyraces. 

The koppie and rock crevice habitat together provide an equable 

environment for the hyraces in many ways. While the kopole is a 

specialised habitat in itself, acting as a natural water catchment 

system which promotes the growth of vegetation (Turner & Watson, 1965), 

the rock crevices provide a mlcroclimate where temperatures and 

humidity fluctuations are less extreme than in the outside environment 

(Sale, 1966a; Turner & Watson, 1955). Where the shelters are in 

mountainous regions, Norton ( 1980) found that in fr16 Cape, PJtac.av.<.a. 

showed a marked preference for dry rocky slopes. Whether the slopes 

were selected because of the Lower moisture levels ~as not established. 

Moisture levels may have been coincidental to site selection based on 

other criteria, such as hours of illumination, prevailing wind direction 
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or even the availability of palatable food. Sale C1966a) has shown 

that the hyraces tend to select crevices or holes which are either 

protected from or do not face the prevailing wind. Site selection 

undoubtedly depends on a variety of factors, some of which have been 

elucidated by Sale ( 1966a). As he states, 11 it is difficult to define 

a 'typical' hyrax habitat in terms of environmental necessities" 

/possibly because of the apparent flexibility with which the animals 

can adapt to a ~ew site, the major criteria for selection being 

"protect ion from the ele.ments and predators" <Sale, i 966a). Hyraces 

have been known to use abandoned burrows of other mammals and even 

road culverts and stone walls as retreats, but this seems to be an 

unusual occurrence <Thomas, 1946; Roberts, 1951; Sale, 1966a). 

Under more natural circumstances particular rock crevices are not used 

permanently and a hyrax colony frequently 1noves to a nev; series of 

rocks and crevices, albeit within the general area of those used 

previously. Sale (1965aJ suggests that these small migratory move

ments are made for the purpose of finding new vegetation since they 

take place less frequently during the rainy season when vegetation Is 

abundant. 

The presence cf Pleistocene fossil P~oQav..la in the Makapansgat areas 

(Kitching, 1966) suggests that hyr~ces have lnhablted a rocky terrain 

for some 3 mill Ion years. Moreover, specific morphological adapta-

tions of these animals appear to have evolved in association with a 

. rock crevice habitat. In particular are tactile vibrissae which are 

generally distributed over the body surface giving the animal complete 

tactile coverage, and a gland on the dorsal surface of the back, 
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surrounded by erectile hairs. The function of the former in~ 

crevice-dwelling ~nimal is obvious, and Sale C1970b) has suggested 

that the sedretion of the dorsal gland may serve as an olfactory 

identification for individual animals, huddling on top of ·each other: 

within the dark rock crevices. An additional adaptation to the rocky 

habitat are the thick rubbery soles of the plantigrade feet which 

undoubtedlf contribute to the agility of the rock hyrax in gaining 

purchase on steep rock faces. 

.1. 1. 4 Activity and feedinq behaviour 
~~-'-~--~~~=~~~~~-

The Xhosa people of South Africa have an idiom and explanatory fable 

which, aside from the moral message, conveys a general impression of 

the degree of activity shown by the dassie or hyrax. It goes as 

follows: 

The great day arrived when all the animals in the land were 

to receive their tails. Eagerly, they sef off early so as 

to reach the selected place in time. Only the dassie was 

not excited. He yawned lazily and sank back on his rock, , 

basking in the warmth of the sun. He watched the other 

animals passing by, but rather than join them, asked the 

jackal to accept a tail on his behalf, The jackal smiled 

slyly and agr~ed. At the appointed time and place, each 

of the animals received their tails with delight. Amongst 

them was a short, fluffy tail for the rabbit, a long fat 

tail for the lizard and a beautiful bushy tail for the 

jackal. When the dassie was called, the jackal dutifully 

accepted the tail but rather than carry it all the way 

back, he ate it. 
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Thus "lmbila yaswela umsila ngokuyalezela" 

The dassie has no tail because he sent for it. 

(Traditional folk-lore) 

Field observations.confirm the generally inactive Life of the hyrax 

with much of the day spent basking in the sun on an exposed rock, 

resting in the shade of the bushes end rock crevices or shuttling 

between the sun and shade <Sale, 1965a; 1970a; Turner & Watson, 

1965). Sale (1970a) has shown that only approximately 5 per cent of 

the day is spent in an active state, but this increases during the 

mating season. Juveniles are generally more active than the adults, 

however. 

The daily pattern of activit~ appears to be remarkably constant and 

is shared by all species of rock hyraces thus far studied, with only 

minor variations (Sale, 1965a; 1970a; Turner & ~!atson, 1965; Hoeck, 
I 

1975). They emerge from the deep crevices with first light and begin 

basking, in close contact with each other on exposed rock faces 

which catch the rays of the sun. Slowly the group disperses as the 

sun rises, individual animals taking up solitary positions scattered 

over the rocks. One to three hours after sunrise the whole colony 

gradually descends to the vegetation and begins feeding in small 

groups <Hoeck, 1975; personal observations), usually within 50 m of 

the rock crevices (Sale, 1965al. This group feeding activity lasts 

from 20 minutes (Sale, 1965a) to two hours <Hoeck, 1975) and often 
) 

while the colony ls feeding, one or two adults act as sentinels on 

a high rock, presumably warchi~g for predators. At the end of the 
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fe~ding period, the animals either return to basking or rest in the 

shade of the bushes and rocks. Thereafter, they alternate between 

basking and resting in the shade until approxim~tely midday when air 

temperatures are maximum. Intense solar radiation is thus avoided 

and only In the cooler hours of the afternoon basking Is resumed. A 

second group feeding period takes place roughly three hours before 

sunset and appears to be the more pronounced and longer of the two. 

Generally the hyraces return to the deep crevices soon after sunset. 

and remain there until morning~ On moonlit nights, however, some may 

emerge to feed sporadically (Coe, 1962; Turner & Watson, 1965; 

Fourie, 1978), Apart from the group feeding periods, individuals may 

feed casually at any time of the day, nipping off a few leaves or 

shoots and returning to their former- positions (Sale, 196~a). Rain 

and strong winds disrupt the described activity pattern, inhibiting 

basking and group feeding. Hyrace:s have been known to st_ay w i "1"11 in 

the crevices for three days under- adverse climatic conditions CCoe, 

1962~ Hoeck, 1975}. 

1.1.5 Unusual aspects of digestion and the digestive tract 

Although the short feeding periods of the hyrax limit the amount of 

food that can be eaten, this is offset to some extent by the intensity 

and rapidity of prehension, facilit~ted by the long cutting edge of 

the molar and premolar tooth row (Sale, i966b). The use of this 

lateral tooth row for biting leaves off bushes is an unusual character-

istic of the hyrax CSale, 1966b). It has been shov;n, hol';ever: that 

despite the rapidity of feeding, the East African hyraces P1wvci.c...i.a. 
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john.,,~tord ma.c.k.J..n.dVc.-l and PJtoc.r.w-la habe-J.:i.c.{11.i.c.a consume a smal L amount 

of food, relaiive to their size (Sale, 1966b; Hume e.:t al., 1980). 

From one feeding period to the next, food ·can be stored in the proximal 

cardiac region of the stomach, an expansible sac Lined with keratin-

i zed ep it he Li um (Eli as, 1946). Here anaerobic fermentation of the 

i~gesta takes place (Clemens, 1977; von Engelhardt e . .t al., 1979). 

It has been suggested that the hyrax may be considered a ruminant-like 

mammal <Moir, 1968) s·ince it does have an unusual digestive tract 

which incorporates, in addition to the large, p~rtitioned stomach, two 

caecae (Owen, 1832; Grass& 1 1956> the most distal one bearing two 

horn-like appendices. Allusions to rumination by the hyrax in the 

Old Testament (Leviticus 11: 5) and by Hendrlchs (1963) have not been 

verified and probably refer to the grinding of the molar teeth when 

captive animals are disturbed. /\part from the fermenta·r I on system 

in the gut, another ruminant-like character of the hyrax is the 

ab i l i ty to recyc Le urea (Hume e..t a£.., 1980). Urea recycling, however, 

does occur in other non-ruminants such as the horse <Prior ~.t a.1., 

1974) and rabbit <Regoeczi e.t al., 1965), and rror-e information on the 

digestive physiology is necessary before associating the hyrax with 

ruminant-like mammals. 

1.1.6 Social orqanisatibn and reproduction - -·~~--''--~-

The size of the hyrax colony varies from 6 to 100 individuals depending 

on the availabillty of suitable shelters CSale, 1966a; Glover & Sale, 

1968; Hoeck, 1975). The basic unit of the colony is a family group 

of 6 to 19 animals comprised of one territori~l male, several adult 
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females and their young (Coe, 1962; Sale, 1965b; Hoeck, 1975). The 

social organisation of Large colonies is not well known and may differ 

with geographical Location in keeping with the differences in mating 

and parturition seasons from high ,ro Low latitudes (Millar, 1971JM~lto.cr .... ~over-, 1'?13\ 

In the southernmost areas of South Africa (34°S) i"he mating season is 

restricted to February but occurs Later in the year with decreasing 

Latitude. The Syrian hyrax PJwc.av,la. .oy1t-i..ac.u.J.>, however, mates in 

August-September, six months out of phase with the Cape hyrax which 

would be expected from the similar Latitude north of the equator 

(Mendelssohn, 1965). Millar and Glover ( 1973) have shown that the 

rate of decrease in photoperiod acts as an environmental cue inducing 

the enlargement and activation of the testes, thus regulating the 

timing of the mating season. The single mating season at high 

Latitudes does not apply to hyraces near the equator and in Kenya, 

Glover and S~le (1968) have noted sexually active and quiescent males 

throughout the year. Since the changes in photoperiod are relatively 

small near the equator, Millar and Glover (1973) have suggested that 

other environmental cues such as temperature or rainfall may be more 

important factors triggering sexual activity. 

The gestation period of all specles, however, is 7,5 to 8 months, 

unusually long for an animal of this size (van der Horst, 1941; 

Murray, 1942; Roche, 1960; ·1962; Mendelssohn, 1965; Sale, 1965c; 

Millar, 1971) and the precocious ycung are born in litters of one to 

six, but three to four ls the more usual number. They are weaned at 

about three months of age but within t~o weeks of birth begin taklng 

in some vegetation (Mendelssohn, 1965; Sale, 1965b; Millar, 1971 ). 
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In P. c..a.pe..n.-0.lo and P • .6(pri..acu..6 se>(Ual maturity is reached after 

16 to 17 months <Mendelssohn, 1965; Millar, 1971) but other species 

may vary in this respect <O'Donoghue, 1963; Sale, 1969). 

The social structure of the Syrian hy~ax described by Mendelssohn 

( 1.965) probably al so app l i es to P. c.ape.M-i.6. During the mating 

season, P. -6yJL .. i.ac.u..o females form polygynous herds associated with a 

single male and the young of the previous mating season. This group 

probably consi!tutes the family unit observed by the authors mentioned 

above. Other adult males form bachelor herds during this season, but 

in winter when the testes are quiescent and the females are gravid, 

there is greater intermingling of the two sexes and gregarious behaviour 

is more pronounced. After parturition the young form nursery groups 
\ 

either with several adult females (probably the mothers), or with 

only one or two females (Hahn, 1959; personal observations). 

Glover and Sale (1968) have suggested essentially the same social 

structure for P. ha.be....o-6,{_n,{_c.a in Kenya, though they describe three 

classes of males:- males with harems of females; lone males which 

have separated from the gravid females of the harems but rejoin them 

after the nursery period; males which form bachelor herds. These 

three classes probably exist concurrently, given that there is no 

specific mating season. 

The dorsal gland and the surrounding erectile hairs or dorsal spot 

should be mentioned here, since they appear to have a sexual and social 

function. The maxlmal actlvity of the gland has been nofed in 

sexually active adult male and female hyraces and is thus probably as 
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important in courtship behaviour, as is the full erection of the 

surrounding hair's (Sale, 1970b). The gland is only rudimentary in 

juvenile animals, and Sale (1965b) has suggested that the secretion 

b~ adult females may serve to establish an olfactory bond between the 

new-born young and the mother. 

Partial erection of the dorsal gland hairs, however, is a signal of 

alarm and threat which can be directed towards other animals or serve 

as a warning to the gro~p (Sale, 1970b). This occurs more frequently 

during group feeding or when f i~st emerging from the crevices. It 

should be n6ted that the functions of the dorsal spot described above 

are for P. johYLJ.>:torU. in 1"1hich the hairs are pale in colour and visually 

obvious. My own observations of P. c.apen.J.),{.J.>, which has a black 

dorsal spot, confirm that the erection of the hairs is most obvious 

when feeding and when the animals first emerge and that thls b~havlour 

appears to be associated with threat or aggression. Whether or not the 

erection of the dorsal spot specifically acts as a visual stimulus 

for other hyraces within the colony has not been firmly established. 

j 

Since the Ahaggar dassie of southern Algeria, He:te.:whlf/tax an:li.nae, 

lacks a dorsal spot (Bothrna, 1971) the interpretation of it~ function 

in social behaviour must be viewed with caution until further knowledge 

is gained. 
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1. 1.7 Predation 

Rock hyraces are particularly susceptible·to predation because of their 

relatively small size and their habits of basking and feeding in ex-

posed situations. The major potential predators are larger carni-

vorous mammals and birds of prey which are associated with rocky or 

mountainous environments. The most common of the former are the 

lynxffe.W c.a.Jict.c.al)and black·-back jackal (Can.Lo muome.-l'.cw)particularly 

·common in the open koppi.·e terrain of the Karroo regions while ln the 

more mountainous areas, the leopard (Pan.thVta pa.1tdu-0) is prevalent. 

Several other potential mammalian predators have been mentioned by 

Hanse ( 1962) of which the African wild cats predominate. 

Of the avian predators, several eagles and particularly the Black 

eagle (Aqu.l.ea veJz.Jte.aux-l) and Martial eagle (Po-ee.mae..tu-6 be.U-lc.o.6U.6) am 

known to prey extensively on hyraces (Roberts, 1951; Mclachlan & 

Liversidge, 1978). The Cape Eagle owl (Bubo c.a.pe.n,,~L~) preys on 

hyraces, possibly when the animals come out of the crevices on moonlit 

nights, though this owl has been reported to be somewhat diurnal 

<Mclachlan & Liversidge, 1978) and may therefore, also take them 

during the day. 

Since the hyraces are relatively defenceless when attacked by the 

larger predators, the primary response to the presence of an intruder 

is to seek refuge in the inaccessible roci\ crevices. Durlng the 

periods of exposure such as basking and feeding, however, one or two 

of the adults occupy an elevated position with a clear view of the 
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surroundings. These sentinels more often than not, provide adequate 

warning of a possible predator. Sighting of Black eagles or other 

raptors, which tend to attack from out of ·the sun, is thought to be 

facilitated by the presence of a light-shielding extension of the iris 

diaphram, the umbraculum, which allows the hyraces to stare into the 

sun <Millar, 1973). Stoddart (personal communication), however, has 

observed these eagles hunting in pairs and while one of the pair- flies 

above the hyrax colony, distracting them, the second attacks unexpeGtedly 

from ground level~ 

Smaller predators which may enter the rock crevices are unlikely to 

overcome an aggressive adult hyrax which can inflict a serious wound 

with the sharp upper incisors. Hanse ( 1962) has noted that thi Cape 

cobra (Naja. n.-tve.a.), puff adder (B-tti..J.i oA.ie.:ta.M) and the pyth'.:>n \Pyton 

J.ie.bael prey on hyraces and certainly th~se snakes can gain entrance to 

the small crevices. 

1. 1.8 Energy metabolism and thermoregulation 

Research on the energy metabolism and i·hermoregulation of the hyrax 

has undoubtedly been promoted by the unusually inactive and heliotrop!c 

behaviour of the animals. These characteristics and the low daily 

intake of food do indeed suggest an.economical energy expenditure. 

If one considers that a Large portion of the energy expe~diture Is 

directed towards maintaining a stable body temperature in mammals 

(assuming an inactive state), then behavioural thermoregulation can be 

regarded as a means of saving energy normally expended in physiological 
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control of body heat losses and gains. In the case of the hyrax, 

the social grouping patterns viz. heaping, huddling and solitary rest

ing, categorised respectively by a progressive decrease in physical 

contact between the animals, seem to be correlated with progressive 

increases in air temperature (Sale, 1970a). For example, wit~ low air 

t~mperatures, the hyraces form a heap or huddle together, groupings 

which maximise the contact between several individuals. These forma-

tions are usually adopted within the crevices at night, ·or on cold 

mornings when the animals first emerge from their holes <Sale, 1970a). 

Solitary resting, however, can be observed while the animals bask in 

the sun around mid-morning, and as the name implies, involves no 

physical contact between individuals. These patterns of social be-

haviour as well as the habit of shuttling between the sun and shade, 

suggest that temperature regulation may be achieved predominantly by 

behavioural means - unusual for a mammal. 

Several studies have shown that the body temperature of the hyrax is 

labile and that the metabolic rate is lower than predicted (Taylor & 

Sale, 1969; Sale, 1970a; Meltzer,, 1971; Bartholomew & Rainy, i971; 

Louw e.t al., 1973; McNairn & Fairall, 1979; Rubsamen e.t ai.., 1979; 

Rubsamen & Kettembeil, 1980). Several of these studies are contra-

dietary, however, particulady those on P. c.a.pe.n..t..V., CTaylor & Sale, 

1969; Louw e.;t al., 1973; McNairn & Fairall, 1979). In the compara--

tive study of Taylor & Sale (1969), It is clear that there are marked 

differences between different species of hyraces from different 

habitats with respect to the physiological factors mentioned above. 

In view of the paucity and conflicting Information on the energy 
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metabolism and temperature regulation of P. c.ape.n .. -6.W it seemed 

worthwh l le to examine i·hese aspects in the present study. Furthermore, 

~s yet no information is available on the effect of huddling on these 

parameters in any species of P.1toc.a.v-i.a. The only work in this regard 

has been on He.:t.v1.0hy.1ta.x. b1wc.e.J.. by Bartholemew and Rainy < 1971 ), 

These authors recorded a diurnal change of 2°C in the body temperature 

of an adult in semi-natural surroundings. The highest body tempera-

ture was recorded while it basked and the lowest at night while 

huddling with others. 

In the present study, the energy metabolism of the hyrax P. cape.n.oi..~ 

has been approached in two ways - that is examination of aspects of 

the energy intake and energy expenditure. With respect to the former, 

the food intake, its assimilation and the fermentative process in the 

alimentary tract was studied. Energy expenditure has been exa~lned 

In terms of the effects of air temperature on oxygen consumption and 
. 

body temperature and how these are affected by the behaviour of the 

hyrax. Furthermore, the apparent susceptibility of hyraces to winter 

conditions {Mendelssohn, i965; Millar, 1972) deserved attention and 

the thermal responses of the animal to cold adaptation was examined. 

1. 1.9 Water metabolism 

Survival in an arid environment where drinking water is often unavail-

able, necessitates phys!ological and behavioural adaptations geared 

towards water conservation. Over the last decade the· water metabolism 

of the hyrax has been examined fairly extensively in order to assess 
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its ability to survive in such conditions. These studies, conducted 

• in the laboratory, have examined the water economy <Meltzer, 1976), 

water turnover rate <Rubs amen e.t al., 1979; Rubsamen & Kettembe i l, 

1980) and renal function <Louw e..t a.t., 1973; Maloiy & Sale, 1976) 

of different species of PJwc.a.v.la. under different temperature and water 

regimes. It appears that, even when drinking water is available, a 

characteristic of the species P. c.a.pe.M.l.6, P. ha.buJ.:i.[nfoa and P. 

J.:itjJt.la.c.!J.,6 is a low water intake. This has been measured either in 

water balance experimenfs <Louw e.t a.t., 1973; Maloiy & Sele, 1976; 

Meltzer, 1976; - for P. c.a.pe.11!.:i.lJ.:i and P. J.:itj.lt-fac.uJ.:i) or as the water 

turnover rate using tritiated water <Rubsamen e.t al., 1979; 

Rubsamen & Kettembeil, 1980; - for P. ha.buJ.:i.lnic.a.). Although mea-

surement of water turnover rate is not a direct measurement of the 

fluid intake of an animal, it does give an indication of the degree 

to which the animal is able to tolerate arid conditions. In t,h is 

respect, Rubsamen et a.t., <1979) and Rubsamen and Kettembeil (1980) 

have shown that P. habuJ.:iJ..n.-lc.a. is well adapted to aridity, having a 

water turnover rate c.a. 60 per cent lower than other eutherian 

mammals, when water and food were freely available. Furthermore, 

since the water turnover rate of this species is influenced by ambient 

temperature, and is reduced together with the oxygen consumption when 

water is restricted, these authors have suggested that the low rate 

may be a secondary effect of the Low metabolic rate in the hyrax. 

The ability to tolerate a reduction in the water intake is due, in 

part, to the renal efficiency of the hyrax and also the ability to 

reduce water losses by reducing the urine volume, faecal water content 
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and evaporative water loss (Louw e..:t al., 1973; Maloiy & Sale, 1976; 

Rubsamen e.:t al., 1979). Although renal funstion studies show that 

the kidneys of the hyrax P. c.a.pe.l'L6-L6 work at near maximum efficiency 
' 

even when the animals are normally hydrated (Louw e..:t al., 1973), 

dehydration does cause an increase in the urine osmolality so that 

values of over 3000 m osmol/kg have been recorded in this species and 

Furthermore, when dehydrated the hyrax can 

tolerate a reduct! on in mass of up to 20 per cent (Lauw e...t al., 1973; 

Meltzer, 1976i. 

The general conclusion reached by all of the above-mentioned authors 

is· that the hyrax is not independent of exogenous water, but that the 

water provided in the plants eaten, even in dry seasons <Meltzer, 

1976) is probably enough to fulfil the water requirements of the 

animals. None of these studies, however, have been done on free-

living animals where climatic factors and the effects of activity 

and social living are manifest. Therefore, in the present study, 

have examined some aspects of the water metabolism of P. c.apen-0.W 

under such conditions. 

An interesting and unusual feature of the hyrax urine is the calcium 

carbonate content which gives the urine a milky appearance (Lauw e..t al., 

1973). In the communal urinating and defecating sites, aggregations 

of the solid calcium carbonate collect, sometimes forming stalagn:ites, 

while the fluid portion collects belo~ and over the year~ together 

with some faecal matte~ forms a brown tar-like accretion. The 

latter, commonly called "klipsweet 11 in South Africa or hyraceum 
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elsewhere, has been used medicinally at least in the rural areas of 

South Africa. 

The origin of the calcium in the urine is probably dietary since the 

precipitate disappears when food intake stops <Louw e.:t al., 1973) but 

nothing further is known of the calcium excretion in the hyrax. 

Since a high calcium load and a precipitate can be deleterious to 

normal kidney functioning, the excretion of calcium and the elements 

associated with it in nutritional terms, viz. magnesium and phosRhorus 

was of interest and therefore examined in this thesis. 

1.2 THE ELEPHANT SHREW ELEPHANTULUS EVWARVI 

l. 2. 1 Taxonomv and evolution ____ _,_ _____ _ 
The most recent and extensive taxonomic revisio~ of the extant elephant 

shrews is that of Corbet and Hanks (1968). ·These authors have clari-

fled much of the confusion that existed within the family of elephant 

shrews, Macroscelididae, and recognise two sub-families, Rhyncho-

cyoninae and Macroscelidinae. The former encompasses the largest of 

the extant elephant shrews within a single genus Rhynchocyon comprised 

of three species. The remaining eleven species are incorporated 

\'lithin the Macroscelidinae, with three genera, Pe.t.iiodomU.6 and Ma.c.-to-

J.>ce.Udv.i being monospec 1 f i c and Ete.ph<m,fui£i.,~ with nine species. 
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The taxonomic status of the family within the Mammalia is still contro

versial, however, due to the poor fossil record and the misplacement 

of several of the early macroscelidid fossils in a variety of other 

groups. Indeed, only in 1937 was an extinct elephant shrew, from 

the Pleistocene, correctly identified and placed within the Macro

scel ididae by Broom. Other fossil macroscelidids had been included 

with the marsupials, mixodectid insectivores and the hyracoids until 

Butler and Hopwood (1957) and Patterson (1965) detected and rectified 

these errors. In Table·1. 1, the amended, brief taxonomy of the fossil 

~lephant shrews is shown, according to Patterson (1965), together with 

their age and place of origin. The groups with which they were 

formerly associated are also shown. 

As can be seen from Table 1. 1 the family is an ancient one, dating 

back to the early Oligocene, and has probably evolved in Africa, since 

fossils have been found only fro~ this continent (Bigalke, 1972). 

The variety of fossil forms suggests that the elephant shrews under

went an extensive radiation during the Cenozoic and clearly, from 

Table 1.1 the two sub-families remaining today must have diverged 

prior to the Miocene, probably in the early Oligocene <Patterson, 1965). 

Large, Intermediate and small forms coexisted during the Cenozoic, as 

is the situation at present, and there also appears to have been a 

diversity in tooth structure ranging from rodent-like hypsodont molars 

to definite ungulate-like cheek teeth in the Myohyracinae. In 

general, however, all the extinct sub-families appear to have been 

predominantly herbivorous or possibly omnivorous CPatterson, 1965) 

unlike the predominantly insectivorous diet described for the extant 

species <Rathbun, 1979). 
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The position of the Macroscelididae within the lnsectivora has long 

been controversial. Peters (1864) recognising that this family and 

the tree shrews, Tupaiidae were ill-fitting members of the order, 

separated them from the rest of the Insectivores and two sub-orders of 

the lnsectivora were created by Haeckel (1866), the Menotyphla and the 

Li potyph la. The former comprised of the tw6 controversial families 

and the rest of the insectivores were included in the Lipotyphla. 

The characteristics of the Menotyphla which differed from the Lipotyphlan 

families included skull .~orphology, the possession of a caecum, 

specialised dentition, enlarged brains and acute vision (Peters, 1864; 

Vaughan, 1972). Patterson (1965), however, regards these character-

istics as poor evidence on which to base any systematic affinity since 

they are common to many groups of mammals. Subsequently, as the 

tupaiid-primate re~ationship became accepted, a similar .indirect 

association with the primates was considered for the Macrosceli~idae 

<Evans, 1942). Patterson ( 1965), while acknowledging the former 
. 

association, refutes the latter, as well as a tupaiid-macroscelidid 

association within the Menotyphla, as do several other authors 

(Carlsson, 1909, 1922; Saban, 1954, 1956; Patterson, 1957). The 

evidence against the latter association is based on differences in 

placentation (Meister & Davis, 1956), skull morphology (Saban, 1956), 

tooth structure (Butler, 1956) and brain structure (Le Gros Clark, 

1933). Furthermore, while serolog lea l evidence for the tupa ii d-

primate relationship ex l sts, the same has not been found for the Macro-

scelididae (Goodman, 1963, 1974). More recently Sauer ( 1973) and 

Sauer and Sauer (1971, 1972) have supported tl1e relationship between 

the elephant shrews and tree shrews, based on behavioural studies. ·In 
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contrast, an extensive study of the ecology and behaviour of the Macro

scel ididae <Rathbun, 1979) supports the monophyletic origin for these 

animals, originally suggested by Butler (1956) and Patterson (1965). 

Patterson ( 1965) also defined the new order for the elephant shrews, 

the Macroscelidea. 

Thus, as can be seen, taxonomic confusion still exists, due Largely 

to the lack of information about the elephant shrews. In this study, 

I have not taken a defini·te stand in this controversy since it seems 

unnecessary to do so in a physiological study. In view of the pre-

dominantly 1nsectivorous diet of th~ animals, however, comparisons 

with members of the lnsectivora have been made as well as with other 

groups of mammals. 

1.2.2 Distribution 

The family Macroscelldidae are confined to Africa with a range, given 

by Corbet and Hanks <1968) as "the M9diterranean zone of north west 

Africa and the whole of Africa south of the Sahara, except for the 

region northwest of the rivers Congo and Ubangi and west of about 

27°E". Within this range, the elephant shrews are found in tropical 

forests, semi-arid bushlands, rocky scrublands and deserts. Both 

Rhync..hoc..yon and Pe.t./wdomU-6 inhabit fores+ed areas er dense savanna 

\·1oodland and therefore am restricted to areas with a closed canopy 

<Fig. 1.3). Ma..vwJ.ic..e.f.,[cl1>..).) and Ef.ephan.tu.1.U/.) 2re found in more arid 

environments such as dry woodlands, steppe zones and deserts <Corbet & 
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Hanks, 1968) • The distribution of these four genera are shown in 

Fig. 1.3. 

Elepha.ntulu...6 has the widest range of the four genera, being found in 

all provinces of South Africa, extending north into Angola, the Congo, 

Zambia and along the northeast of Africa through ~ozambique, Malawi, 

Kenya, Uganda, Tanzania to Ethiopia, Somalia and the Sudan. They are 

also found in the northwest of Africa in Morocco, Tunisia and Algeria. 

The distribution of this· genus is therefore that of the family 

Macroscelididae (Corbet & Hanks, 1968). 

24° 

30° 

12° 

Fig. 1.4 
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Recorded distribution of E.f.e.phan.tu.fu/~ edwaAd.i... 
<From Corbet & Hanks, 1968) 
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E£e.phan.tu..eu.J., e.dwa.Jc.d-l, the species under study is restricted to the

south and west of the Cape Province but extends east to Port Elizabeth, 

and north to the Upper Karroo in the Richmond district <Fig. 1.4). It 

is marginally sympatric with E. Jtupe..1.>:tJr.-l-6 in the north and with 

E. myUJtLU> in the northeast, but overlaps more exi·ensively with Mac.Jto

.1.>c.e.Ude.1.> pll.obo..6c..lde.M (Corbet & Hanks, 1968). 

1.2.3 Literature 

_Aside from the taxonomi_c studies and scant references to the habitai- of 

E. e.dwcvr.d-l, usually incorporated in articles on the systematics of. the 

elephant shrews (e.g. Roberts, 1951; Corbet & Hanks, 1968) the only 

other published information on this species is concerned with its 

reproductive physiology (Tripp, 1971). My own information on the 

habits and habitat of the animal have been taken from trapping data or 

from observations of elephant shrews kept in captivity for the physic-

logical studies documented later in this thesis. Therefore, the 

following introductory information is taken from ecological and 

behavioural reports of other species of E£e.pho.Jt-t,~£.Lw and any data 

confirming my own observations have been noted. 



33 

1.2.4 Habitat and social structure 

Within the semi-arid or artd environments inhabited by the different 

species of Efe_phcmfufu-6, burrows or rock crevices and fissures are 

used as shelters, with the exception of E. Jtune...6c.e.no which was never 

observed using a b~rrow, but sheltered in dense thickets (Rathbun, 

1979). In the Laboratory, E. e.dwM.d-l often retreated to the card-

board box provided and remained there for Long periods of time. In 

the wi Ld it ,is probable ."that they use rock crevices for the same 

purpose since they were always trapped in rocky areas with Large 

boulders or· rocky scree. The same habitat has been recorded for 

E. m!JU.llM which uses the rock crevices as shelter C van der Horsl, 

1946; Critch, 1969; Tripp, 1972). In common with all Macroscelid-

inae \Rathbun, 1979), the Cape elephant shrew was never observed 

using nesting material. 

A solitary existence is common to all the members of the genus 

E.f.e.phan.tu.lu-6 studied so far (several authors, reviewed by Rathbun, 

1979). E. edwM.d~ also appears to be solitary in view of the violent 

aggression (chasing and biting) observed between two animals of the 

same or opposite sex,. placed in the same cage. Rathbun ( J.979), 

however, repoded that E. Jtufie...6c.e.no forms a stable monogamous 

association which lasts for the duration of the life of each member 

- usually from two to three years. Each member of the pair defends 

its own territbry of approximately 0,34 ha, but the territories of 

the male and female overlap almost completely. Within the territories 
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the pair bond is loose, interactions between individuals occurring 

predominantly for feeding or sexual purposes. Other contacts 

result in aggressive encounters more often than not (Rathbun, 1979). 

Pair bonding in species which occupy burrows has been described 

only in E. b~ac.hy.11.hyn.c.hcv.i (Rankin, 1965). The male and female of 

this species apparently live together in the burrows with their 

young. 

1.2.5 Activity and general behaviour 

In the laboratory, L e.dUW1.d-l tended to remain in their shelters for 

most of the daylight hours, though some occasionally used the 

activity wheels provided. If a Lamp was provided as a heat source 

they would alternate between basking beneath it and lying in the 

shelter. Feeding appeared to be restricted to the evening, night 

or early morning, though this may have been due to the provision 

of fresh food in the evening. After feeding in the evening, how-

ever, the animals were seen more often outside the shelters, often 

using the activity wheels. These observations suggest that this 

species is crepuscular or nocturnal and examination of trapping data 

confirm this. In the Rooiberg mountains of the Cape Province, 

E. e.dwaJr.d-l was found exclusively in traps set after 17.00h and 

checked at 07,30h (David, 1978), Tripp (1970) and Rathbun (1979) 

suggest that all species of E-e.e.phan.tu.£.iw are polycyc,lic. This may 

be true of E. e.d(l.XVc.d-l, since they do show basking behaviour which 



is Likely to take place during the day, though peaks in activity 

would probably occur in the early morning and evening as has been 

found for E. Jtu6e~c.e.n~ (Rathbun, 1979). Behaviours such as foot-

drumming with the hind feet Ca threat behaviour), sand-rolling, 

grooming the face.and nose wlth the forefeet and basking, which have 

been described for other species of E.f.e.pha.n:tu.tu.o (reviewed byRathbun, 

1979) have all been observed in captive E. e.d.u,~Ad.l. 

Tra'ils: E. Jt.ufiv.ic.e.rw appears to be the only member of this genus 

that uses and maintains an extensive trail system within its terri-

tory (Rathbun, 1979). Trails are maintained by clearing away 

leaves and small twigs with a lateral sweep of the forefoot. The 

same behaviour has been noted by Tripp (1970) in captive E • .ln:tufi-l. 

E. e.dWOJr.d.l in captivity were often seen moving the cardboard boxes 

in their cages with a lateral sweep of the forefoot. Whether this 

behaviour of E •. e..dwo.Jtd-i..occurs in the wild is not known, but as 

Rathbun (1979) has pointed out, trails may be important for a rapid 

escape from predators and may allow the animals to cover their 

territories easily and rapidly thus increasing the likelihood of 

detecting food sources. 

Gait: Despite ·i·he reference to elephant shrev1s as the "jumping shrew" 

(Fitzsimons, 1920), the continuous saltatory movement expected from the 

long hind-limbs and shorter fore-Limbs, reminiscent ot some gerbils, 

has not been reported. Brown ( 1964) has reviewed this aspect from 

various .reports In the Literature and it seems that a rapid quadrupedal 

motion Is the normal gait, so~etimes interruptad with short rapid jumps. 
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The same has been observed in E. e.dwo.Jc.d~. 

1.2.6 Reproduction 
\ 

Reproduction in E£.e.phan:tu.1.M is the only aspect of its physiology that 

has been studied in any detail. The numerous publications on this 

aspect by van der Horst, Gillman and co-workers <van der Horst publish-

ed yearly from 1940 to 1.951; van dei- Horst, 1954; McKerrow, 1954; 

Stoch, 1954) deal with reprodudion in E. m!JLVrM, but this work has 

been extended to several other species by Tripp\ 1971). These studies 

show that polyovulation occurs ln the females of only f. mywrM and 

E. e.dwo.Jc.d~, releasing about 120 ova in E. m!JUflUJ.i (van der Horst & 

Gillman, 1941) and 88 in E. e.dwa.Jr.d~ CTripp, '1971). Of these, many 

are fertilized but a maximum of two embryos develop, the number being 

restricted by the availability of only two implantation sites in the 

uterine horns <Tripp, 1971). In E. myu.JtM post padum ovulation 

occurs and there is no lactation anoestrus <van der Horst, 1954; 

McKerrow, 1954). A true vagina is absent in the seven species o+ 

E£.e.phan:tu~ studied, in MaCJLOJ.ic.e..f.~du and in Pe.tJi.odo:nM, and may be 

a characteristic of the family <Tripp, 1971). 

The mating season of E. myu.'LM in the Transvaal, begins in the middle 

to the end of July when the females come into oestrus. Two to three 

pregnancies can occur during the season of reproductive activity 

(mid July to January) (Van der Horst, 1946). After a gestation 

period of eight weeks, long for ~n animal of this size, one or two 

precocial young are born. The young are weaned after four weeks and 

'· 
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reach sexual maturity within five to six weeks of age (McKerrow, 1954). 

A six month period of anoestrus occurs after the breeding season and 

van der Horst ( 1946) suggests that probably only three pregnancies 

occur in the life of E. mywr.u.o and that females cannot live beyond 

the completion of their sexu6l life. 

ALL male Macroscelididae are testicond and in E. myww .. -6, sexual activity 

coincides with the female oestrus period. Although testes are fully 

active throughout the year, the accessory sexual organs are fully 

active only from July to January (Stoch, 1954). This appears also 

to be true for the interstitial cells in the testes (Stech, 1954). 

The present study on E. e.dwaJtd-i.. was undertaken to provide some basic 

physiological information on the animal. While it is not the 

intention here to clarify the taxonomic position of this family, it 

is hoped that the information provided may aid others in doing so. 

The aspects of energy metabolism, temperature regulation and water 

metabolism examined are important in that they giye some indication 

of how the animals cope with the arid and semi-arid conditions, the 

seasonal lack of water and.the extremes of temperature encountered in 

their environment. 

1. 3 REMARKS ON COMPARATIVE ASPECTS OF PROCAVIA CAPENSIS AND 

ELEPHAUTULU.S EDWARVI 

While a comparaiive study of the hyrax and elephant shrew was not the 
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primary intention of this thesis, in some respeds the two animals 

are similar. The semi-arid to arid mountainous and rocky areas 

where they both live are rather extreme habitats with harsh environ-

mental conditions such as large seasonal fluctuations in temperature 

and limitations in water availability. These conditions can also 

impose limitations on the availability of food, particularly for the 
I 

herbivorous hyrax. A scar-city of water and nutrients in i·he soil 

(conditions particularly prevalent in the mountainous regions of the 

southern Cape - Joubert e.t a.e.., 1969) hamper primary productivity 

and tend to enhance the growth of plants of poor nutritional quality, 

often with defence mechanisms such as spir1es or secondary compounds. 

The situation is not as critical for the elephant shrew, however, 

as insects tend to be a fairly stable nutrient source throughout the 

year. Within this environment, both animals utilize the rock 

crevices as shelter, are at Least partially diurnal and bask in the 

sun. With these features in common, it is possible that the animals 

may show similar adaptations in energy and w2ter metabolism and 

thermoregulatory mechanlsms. The differences between the two, 

however, such as the solitary and insectivorous nature of the small 

elephant shrew in contrast with the gregariou~ herbivorous nature 

of the larger hyrax musi- affect the physiological mechanisms employed. 

Thus, the present study illustrates ~ome cf the physiological 

mechanisms employed by the two different sized mammals and which are 

associated with life in the environment described above. In 

addition, in view of the different habits of E. e.dwa.Jtd.{_ and. P. c.ape.ML.S, 
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the modifications in energy and water metabolism which have been 

adopted in association with either a solitary or gregarious existence 

and an insectivorous or herbivorous diet, have been examined. 

\ 



SECTION 2 

ASPECTS OF DIGESTION AND ENERGY ASSIMILATION 

IN THE ROCK HYRAX PROCAVIA CAPENSIS 
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2. 1 INTRODUCTION 

The complex nature of plant matter and the intrinsically different com

positions of plant and animal bodies, require major modifications in 

the digestive system of an animal for it to be totally reliant on an 

herbivorous diet, as a source of nutrients and energy. The harbouring 

of symbiotic microorganisms in specialized, expanded regions of the 

gut, viz. the rumen and caecum, has been the ge11eral modification of 

the alimentary tract adopted by herbivorous mammals. These anaerobic 

microorganisms are capable of producing cellulases to brnak down the 

plant matter in a fermentation process. As by-products of the system 

energy, essential amino acids and vitamins which may be lacking in the 

food, are provided for the host. While the microorganisms play an 

essential role in the digestive processes of herbivores, the 

efficiency with which they are able to break down the plant matter 

and ultimately provide.the host with energy, is dependent on several 

factors. These include the efficiency of the enzyme systems employed 

by the microorganisms, this In turn being dependent on the conditions 

within the alimentary tract with regard to pH, temperature and 

moisture; the nature of the plant matter (whether lignified or not) 

and the time over which the mic~oorganisms are able to act on the 

food material. These factors prevent nutrient and energy release 

from the food being absolutely efficient. This, coupled with the 

relatively low yield of energy per· u;1it mass of dry plant matter 

compared with food cf animal origin (Lloyd e.t a.£., i978) necessitate 

a Large food intake by herbi~ores to sustain the life processes. 
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Thus, herbivores generally spend 40 to 50 per cent of the day in 

feeding <Moen, 1973). The hyraces, however, are unusual in ·i·his 

respect, spending one to two hours per day feeding (Sale, 1965a; 

Hoeck, 1975) • Their ability to crop food rapidly using the long 

' 
cutting edge of the rnol.ar tooth row allows them to take in a large 

quantity of herbage in a short time (Sale, 1966b). NevertheU;ss, 

both Sale (1966b) from Limited data, obtained from a single P;wc.a.v.<.a. 

john,o:ton..l mcw.f<.-i..ndvr..l, and Hume e.:t. CU.. ( 1980) working on P. ha.be.J.;J.:i»trt-

le.a, have shown that the fotel intake of the hyrax is low for its 

size when compared with other herbivores. 

l~portant implications arise from this, particularly concerning the 

energetics and digestive processes of the animal. In terms of 

energy consumption, a low food intake would necessarli.y mean that the 

hyrax has a low energy intake, which, in turn, must reflect a Low 

energy expenditure by the hyrax. In this respect, it has been shown 

that the mass specific metabolic r2te ls low for most species of 

hyrax studied so far <Tay tor & Sale, 1969; Bartholomew & Raf ny:-

1971; Rubs amen e.:t o.£..' 1979; present study sect ion 6). The enGrgy 

derived from the food, however, is dependent on the efficiency of 

the digestive system in digesting and assimilating the food corriponenis. 

Generally, a highly efficient system obviates the need for a larger 

food intake, but in the case of herbivoresr this must be considered 

within the confines of the limited energy available in plant matter. 

Thus in the overatl examination of the energetics of the hyrax and 

in an attempt to explain the low food intake, th8 follov.iing hypoi-hes•3S 

arise: 
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1) The digestive system of the hyrax is inore efficient than that 

of other herbivores obviating the need for a larger food intake. 

This would be influenced by the extent to which the animal 

selects food with a high nutritive and low fibre content. 

2) The low food and energy intake reflects a conservative energy 

expenditure in the daily life of the hyrax. 

These hypotheses are not mutually exclusive, however, and they provide 

the basic concept with which the energy metabolism of the rock hyrax 

PJtoc.a.v-la c.ape.n..6l6 1 has been studied in the follov:ing sections. 

2.2 METHODS 

The food intake, digestibility of food comoonents and energy assiml-

lation by the hyrax 1 were evaluated in three digestion trials <Maynard 

& Loosli, 1962), using different feeds. All quantities were 

recorded on a dry matter basis. 

2.2.1 Trial 1 

S.l). 
Six adult male hyraces with a mean mass of 2 1 92 !A0 1 37 kg, were used 

i n the t r i al. They had all bee;i in captivity for at least six months 
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prior to the experiment during which time they were housed individ-

ually in cement enclosures with a sloping floor. The animals rested 

on a raised, slatted, wooden platform which retained the faeces 

while urine drained out of the cage. Over the six months prior to 

the experiment, which served as the preliminary period, they had been 

accustomed to dai Ly handling, while the cages were cleaned, and were 

fed commercial rabbit pellets, the same ration used in the digestion 

trial. During the nine day trial, the body masses of the animals 

were recorded at the same time each day. A predetermined amount of 

food and a known volume of water was provided at the same time. Any 

remaining food was removed, dr·ied and weighed, and the votume of 

water remaining was recorded after correcting for evaporation. 

Evaporation was assessed from a control dish in the room. Faeces 

were removed daily, dried, weighed, milled and stored for later 

analyses of the energy content. This trial was performed in Sept-

ember (winter-spring) during which time the animals were kept under 

conditions of natural light and indoor temperature fluctuations. A 

sample of food was retained for analysis of its composition. 

2. 2. 2 Rate of passage of food through the _alimentary tract 

At the end of Trial 1, additional food in the form of a known mass of 

fresh chopped carrot tops was fed to the sar;ie animals for a further 

seven days. The same procedure was adopted as in Trial 1. The 

rate of passage was determined by visually comparing the colour 

of the milled faeces, from Trial 1 with the subsequent faecal samples 
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produced wh~n greens were eaten. This method was possible since the 

colour varied markedly from a tan colour on a pelleted diet to a 

distinct green with additional greens. The time from the day on 

which greens were first given to the day on 1vhich the green colour 

appeared to be at its greatest intensity or a consistent intensity 

with subsequent faecal samples, was taken as the retention time . 

. I 

In order to confirm the validity of this method, and to reduce any 

error which may have ar(~en due to the increased fibre intake with 

the, greens, the animals were fed ptastic particles 1-2 mm' in size. 

F~eces were· collected twice a day, morning and afternoon, dried, 

crushed manually and examined for the presence of the particles. A 

comparative estimate of the quantity of particles in the daily faecal 

samples allowed a determination of the retention time for each animal. 

2.2.3 Trials 2 and 3 

Prior to the actual trials, the animals were kept l~ an outdoor pen 

for one.month and fed the particular diet to be used In the trial. 

Thereafter they were placed indoors in ind!vidual cages at a constant 

temperature of 20°C and exposed to natural Lighting. Each cage was 

placed above a stainless steel fine mesh tray and beneath this was 

a plastic funnel leading into a measuring cylinder, Faeces were 

retained on the mesh tray while urine drained into i·he measuring 

cylinder, After a preliminary period of seven days the actual 

digestion tr-iJl was conducted. The same procedure ~{as employed as 
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in Trial 1, except the body masses of the animals were recorded only 

at the beginning and end of the trial. Both experiments were con-

ducted during the months of April and May (autumn-winter). 

2.2.3. 1 T~.lai. 2 

.s.J> • 
Eight male hyraces with an initial mean mass of 2, 12 ~A0,40 kg were 

used. Five of these animals were under 2 kg in mass, and therefore 

probably sub-adult. The feed consisted of commercially prepared 

guinea pig pellets and the trial continued until data from five con-
/ 

secutive days were collected. Although the vo~ume of urine excreted 

daily was recorded, samples were not kept for analysis of energy con-

tent. 

2.2.3.2 T4-i.ai. 3 

Three male and two non-gravid female, adult hyraces of mean mass 
S.i) . 

2,38 !Ao,44 kg were used. The feed consisted of Lucerne hay chaff, 

milled in an attempt to prevent selection of leaves from stems. 

Since selection did occur, remaining food was collected daily, dried, 

weighed and analysed separately from the food given, to establish 

the correct intake of the food components. Only in this experiment 

was urine collected over ice and an aliquot ( 10% of the volume 

excreted) retained and stored frozen in sealed plastic bottles for 

later analysis of energy content. The digestior. trial continued 

until data from 10 consecL! ti ve days were col leded. 
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2.2.4 Field spec:imens 

Dried, milled samples of stomach contents were available from wild 

P. c.a.pe.r14.l6, shot on two adjacent farms in Nieuwoudtv i l le, Western 

Cape. These were collected over six months from September to March 

(excluding November) thus covering the hottest and driest months of 

the year. The monthly samples consisted of combined stomach contents 
\ 

from 10 to 13 animals, but the total mass of the stomach contents and 

the mass of the animals shot, were not known. The composition of each 

u . sample was determined as outlined below. 

2.2.5 Analytical methods 

Food, remaining food and faeces were dried at 70°C fo constant weight. 

An aliquot C10 per cent by weight) from each day of the experimental 

period was combi~ed and milled, In the case of faeces, a two-day 

food retention time was allowed <see results) to minimise errors 

caused by a non-uniform food intake, As a check: a three day 

retention time was also used in the calculation of results from Trial 1. 

The final samples from Trials 2 and 3 were analysed for contents of 

protein, fibre, lipid and ash using standard methods for proximal 

analyses CA.O.A.C., 1960) except in the case of lipid extraction 

where hexane was used instead of ether. 

The dai Ly urine samples were combined and two samples of the pooled 

urine from each animal used for analysis. One sample was spun for 



five minutes in a clinical centrifuge to separate the calcium carbon~ 

ate precipitate from the fluid portion~ and the supernatant freeze-

dried <New Brunswick Scientific Co.). The second sample was 

freeze-dried inclusive of the precipitate. Since the oxidation of 

calcium carbonate involves an endothermic reaction, the two different 

m~thods were considered necessary to evaluate any discrepancy that 

may have arisen in determining the energy content of the urine. The 

freeze-dried samples were then analysed for heat of combustion using 

a bomb calorimeter. 

All quantities were recorded on a dry matter basis and expressed as 

the mean with estimates of error given cs the standard deviation 

CS.D.). \'!here applicable, results have been expressed on a meta

bolic body weigh-I- basis (kgo, 75 ) (Kleiber, 1961) to minimise errors 

due to differences in body mass of the animals. Significance of 

differences was estimated using the Student's t-test <Zar, 1974). 

2.3 RESULTS 

2.3. 1 Composition of food and stomach samples 

The major difference between the pelleted diets and the Lucerne hay 

was the content of crude fibre (Table,2.1), both pelleted rations 

having a lower fibre content. <7, 7 and 10 per cent) than the Lucerne 

hay ( 30%). Al though the 1.ucerne hay was coarsely mil led, the 

animals still tended to select the Leaves in preference to stalks 
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and thus the composition of that portion eaten was marginally 

higher in protein and lower in fibre content than that given 

<Table 2. 1). Of the three feeds used in the trials, the Lucerne hay 

was nearer in composition to the stomach contents (with respect to 

the protein to fibre ratio, Table 2. 1>, and therefore, the results 

from the trial using this food have been used to edrapolate to the 

situation in the field. There was no marked difference in the com-

position of the stomach contents over the six months of sampling. 

2.3.2 Food and water intake 

The differences in food intake between the hyraces on the pelLeted 

diets <Trials and 2) were significant (p<0,01) and both were 

significantly Lower than the intake of the animals fed Lucerne hay 

CTrial 1, p<0,001; Tri0l 2, p<0,02) <Table 2.2). The rnea:-1 mass 

changes over the, experimental periods, however, were low in all 

three trials. Water intake, expressed per gram of dry matter 

ingested, was similar for all three trials with a mean value of 

-1 2, 10 ~ O, 13 ml water. g dry matter intake (Table 2.2). 

2.3.3 Rate of passage _of food "throug.h the at imentary fract 

The time taken from the ingestion of food to its voidance from "I-he 

alimentary tract of the hyrax was two to three days, based on the 

colour of the faeces, and 36 to 60 ho:.irs based on 1-he partic~e study. 

Since the rate would depend on the composition of the food, as a 
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best approximation, a two day rate was used for all the trials. To 

check the validity of this rate, the faecal samples from Trial 1 

were combined using both a two day rate and a three day rate, the 

heat of combustion of each combined faecal sample measured, and the 

apparent digestible energy intake CDEI) calculated using the two 

results. Comparison of the DE! values for each rate showed no 

significant difference (p;;:..0,1). In Trial 3 where there may have 

been a longer rate of passage due to the high fibre content of the 

food, in view of the constancy of the food intake (Low standard 

deviation - Table 2.2>, a two day rate of passage was considered 

acceptable. 

2.3.4 pietary energy balance 

The gross energy in·rake CGEI) of the hyraces in the three trials 

fol lowed the same pattern as the food intake <Tab le "" "?.·· L.,.) J' Al though 

the' GE! was significantly lower (pc 0,01) on the rabbit pellets than 

on the guinea pig pellets, faecal energy losses <FE} in both trials 

represented a similar proportion of the GEi (26,9 and 29,2 per cent 

respectively). Similarly, the difference in the apparent digestible 

energy ingested <DEi) in Trials 1 and 2 (p<0,01), actually repre-

sented a similar proportion of the GEi (73,1 and 70,9 per cent, 

respectively) <Table 2.3). In Trial 3, with the markedly different 

composition of foodf 48,6 per cent of the GEi was lost in the faeces 

and the efficiency of energy assimilation CDE! as a percentage of the 

GE!>, 51,4 per cen~ was tower than on the pelleted diets <Table 2.3). 
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There was no significant difference between the DEi in this trial 

and those in either Trials 1 or 2 (p;::.0,05). 

The heat of combustion of the urine, inclusive of the precipitate 

-1 <6,404 ! 1,372 kJ.g dry matter) was significantly lower Cpc 0,02) than 

, that without the precipitate C8,932 ! 1,241 kJ.g-l dry matter). When 

these figures are adjusted to the total volume excreted, no significant 

difference (p:::oO, 1) ln energy loss was apparent. Thus the energy Lost 

in the urine represented ~,27 ! 1,23 per cent of the GEi and assuming 

that 6,96 kJ.kg-0175 .day-l (l,03 per cent of GEi) was lost as methane 

(calculated from von Engelhardt e.t al., 1978), the metabolizable energy 

intake CMEI) on a Lucerne hay diet was 46, 11 per cent of the GEi and 

89,71 per cent of the DEi <Table 2,3). 

2.3.5 Digestibility measurements 

The apparent digestibility of all the components of Lucerne hay 

measured, with the exception of crude protein and fibre, were signl-

ficantly lower than those in the guinea pig pellets Cpc 0,001) (Table 

2.4). For comparative purposes, digestibility coefficients for 

kangaroos and sheep on a Lucerne chaff dlet <Kempton e.t al-., 1976) 

similar to that used in Trial 3, have been recorded ln Table 2.4. 
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2.4 DISCUSSION 

2.4. 1 Food intake 

The chemical composition of a plant is one of the prime factors in·

fluencing its selection as food by herbivores, as well as Influencing 

the quantity which will be ingested and its ultimate utilization by 

the animal. Given the wide variability In the composition of plants, 

the prediction of the quantity of food which would be ingested by an 

animal becomes a difficult task. Two generalized formulae that have 

been used to predict daily food intake in cattle are: 

On green pastures - 3 kg dry matter per 100 kg live body mass 

On dry pastures - 2 kg dry matter per 100 kg live body mass. 

(van der Merwe, personal communication) 

Using these figures, a hyrax of 2 kg body mass should consume 40 to 

60 g dry matter dai Ly. Al though the food 'intake by P. C'.ape.ri-6-W in 

the present study was of the same magnitude (Table 2.2), the food 

and therefore energy intake of an animal should be related to its 

metabolic rate. Thus the exponential increase in metabolic ra·re 

with decreasing body mass necessitates a concomitant increase in food 

and energy consumption as body mass decreases. Considering the 

small size of the hyrax compared to cattle therefore, the consump

tion of dry matter found in the present study must be considered low. 

This has been noted previously by Sale ( 1966b). 
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-1 -· 1 Both the intake of Lucerne hay (32,86 g dry matter.kg .day ) and 

-0 75 -1 of rabbit pellets (20,03 g dry matter.kg , .day ) by P. cape.n..6-L6 

accord respectively with the findings of Sale (1966b) for P. john

J.:iton.i.. on a similar diet to Lucerne hay (33,6 g dry matter.kg- 1.day'- 1) 

and with those of Hume e.t al. (1980) for P. ha.beAJ.>-ln.ic.a. on a low 

fibre and relatively high protein diet (18,6 g dry matter.kg-0175 .day- 1>. 

In order to establish a rough estimate for the Intake of hyraces in 

the wild, the data of L~nsing (1978) have been used as follows: In 

his study of the feeding ecology of P. c.a.pe.r..J.>-i4 in Namibia, he found 

the mean wet mass of stomach con1·ents of wild hyraces 1 shot 

immediately after a f0eding period, to be 108,39 ! 35,99 g (Appendix 

A). The data were obtained over 33 months from 255 hyraces of mean 

mass 2,259 ! 0,505 kg (Lensing, personal communication). Assuming 

the daily intake to be twice the mass of stomach contents, since the 

animals feed twice per day and assuming a moisture content of 67 per 

cent for the wet stomach samples (personal observations), tho dry 

-1 -1 mass of the food intake would be 31,67 g dry matter.kg .day or 

·-0 75 -1 
38 1 82 g dry matter.kg ' ,day . These values are in good agree-

-0 75 -1 ment with the present data (40,80 g dry matter.kg ' .day ) for 

captive hyraces on a Lucerne hay diet. 

2.4.2 Factors a~fecting the quantity of food ingested by the hyrax 

Sale ( .1966b) has suggested that the quantity of food ingested by the 

hyrax is determined by the dry matter content. This is certainly 
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,/ 

frue on a broad scale when quaniities of fresh and dry food ingested 

are compared, but the dry matter intake itself also varies consider-
' 

ably depending on the composition of the food. This was clearly 

shown for P. capen.-6.l6 in Trials 1 and 3 where the major difference 

was the higher proportion of crude fibre in the Lucerne hay. Thus 

the differences in dry matter intake between animals on this diet 

and those on the pelleted diets were expected. Considering the 

minor differences in the fibre content of the two pelleted diets, 

however, the different ·intakes in Trials 1 and 2 1-1ere unexpected. 

The discrepancy may have resulted from one of the following three 

factors: 

a) The higher protein content of the diet ih Trial 2 may have 

resulted in a higher intake (see below), although a substantial 

increase in body mass would have been expected as well. 

b) The hyraces in Trial 2, being immature may have required a 

greater nutrient and energy intake fer growth. Over the short 

experimental period of five days, the small increase in body 

mass Cl per cent of the original mass) may have been indicative 

of growth, but the significance of this increase in representing 

growth is questionable. 

c) The animals in Trials 2 and 3 may have been more active than 

those in Trial 1. The additional e~ergy expenditure associated 

with activity would explain the higher food intake without a 

substantial increase in body mass. 
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The final reason, of the three outlined above, seems to be the most 

acceptable in explaining the higher food intakes in Trials 2 and 3. 

A variation in the dry matter intake by the hyrax P. ha..bv.i!.l..i.Juc..a with 

variations in the composition of the food was also shown by Hume 

et al.. < 1980 } . Although neither the latter study, nor the present 

were designed to determine factors affecting food intake, when the 

results of the two were coillbined, the following trends became apparent: 

For animals on a relatively low fibre diet (10 per cent or less), the 

dry matter intake increased as the protein content increased (Fig. 2. 1). 

However, on the high.fibre diets, food intake was higher than on the 

low fibre diets when the protein levels were similar. Thus . .). . 
I I· Is 

clear that the crude fibre content of the food also affected the 

quantity consumed. These results then suggest that an interrelation-

ship between protein and fibre content of the food was a determining 

factor in the quantity of dry matter consumed. 

Apart from the protein and crude fibre content of the food, the 

moisture content of the plants eaten may be on additional factor that 

influences the dry matter lntake . This would be of particular 

. significance in the natural environment if free water was unavailable .. 

Certainly in the present study and in that of Hume et al. (1980) the 

water intake was clearly dependent on the dry matter intake, a 

relatively constant volume being drunk per mass of dry matter intake. 

Furthermore Louw e.:t ed. ( 1973) have shown that ;,\!hen water was with·-

held, P. cape.M~, fed on a dry diet, decreased their food intake to 
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negligible amounts over a period of a week. Similar results were 

obtained by Maloiy and Sale (1976) and Rubsamen e..t al. <1979) for 

Lensing ( 1978), however, found that 

hyraces in the wild did not select food primarily on the basis of 

moisture content in any season despite the apparent Lack of free 

water and suggested that this factor may have been of secondary 

importance in food selection. Meltzer (1976) has calculated the 
' 

water requirements of the hyrax P. J.:,tj.'t-i..ac.u.-6 1 and has concluded that 

even in the driest months of the year, the plants eaten in the wild 

would provide enough moistur-e to meet the animals' requirements. 

would hesitate to draw the same conslusions for P. capeY1 ...... .>..W without 

sufficient data on the moisture content of the plants eaten. Con-

sldering, however, that the urine osmolality of P. ca.pe.n.-6..W Wes found 

to be higher than that of P. -6fjJt.-i..ac.U/.:,. when dehydra·{ed (Louw e.t: al.. 

1973; Maloiy & Sale,· 1976), the implications are that the Soufh 

African hyrax is as tolerant to desiccation, if not more so, and 

given a minimum moisture content in the food, would be independent 

of free water in the wild. 

Under natural conditions, then, a complex situati-on would undoubtedly 

exist wh~r~ at least, the interrelationship of protein, fibre and 

the water content of the plant matter eaten would determine the total 

quantity Ingested, but other factors such as the availability of 

drinking water, the inclusion of secondary compounds in the plants 

and the general availability of edible plants would also be of crucial 

significance, 



6 1 

2.4.3 Digestibility of the food components 

The high crude fibre content of the Lucerne hay was probably the 

major factor contributing to the significantly Lower (p<0,001) 

digestibility coefficients found for all of its componer.ts, with the 

exception of crude protein and fibre, when compared to those of the 

pelleted ration. This is shown graphically in Fig. 2.2 where the 

coefficients of digestibility of energy, dry matter and soluble 

carbohydrates decreased with an increased fibre content of the food 

eaten. Since the nutrients ~vould have been Largely enclosed within 

the intact cellulose cell walls of the Lucerne hay, the overall 

apparent digestibility of. this food would depend, to a large extent, 

on the efficiency of the digestive system in breaking down the cellulose. 

An additional factor to be considered, however, with respect to the 

differing digestibilities of the feeds used in Trials 2 and 3, was 

the differing physical consistencies. The ground pellets would 

have been more easily digested than the coarse Lucerne hay, present-

ing a Larger surface area for enzymatic attack. On the other hand, 

the finer consistency would tend to increase the rate of passage 

of digest~ through the alimentary tract, decreasing the efficacy of 

the microbial digestion of cellulose <Lloyd et al.., 1978). Finely 

ground food, ther~fore, would be expected to have a lower fibre 

digestibility, but in the present context, the low crude fibre content 

of the guinea pig pellets would have rendered this factor unimportant 

as far as its overall apparent digestibility and utilization was 

concerned. 
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On a feed with a high fibre content, the hyrax appeared to have as 

efficient a system in digesting fibre as the "ruminant-like" (Moir 

e.:t al., 1956) grey kangaroo, although true ruminants are undoubtedly 

superior <Table 2.4). The incorporation of the grey kangaroo in 

the category of nruminant-like" mammals has been questioned by 

Kempton e.:t al. ( 1976) on the basis of the Low levels cf methane 

production. Since the same is true of the hyrax (van Engelhardt e.~ 

al., 1978) the suggested inclusion of these animals in the same 

category <Moir, 1968} must also be questioned. This has received 

further attention in the following section. The lower protein 

digestibility by the hyrax <Table 2.4), even on a low fibre diet 

which would minimise .the abrasive effect on the gut wa~l, may suggest 

a relatively greater loss of microbial protein from the hindgut than 

was found by Kempton e.:t al. ( l976) in the kangaroo and sheep. Hume 

e.:tal. (1980) have shown, however, that the metabolic faecal nitrogen 

of P. habe.J.:i~~n..i.ca is lower than in sheep. If this is true of 

P. cape;v.,.l.6 then apparently the hyrax is not as efficient in digesting 

Considering that the size of the residual plant particles 

in the faeces of wild P. ca.pe.n..o-i..6 were Larger tilan in its food com

petitor, the ruminant klipspringer, OJte.otJc.agu...6 oJt.e.obla.gUJ.:i <Norton, 

1980), the breakdown of food by the hyrax digestive system can not 

be as effective as in the ruminant. This could explain the lower 

protein digestibility found in the present study. 
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2.4.4 ~nergy assimilation by the hyrax 

Despite the differing digestibility coeff)cients for energy in the 

three trials <73, 71 and 51 per cent - Table 2.3) none was exception

ally high and they were within the range found for several other 

h?rbivores <40 - 80 per cent, Davis & Golley, i963). Thus with a 

comparatively low dry matter intake and an average digestibility of 

energy, the resultant amount of energy apparently assimilated by the 

digestive tract of the hyrax must have been Low. The value of 

-272,3 ~ 75,7 kJ.kg-0175 .day-l for the DEi from Trial 1 was similar 

to that found by Hume e.t al. ( 1980) for P. habe..0.01..11.lc.a. ( 279 :'.: 9 kJ. 

kg..:.' 75 .day-l ), The higher values found in the subsequent trials 

were probably due to increased levels of activity of the animals. 

A nearer approximation of the energy available for use by the animals 

was given by the metabolizable energy intake (MEI) since urinary 

and gaseous energy losses were taken into account. Both the DEi and 

MEI of an animal can be predicted from the following equation relating 

the digestible energy requirements for maintenance to body mass: 

Digestible Kcal per day = 98 cw0175
> for humans, pigs and rats, where 

W = body mass in kg. <Lloyd et al., 1978). 

Metabotizable energy intake can be computed from this equatio~ by 

assuming the energy lost in the urine and gases to be 7 per cent of 

the ME I <Lloyd et. cU.., 1978 >. 

I 

The equation above Is based on the predicted metabolic rate derived 
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by Brody (1945) and Kleiber (1961). Stnce the basal meiabolic rate 

-1 -1 
'8MR) of .P. c.a.pe.r"",:;V., was lower than predided C0,27 ml o2 .g .hr 

- section 6) the actual values for DEi and MEI would obviously be 

lower than predicted as well. Therefore it is more appropr·iate, 

for comparative purposes 1 to express the DEi and MEI as a multiple 

of the actual BMR. Table 2.5 shows the DEi and MEI as a multiple 

of the BMR for hyraces in the three trials and for wild hyraces. 

The values for the latter animals have been calculated assuming that 

the energy value of the food eaten was constant throughout the year 

(16,33 kJ.g-l dry matter - Table 2. 1), and that the dry matter Intake 
. -1 -1 

was 31,67 g.kg .day (from the data of Lensing, 1978). It was also 

assumed that the digestive and assimilative efficiency of the wild 

hyraces was the same as those of the animals in Trial 3. Fu rt her·· 

more 1 although the MEI was established experimentally only in Trial 3, 

I have assumed that the MEI represents the same proportion of the 

DEi for all the trials as well as for the wild animals. As the 

energy in the urine depends, to a Large extent, on the protein 

ingested, the calcutated MEI Jn Trial 1 and for the wlld hyraces was 

probably an underestimate since the protein intake in both cases 

was lower than in Trial 3. However, the resulting error is likely 

to be insignificant as the urinary and gaseous energy losses were so 

small compared to the DEi. 

For domestic cattle and sheep the daily digestible energy requirnmemt 

for adult maintenance is normally calculated as 2,0 x BMR and 2,88 

for pigs and rats (Lloyd e.:t o)~., 1978). The multiples for the hyraces 

were \vithin H:ls range, though for Trial 1 it was lower at 11 60 >: BMR 

<Tabl.e 2.5>. 



TABLE 2.5 Digestible energy intake <DEi) and metabolizable energy 
intake <MEI) as multiples of basal .metabolic rate <BMR> 
for P. c.a.pe.Ml.6 in three digestion trials, and in the wild. 

TRIAL TRIAL 2 TRIAL 3 WILD* 

Mass kg 2,92 2, 12 2,38 2,26 

BMR kJ.day -1 380,55 276,29 310, 18 294,41 

DEi kJ.day -1 608, 30 . 741, 81 667,00 600,40 

MEI kJ.day -1 545, 71+ 665,48+ 598, :H 538,62+ 

DEi as a multi- 1, 60 2,68 2, 15 2,04 ple of BMR 

MEI as a multi- 1, 43 2,41 1, 93 1, 83 ple of BMR 

t Figures for the wild hyraces have been calculated from a dry 
-0 75 -1 matter intake of 38,82 g.kg ' .day , heat of combustion 

-1 ' of food of 16,33 kJ.g , and assuming DEi ~ 51,4% of GE! as 

in Trial 3. 

+ Assuming MEI = 89,71% of DEi as in Trlal 3. 
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The MEI measured ln the present three trials has also been termed 

"existence metabolism" (Gessamen, 1973)~ end is considered as a 

summation of the energy expended in basal metabol.ism, activity, 

thermoregulation and the specific dynamic action CSDA>. Of these 

four components, that associated with thermoregulation was zero in 

Trials 2 and 3 since the experiments were conducted at temperatures 

within the thermoneutral zone (sectlon 6). If SDA is calculated as 

10 per cent of MEI <Lloyd e.t al., 1978), the energy spent in aci"ivity 

can be calculated by difference. The partitioning of MEI into these 

three energy components is shown graphically in Fig. 2.3 for the three 

trials and for the wild hyraces. 

The cost of free existence of an animal has been estimated as 

3 x BMR, with a range of energy expenditure of 1,3 to 4 times BMR 

<Brody, 1945, from Gessamen, 1973) depending on the level of activity, 

production etc. Both the caged animals and the wild hyraces showed 

MEI as multiples of BMR, within this range and for the wild hyraces 

the calculated MEI can be assumed to be an estimate of the cost of 

free existence. Of particular interest was the fact that the multiple 

for the wild hyraces was within the range of the multiples for the 

caged animals. This is unusual consider!ng that the wild hyraces 

would have had to expend energy for thermoregulation, production and 

activity in the wild, whereas the former two factors were negligible 

in the case of the caged animals. Furthermore the activity of the 

caged animals must have been curtailed by the limited space. Indeed, 

of the 33 monthly samples from wild hyracos, the calculated multiple 

of BMR was higher than tha1· in Trial. 2 C2;41 x m-~H) for only 5 months 

I 
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(Appendix A>. These figures calculated for the wild hyraces by 

extrapolation from Laboratory studi-es, should be viewed with caution 

since they are based on several assumptions as outlined previously. 

A major source of error in these calculations oould be the assumption 

that the moisture content of the stomach contents was 67 per cent, 

since this value was derived from captive animals fed Lucerne hay, 

commercial pellets and water. However, even if a figure of 60 per 

cent was used to calculate the dry matter intake, the calculated MEI 

would be 2,21 x BMR, which would still be within the range of the 

values for the experimental animals. It should be noted too, J-hat 

the moisture content of the stomach samples included saliva which 

was likely to be a substantial volume since the salivary glands are 

large in the hyrax <Grasse, i956}. 

~Jhen allowing for the above assumed sources of error, fr·:>m Fig: 2.3, 

the energy used by the wild hyraces for thermoregulatlon, produdion 

and activity was approximately 1,64 x BMR. Comparison between the 

caged and wild hyraces suggests that in the wild either one or all 

of these three factors demands a low energy expenditure. Since 

production would occur in a viable population to d:fferent extents 

throughout the year in the form of pregnancy and growth of young 

animals this factor cannot be considered negligible in terms of 

energy utilization. The energy expended on thermoregulation would 

depend on the ability of the hyr~ces to sun-bask, huddle or to select 

ambient temperatures as near to thermoneutrality as possible, thus 

minimising the cost of thermoregulat!on. This aspect has been 

investigated further in sectlon 6. Finally the generally Inactive 
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mode of life described for the hyrax <Sate, 1965a & 1969; Turner & 

Watson, 1965; Coe, 1962) would not demand a high level of energy 

expenditure and this observation would support the above suggestion. 

2.4.5 Food Selection 

Al though food selection pcui -6e.. was not investiga·red in the present 

study, selection for young shoots and leaves, normally higher in 

nutrients and lower in fibre was noted during casual observations 

made in captivity and in the field. In the wild, Acacia trees 

almost denuded of their foliage by hyraces suggest a preference for 

protein-rich herbage with a high moisture content. Several authors, 

however, have examined, in detail, food preferences and selection by 

the hyrax (Coe, 1962; Sale, 1965a; Turner & Watson, 1965; Hoeck~ 

1975; lensing, 1978). Of these studies most are concerned with 

the various species of hyrax· in Kenya and only Lensing C1978) has 

undertaken a comprehensive study of the feeding ecology of P. c.a.pe..n

-6.l6. Nevertheless, there is general agreement that the rock 

hyr~ces are opportunistic feeders including a diverse selection of 

plants in their diet, of which 2 - 11 species form a major part of 

·their diet <Hoeck, 1975). While there is some dlspute as to 

whether several spE:cies of P,'z.oca.vJ..a.. are predominantly grazers or 

browsers (Coe, 1962; Sale, 1965a; Turner & Watson, 1965; Hoeck, 

1975), Lensing (1978) found that P. cape.n-0.l6 both grazed and browsed, 

depending on the relative availability and possibly, the nutritive 

quality of the herbage. For all species, selection appears to be 
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dependent on the local and seasonal availability, with preferences 

for young shoots, leaves, h'J i gs, fl.o'r1ers and fruits w l th high nutrient 

and incidentally high moisture content. Under severe drought con-

ditions, when these are not available, less nutritious food is eaten, 

such as dry grasses and even the bark of trees CHanse, 1962; Sale, 

1965a; Turner & Watson, 1965; Hoeck, 19-/5; Lensing, 1978), 

together with an apparent preference for plants with a high moisture 

content if available (Sale, 1965a). During a severe drought in the 

Robertson district of the Cape Prov.ince, P. c.a.pe.n.o.W were observed 

eating the latex-rich Euphwtb-i.a mawi,{_:ta.n.,.lc.a,, despite the ulcerated 

state of their lips. _The drought had lasted for approximately four 

years and little vegetation was available besides these toxic plants 

CG.N. Louw, personal communication). 

From the present analyses of the stomach contents of the wild 

hyraces <Table 2.6), the relatively constant composition over a 

period of six months indicates either an efficient system of select

ion, if not of plant species, then of plant parts, or alternatively 

that during these months, the composition of the herbage was 

relatively constant and abundant. Unfortuhately, the seasonal com

position and phenology of plants in the Nieuwoudtville area is 

unknown and also no data on stomach contents were available for the 

winter mc:nths, when the small amount of rain for the year falls. 

Thus it is not possible to ascertain whether the composition of the 

siom~ch contents was constant throughout the year and if ·this was 

so, whether this constancy was influenced by the uniformity of 

nutrient availability or sele~tion by the hyraces. 
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In terms of nutrient and energy intake, food selection is important 

when viewed in conjunction with the quantity eaten and the 

efficiency with which it is digested :... fa.ctors which change with 

seasonal changes in plant composition and phenology. Selection for 

nutrient-rich plants has obvious advantages considering that a high 
' 

nutrient content is usua[ly associated with a high energy content 

and furthermore, selection for food with a low fibre content minimises 

losses due to poor digestibility. An additional advantage gained· 

through selection of low fibre food is the possible conserva·rion of 

water. Withers (personal communication> has shown in rodents, that 

food with a low digestibility tends to increase faecal water loss by 

virtue of the greater quantity of waste products which must be 

voided, carrying moisture with it. This would be particularly 

relevant fo P. c.ape.n.-6.l.6 1·1hich must be totally reliant on moisture in 

the food during the frequent droughts in the Cape Province. 

While selection may not be of great importance to an animal in a 

nu.trient-rich environment, in nutrient-poor vegetation and under 

drought conditions, selection may be a factor determining whether 

the nutrient, energy and water requirements of the animal are met or 

not. 

Thus returning to the two hypotheses originally posed, it appears 

that the hyrax, P. c.a.pe.11.-6..l-6, does not have a particularly efficient 

digestive system and the selective feeding habits serve to augment 

the energy assimilated, by virtue of the improved quality of herbage 

eaten. Although the food 3nd energy intake of the hyrax is lower 
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than predicted for "standard" eu·~herian rnammal.s, this comparison is 

deceptive since the deviation in the metabolic rate of the animals 

from that predicted, is not taken into account. When the energy 

assimilated is expressed as a function of the metabolic rate, the 

energy consumption of the hyrax falls within the range found for 

other eutherian mammals. The lower than predicted intake of energy 

is thus largely due to the low basal metabolic rate. The pr~sen-t 

study also lndicates that in the wild the energy expenditure is 

reduced further by energy conservation in thermoregulation and in a 

conservative level of activity. 



SECTION 3 

FERMENTATION AND THE PRODUCTION OF VOLATILE 

FATTY ACIDS IN THE ALIMENTARY TRACT OF 

THE ROCK HYRAX PROCAVIA CAPENSIS 
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' 

3. 1 INTRODUCTION 

The abundance of cellulose in the environm~nt provides a rich source 

of energy for animals that are able, either directly or indirectly, 

to break the consfituent 1-4, )3-glucosidic linkages in this carbo-

hydrate. In mammals this ability to digest cellulose resides in 

the bacterial population of the rumen or rumen-Like structures and 

the caecum. it has been suggested by Ki·nnear e..tcd. (1979) that 

the pre-gastric fermentation system of microbial digestion confers 

an advantage on mammals by expanding their nutritional 11iche and 

enabling them to consume food poor in nutrients, or containing toxic 

substances, thus avoiding competition with other mammals unable to 

utilize such foods. This advantage is readily demonstrated by the 

success of ruminants in nutrient poor env!ronments. AL though pre-

gastric fermentation is usual Ly associated with a complex voluminous 

stomach, a bacterial population may be able to reside in less com-

plex structures, providing the conditions are hospitable, and in 

this respect the lack of proteolytic enzymes would be a prerequisite 

to bacterial survival. 

The simple stomach of many granivorous and herbivorous mammals ls 

divided into two distinct regions. The p rox i ma l reg i or,, fr~ rmed t lie 

oesophageal or cardiac regic~ is Lined by stratified squamous api-

thelium and is separated from the normal glandular pyloric region 

b~ a ridge, comparable to the margo-plicatus of the horse. The 

simple stomach of the hyrax has the same structure, tho c~rdlac 

region being a highly distensible sac, slightly Larger than the 
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pyloric region and completely covered with stra·rified squamous epi-

thelium <Elias, 1946 and per.so'lal observations). The lack of glandular 

epithelium in this proximal region implies that it is a storage 

organ, where stasis of contents could occur. Thus depending on the 

length of time of storage, fermentation of the contents would be 

possible due to the accumulation of micro-organisms (Bauchop, 1971). 

In the hyrax, feeding is restricted to two main periods of the day, 

one in the morn\ng and one in the evening, both of which are Less 
Sroi-otilc. f.ed1"1 ~ ocr::.u.< ~'0l>j"'-ou..hk...~; \w~Vt!'.r. 

than 1 hr <Sale, 1965a;· Millar, 1972).A The plant material eaten is 

stored between these periods, for 4 hr in the cardiac stomach with 

some of the ingesta remaining in the whole stomach for 24 hr or more 

(Clemens, 1977). In addition, stasis of digesta and fermentation 

occurs in the proximal and distal caeca <Clemens, 1977; van Engel-

hardt e:t al., 1978), the Latter being an unusual feature of the 

alimentary tract of the hyrax. 

Unlike ruminants and ruminant-Like herbivores where ~he major site 

of microbial fermentation is the fore-stomach, rnonogastric herbi-

vores rely more on the hind-gut for cellulose digestion. This has 

been quantitatively established for the horse, pig, rabbit and rat 

by Elsden et al. < 1946). In the East f\frican hyrax, PJtoc.a.v.<.a. 

habu-6-i..n-i..c.a, fermentation with high concentrations of total volatile 

fatty acids CVFA> occurs In the cardiac stomach, and the proximal 

and distal caeca <Clemens, 1977; von Engelhardt e.t er,£., 1979). 

Information on the concentrations and relative proportions of indi-

vidual VFA along the length of the alimentary tract of any hyrax 

species is lacklng, however. 
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Since fore-stomach fermentation is considered to be a feature of 

ruminant-like metabolism, U seems 1.ikely that the hyrax would be 

included in this group of herbivores. In order to establish 

ruminant-like metabolism in the hyrax, it is necessary to demonstrate 

a high content· of .stearic rich, saturated fatty acids in the depot fat 

and a low glucose level in the blood, which are additional character-
' 

istlcs of ruminants. 

In view of the unusual ·feeding behaviour, the peculiar anatomy and 

evidence of fermentation in the alimentary tract of the hyrax, the 

purpose of this investigation was to detetmine whether the rock 

hyrax PTLoc.av.la c.ape_n-t,..,l.o has ruminant-like metabolism. Since studies 

on cellulose digestion in P. c.ctpe.n..6U have not been undertaken pre-

viously, the concentrations and proportions of VFA in the different 

regions of the alimentary irad have been examined, as well as' the 

lactic acid content of the cardiac stomach, the composition of the 

~epot fat and the glucose level in the plasma. 

3.2 PROCEDURE 

Six adult hyraces were killed between 2 and 7 hr post-feeding, by an 

intra-peritoneal injection of Nembutal <Abbot Laboratories). The 

alimentary tracts were ligatured at the distal ends of the oesophagus 

and rectum 1 removed and stored at -20°C until analysis. These 
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animals had been fed on Lucerne hay and commercial ~1ulnea pig pellets 

with water a.d .f.-i.b. Additional tracts were obtained from two hyraces 

killed in the wild ~pproximately 2 hr post morning feeding and one 

approximately 10hrpO'st morning feeding. 

3.2.1 Contents of the a~lmentary tract 

In a preliminary study the alimentary tract of 10 hyraces was divided 

into several regions (F1g.3,1) and the pH of the contents estimated 

using universal indicato1- pH paper. The contents of each region 

were weighed and a representative portion dried at 70°C and reweighed 

. for dry matter estimation. 

3.2.2 VFA determination 

A sample of wet gut contents from each region was homogenised with 

an appropriate volume of distilled water. An aliquot of the homo

genate was weighed and dried at 70°C. The rest of the homogenc.te 

was weighed and between 1 and 2 ml of iso-butyric acid added as an 

internal standard since It had been established that iso-butyrlc 

acid was not detectable in the gut with this method of extraction. 

The mixture was centrifuged at 1000 g for 20 min ~nd the supernatant 

again centrifuged at 65000g for 15 m:n. The final supernatant 

was stored, frozen, in sealed glass vials until used for column 

chromatography. The supernatant was injected directly onto a glass 

spiral column <2~6 m x 3 mm) containing Chromosorb 101 C80 - 100 mesh) 
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in a Hewlett Packard 5750 Research Chromatograph with dual flame 

ionization detectors. Nitrogen was used as the carrier gas 

(40 ml/min). The signal was proces~ed on an H.P. 3352A laboratory 

data system. The performance of the column was men i tored by regular 

analysis of a standard mixture of volatile fatty acids. VFA con

centrations were expressed as mg/g dry matter and converted to 

mmol/g dry matter using the molecular weight of the individual acids. 

3.2.3 Lactate analysis 

Extracts of the cardiac stomach contents used for VFA analysis were 

also analysed for lactat~ using the method of Gutman and Wahlefeld 

(1974). In an additional alimentary tract, the contents of all the 

regions were separated and squeezed through cheesecloth. The 

liquid recovered was then analysed for lactate using the same method, 

3.2.4 Depot fat analysis 

Subcutaneous fat obtained from the pelvic region was minced and the 

lipid extracted with chloroform/methanol using the method of Bligh 

and Dyer (1959). The extracted lipid was converted to methyl 

esters with 14 per cent boron trifluoride in methanol <Metcalfe et al., 

1966; AOAC methods, 1975). The esters were analysed in a 3 m x 6 mm 

glass column pack0d with 5 per cent DEGS on 100 ·· 120 mesh Chrornosorb 

W. The signal was processed on an HP 3352 laboratory data system. 
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' I. 

3.2.5 Analysis of blood glucose 

Blood was taken from the femoral vein of eight hyraces that had been 

starved for 12 hr. The glucose content of the plasma was then 

analysed using the method of \~erner e:t.-a.i.. ( 1970) <Boehringer Mannheim 

Test-Combination), 

3.3 RESULTS 

3.3.1 Structure and contents of the alimentary tract 

The structure of the alimentary tract of the hyrax is unusual, parti

cularly because it bears a second caecum and the relative stomach 

size is larger than that of other monogastric herbivores CFlg. 3.1 ), 

The proximal caecum <PC), termed the proximal sacculation by Clemens 

(1977), is a large sacculated organ separated from the small intestine 

by a sphincter. A second sphincter occurs close to the first and 

separates the caecum from the colon. The colon (Co) however, is 

proximally distended and sacculated and does not differ in appear

ance from the caecum itself. This proximal part of the colon 

CPCo) has been referred to as the distal sacculation by Clemens 

( 1977). A sphincter does not separate thls expanded portion ot the 

colon from the narrower tube-like conti~uation and is thus referred 

to here as the proximal colon. The ascending colon forms an expanded, 

non-sacculated region, referred to by several authors (George, 1874; 
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Fig. 3 . 1 The alimentary t r act of P. c.a.pe.11-0~ 

A - appendices; Co - colon; 
CCS - caeco-colon ic sph incte r ; CS - cardiac s t omac h; 
DC dis t al caecum; DCO dist a l colon and rec t um ; 
MP - posi ti on of ma r go-pli catus; 
PC - prvx imal caecum ; PCo - orox imaL colon ; 
PC - pyl or ic s t omac h; S I - small in tes ti na . 
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Grasse, 1956; · von Engelhardt e..t a.e.., 1978) as the distal caecum 

(DC). It bears two "horns" or appendices (A) referred to by Clemens 

( 1977) as the "caeca". 

The contents of the different regions in relation to the body mass 

are shown in Table 3. 1. The total stomach contents constituted 

3,9 per cent 6f the body mass with a range of 2,4 - 7,1 per cent. 

The two portions of the stomach contents differed si.ightly in moisture 

content, the cardiac stomach being dryer than the pyloric stomach 

(approximately 80 per cent and 83 per cent moisture respectively) but 

this difference was not statistically significant CTable 3.2). The 

contents of the proximal caecum and proximal colon together also 

constituted 4, 1 per cent of the body mass with a moisture conient of 

approximately 85 per cent, while the distal caecum and its appendices 

contained 3, 1 per cent of the body mass with a moisture content of 

approximately 82 per cent. The digesta reaching the descending 

colon and rectum were dryer with a moisture content of approximately 

80 per cent CTBble 3.2). 

3.3.2 pH of qut contents 

The pH of the cardiac stomach contents varied between 4 ond 6. In 

both of the wild hyraces killed about 2 hr after feeding, the cardiac 

stomach contents had a pH of 5,5, 

had a lower pH of 4,5. 

The animal shot 10 hr post feeding 
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Lower pH values were found in the pyloric stomach (range 3 - 4), 

while in the rest of the alimentary tract the contents were at a near 

neutral pH (Table 3.2). 

3.3.3 Concentrations of volatile fatty acids 

The major sites of fermentation in the alimentary tract of P. cap~~~-lo 

were found to be the proximal caecum and proxlmal colon with mean VFA 

concentrations of 39,2 and 32,6 mg/g dry matter content respectively 

<Table 3. Z). Both the cardiac stomach and distal caecum with its 

appendices contained appreciable concentrations of 22,2 and 17, 1 mg/g 

dry matter content, respectively. The concentration in the stomach 

however, was not always higher than that in the distal caecum. In 

the two wild hyraces kltled 2 hr after feeding, the VFA conce~tra-

tion in the cardiac stomach was high (43 and 21 mg/g dry matter) and 
. 

the stomachs were full. A lower concentration (14 mg/g dry matter) 

occurred in the stomach of the animal shot approximately 10 hr post 

feeding, with very little plant matter remaining in the cardiac 

stomach. 

Lower concentrations of VFA were recorded in the pyloric stomach. 

The mean concentration was found to be 5,3 mg/g dry matter which is 

significantly Lower (P<0,01) than that in the cardiac stomach. The 

contents of all but one of the pyloric stomachs had concentrations 

of approximately 6 mg/g dry matter or less, although there was one 

rather high value of 22 mg/g dry matter. High VFA concentrations 
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in the proximal caecum and proximal colon were recorded with a small 

but significant <P~0,05) difference between them, the concentration 

in the proximal colon being Lower. In fhe distal caecum and appen-

dices concentrations of 17 1 1 and 18,3 mg/g dry matter respectiv~Ly, 

were recorded, although no significant difference was found between 

these two regions. This was expected since the two compartments 
/ 

are continuous. The final region of the alimentary tract, the 

descending colon and rectum, had a mean concentration of 7,9 mg/g 

dry matter: Since the Last region contained both pelleted and 

unpelleted material, variations in the concentration would be 

expected. 

3.3.4 froportions of individual volatile fatty acids 

The proportions of individual VFA in the alimentary tract of P. c.ape.n-

.6U are shown l n Table· 3. 3. In the cardiac stomach, acetic acid 

was found to be predominant constituting 87 per cent of the total 

VFA with Low proportions of propionic and butyric acids (9 per cent 

and 3 per cent respectively). In the pyloric stomach, the only 

detectable VFA was acetic acid, and fhis was in low concentrations. 

The proportions of VFA in the proximal caecum and proximal colon 

.were identical. Acetic acid dominated but a higher proportion of 

both propionic <22 per cent) and butyric (8 per cent) acids was 

present here than in the cardiac stomach. In the distal caecum and 

the appendices, the distal colon and rectum, acetic acid varied from 

75 per cent - 78 per cent while the proportions of propionlc acid 
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were between 17 per cent - 20 per cent and butyric acid between 2 per 

cent - 4 per cent. 

3.3.5 Lactate concentrations 

~high mean lactate concentration of 1,9 mg/g of contents (wet) was 

found in the cardiac stomach, with lower concentrations occurring in 

the rest of the tract <Table 3.4). For comparative purposes, these 

concentrations have been converted to mmol/ 100 g dry ;natter in 

Table 3.4. 

3.3.6 Analysis of depot fat 

The depot fat of P. c.ape.Jt-6{..6 't1as found to have a high propod ion of 

linolenic and linoleic acids characteristic of non-ruminant herbivores 

<Table 3.5). 

3.3.7 Blood glucose 

A mean glucose l~vel of 77,3 mg/100 ml was found in the plasma with 

a wide variation of 44,0 - 103,2 mg/ml. These values may be higher 

than normal since the animals were somewhat stressed by the procedure 

employed ln blood sampling. Nevertheless they fall within the range 

establisherl for non-ruminant herbivores <Moir, 1968). 
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TABLE 3.5 Propor-f ions of major faHy acids in the subcutaneous 
fat from the pelvic region of P. c.ape.nhW (c.,W and 
:t.11.1uLJ.i acids not di st i ngu i shed) 

Fatty Acid · % of total fatty acids 

Myristic CC14:0) 5,5 

Palrnitic (C16:0) 22,,3 

Palm i tole i c (C16: U 4,5 

Stearic (C18:0) 10,2 

Oleic (Cl 8: 1) 37,8 

Linoleic CC18:2) 4,7 

Linolenic (C18:3) 10,3 

3.4 DISCUSSION 

The possibility that the hyrax may be a ruminant-like herbivore has 

been suggested by Moir ( 1968), but evidence to support this has been 

largely lacking. The data presented here indicate that the digestive 

system of the hyrax has features of both monogasirlc and ruminant-

like herbivores. 

Structurally, the stomach of the hyrax does not resemble the large 

sacculated stomach of ruminant-like herbivores. Although the 

stratified epithelium Lining the cardiac pouch of the stomach is 
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similar to the rumen epithelium, several monogastric herbivores 

have a constricted stomach with a part bearing this type of epi1helium. 

These ihclude several rodents, the tapir; rhinoceros (Bensley, 1902) 

and the horse (Sisson & Grossman, 1953). In addition, a reticular 

groove, which Black and Sharkey (1970) have considered to be an obli

gatory adaptation in ruminant-like herbivores, is absent in the stomach 

of P. c.a.pe.1'1.-6-W. Although George (1874) has described a structure 

resembling a rudimentary reticular grocve in the cardiac stomach of 

P. c.a.pe.11..0-W, I have not observed this feai·ure and histologically the 

dorsal aspect of the cardiac pouch does not differ from the rest of 

this region (unpublished data). Nevertheless, considering the close 

proximity of the oesophageal entrance to the glandular pyloric 

stomach an oesophageal groove may not be necessary to divert liquids 

(especially milk) awciy from the ferrnentative region. The same has 

been described in the poforir.e marsupial, Be.:ttongJ..a pe.nJ..c.ilfuta 

<Kinnear e.t al.., i'979), 

Whereas the contents of the large, compartment~d stomach of ruminant

l ike herbivores constitute approximately 15 per cent of the body mass 

(Moir, 1968), the contents of the simpler stomach of the hyrax con

stitute 3 - 7 per cent of the body mass, a similar proportion to that 

in the pig and rabbit (3 - 4 per cent and 4 - 9 per cent respectively) 

<Elsden e.t al., 1946). These percentages, however, are higher than 

those of other monogastrlc herbivores such as the horse and the rat 

(approximately 2 per cent and 1 per cent respectively (Elsden e.t a1-., 

.1946). Nevertheless, within the simple stomach of the hyrax, 

fermentation of the ingesta occurs, as shown by the higher concentrations 
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of VFA here. The average concentrations in the cardiac stomach 

(2,2 g/100 g dry matter, 0,4 mmol/g dry matter or approximately 

101 mmol/l) are high when compared to other monogastric herbivores 

such as the horse C0,45 g acetic acid/100 g dry matter), pig (1,52 g 

acetic acid/100 9;dry matter) and rabbit (0,3 g aceti~ acid/100 g 

dry matter) (Elsden et al., 1946), and are similar to those fcund in 

the stomachs of ruminant-like herbivores: For example, Bauchop and 

Martucci ( 1968) found the concentrations of VFA in the stomach of 

ruminant-like monkeys Pfle.4byw ente.R..fu.ti and PJi.e..6by:tJ..6 CJLL6:tatu.o to 

range from 0,5 - 1,4 mmol/g dry matter and in the Ouokka, Se.ton~x 

bJtac.hyWl..M concentrations of 18 - 147 mmol/l of ingesta have been 

found CMoir, 1965). Although rumination in the hyrax has been de

scribed by Hendrichs ( 1963), I have never observed hyraces to rumin

ate in the wild or in captivity, even when fed a high fibre diet. 

Hyraces do, however, often grind their mol~r teeth, a behaviour that 

gives the illusion of rumination. 

The regions of the alimentary tract of P. c.ape.M-W in which pH values 

are higher correspond t6 those regions of higher VFA concentrations. 

The pH variation found in the cardiac stomach seems to indicate that 

the low acidity normally required for efficient cellulose fermentation 

is not continuously maintained. Fermentation in the cardiac stomach 

appears to be unusual. in that acetic and Lactic ;;icids predominate. 

This suggests the presence of fermentative micro-organisms which are 

tolerant to relatively acid conditions. A pH of approximately 5, 

however, would permit the growth of Lactic acid producing bacteria 

as shown by Bauchop t 1971) In the rhesus monkey. Lactic acid also 
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occurs in high concentrations ln the stomach of the rabbit (Griffiths 

and Davies, 1963), but the production of lactic acid ls dependent on 

the ingestion of faecal pellets. Since no hyrax stomachs have been 

found to contain faecal pellets and coprophagy is a rare occurrence 

in the hyrax, the_production of lactic acid in this animal differs 

from that in the rabbit. 

Barnett ( 1952) and Barnett and Duncan { 1953) found that both acetic 

and lactic acids tend to predominate in the anaerobic fermentation of 

grass/water mixtures, analogous to silage fermentation, In the 

cardiac stomach of P. c..apeM~, the anaerobic condition: the pH, 

temperature and moisture content of the ingesta, as well as the pre

dominance of acetic and lactic acids, indicate that silage-like fer-

mentation occurs. It cannot be determined from the present study 

whether a resident microbial population or bacteria ingested 0ith 

the vegetation are responsible for this fermentation. 

Fermentation does not take place to any appreciable extent in the 

pyloric stomach as is evident ·from the low concentrations of VFA. 

This is consistent with the low pH and the secretion of proteolytic 

enzymes by the glandular epithelium which would be detrimental to 

bacterial survival. The concentration of acetic acid found in the 

pyloric stomach was low enough to assume that this acid was not com

pletely absorbed ln the cardiac stomach and was carried wlth the 

ingesta into the pylorus. 

The proportions of individual VFf1 found in H:0 proximal caecum and 
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proximal colon are siml lar to those found in the stomachs of most 

ruminants and ruminant-like herbivores <Moir, 1968). They a re -a l so 

similar to those found in the colon of the horse and the caecum of 

the pig CElsden c.t o.i., 1946). In this region the pH remains near 

neutral and probably a more stable and diverse microbial population 

exists than in the cardiac stomach. In the more distal fermentation 

regions the proportions of propionic and butyric acids decreased 

while acetic acid increased. This may indicate either a preferential 

absorption of propionic and butyric acids along the colon and in the 

distal caecum or a greater production of acetic acid in the distal 

caecum and appendices. In the absence of data on relative production 

and absorption rates of these acids an explanation for this obser

vation is not possible. 

The nutritional importance of the products of stomach fermentation to 

the hyrax remains speculative, Fermentation could aid Later enzy-

matic digestion by initiating the breakdown of carbohydrates as well 

as providing a protein source in the microbiat population carried 

through to the pyloric stomach. In view of the high concentrations 

of VFA found in the proximal caecum and proximal colon, these regions 

are probably responsible for the major part of carbohydrate digestion. 

The function of the distal caecum and appendices in relation to fer-

mentatlon remains uncertain. It seems probable, however, that micro-

organisms are carried with the digesta from the proximal caecum and 

proximal colon and continue their fermentative activity in the distal 

caecum and appendices. Since the concentrations of VFA and the 

moisture content of the digesta decreased ln this distal expanded 
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region, absorption of the end products of fermentation together with 

some \'later probably takes plac(~ here and in the distal colon and 

rectum. 

If a definite category of ruminant-like herbivores is to be used, then 

the hyrax P. capen,~,V., must be excluded from the group of truly 

ruminant-like herbivores since the hindgut, particularly the proximal 

caecum and proxlmal colon, appears to be the major site of fermen

tation, with concentrations of VFA higher than in the cardiac stomach. 

Furthermore the concentrations of plasma glucose are similar to those 

found in monogastric herbivores, and the high proportions of unsatu

rated Linoleic and linolenic acids in the depot fat indicate ihat the 

hyrax does not have a ruminant-like metabolism. !<innear e..t aL 

(1979) have expressed the f;Jtility O·f describing animals as umore or 

Les~ ruminant-like'', since the variability in digestive systems 

precludes categorization of i·his kind. With this, I am in total 

accord, the hyra~ being an example of such variation. 

Compared with ruminants, however, the specialized digestive system of 

the hyrax appears to have several adventages. The possession of both 

a pregastric and a caecal fermentation system allows them to exploit 

the benefits of both. The ability of the stomach bacteria to use 

non-protein r.itrogen in the form of recycled urea <Hume e.:t ed .•• 1980) 

for the subsequent production and use by the host of high quality 

microbial protein is clearly advantageous, particularly when coupled 

with the low nitrogen requirements of the hyrax (Hume et. ed . ., 1980). 

Furthermore, the stomach fermentation of cellulose or any carbohydrate 
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resistant to enzymatic digestion by the host, producing volatile 

fatty acids is as advantageous to the hyrax as it is to ruminants in 

exploiting an energy source otherwise unavailable. However, one of 

the disadvantages of this pathway of carbohydrate digestion for the 

ruminant is that the amount of glucose available for the animal is 

~urtailed, and of the volatile fatty acids, only propionate acts as 

a gluconeogenic precursor, another source being amino acids. Yet 

glucose is necessary in ruminants for the production of NADPH2 for. 

lipogenesis from acetate and butyrate (Lindsay, 197G; Annison & Arm

strong, 1970). Lactate, however, can be used as a source of glucose 

and thus, in the hyrax, the relatively high levels of this acid in 

the stomach could explain the higher blood glucose levels. Glucose 

could then be considered as important a source of energy for the 

hyrax as the fatty acids and the carbohydrate metabolism rather more 

stable than in the ruminant. 

Caecal fermentation in the hyrax would further reduce the fibrous 

food which escaped digestion in the stomach d~e to the shorter tim9 

exposed to bacterial action and the larger particle size in the 

absence of rumination. The digestion here would furnish the animal 

with additional fatty acids and vitamins and the smaller particle size 

of the waste material would reduce the abrasive effect of the faecal 

pellets on the gut Lining. At the same time, however, microbial 

protein lost through tt1e lack of subsequent enzymatic digestion would 

·be an unavoidable disadvantage of caecal fermentation. 



SECTION 4 

CALCIUM, MAGNESIUM AND PHOSPHORUS EXCRETION 

IN THE ROCK HYRAX PROCAVIA CAPENSIS 
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4. 1 INTRODUCTION 

Among the cliffs and rocky screes inhabited by the rock hyrax or 

dassie, a white accretion is often found, sometimes associated with a 

brown tar-like substance, the latter commonly known as "klipsweet". 

Both the white and brown accretions are urinary products, the latter 

sometimes combined with faecal matter. 

Louw e.t a£. ( 1973) noted that the 11 klipsweet 11 occurred when the 

communal urinating sites were sheltered from the rain, usually 

beneath an overhang, whereas the white precipitate, sometimes forming 

stalagmites, occurred when the urinating sites were on a steep rock 

face. In the latter situation the rain had leached out the soluble 

salts leaving the white precipitate. Their analysis of this preci-

pitate revealed a predominance of calcium carbonate. 

Hyrax urine, collected in the laboratory, divides into two distinct 

portions: a prec1pitate, mainly calcium carbonate and the supernatant, 

wl1ich often turns a dark rust colour on exposure to air. Urine 

taken directly from the bladder contains the calcium carbonate ln 

suspension, a precipitate forming after exposure to air. 

Urinary excretion of calcium carbonate has been observed in several 

other animals such as rabbits CCheeke and Amberg, 1973) and pack rats 

(Shirley a~d Schmidt-Nielsen, 1967) - both these animals excrete a 

rust coloured urine. Shirley and Schmidt-Nielsen C 1967) reported 
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that the urine of hamsters was "thick and creamyn, a description that 

accords with our own observations of guinea pig urine. The creami-

ness in the urine cf the guinea pig is also due to a calcium carbon-

ate precipitate. White encrustations on rocks, assumed to be the 

urinating sites of Pe.:tJz.OmLt.-6 .:l-.yp.i.c.uJ.> (Pet romy i dae) (Jarvis & Withe rs, 

personal communication), were found to contain calcium carbonate. 

Since calcium excretion takes place mainly via the gastro-intestinal 

tract in most mammals, ·it is remarkable that such apparently large 

quantities of undissolved calcium carbonate appear in the urine of the 

above-mentioned animals. The present investigation was H1erefore 

undertaken to examine this unusual feature and to establish the major 

pathways of calcium, phosphorus and magnesium excretion in the hyrax~ 

using two diets with different levels of the three elements. Since 

the diets used were very different, only general tendencies ha~e been 

examined. The experiments were not designed to determine the inter-

relationships between the elements though some speculations in this 

respect have been made. 

In addition, the levels of the three elements in body tissues and 

plasma have been determined to establish whether they occur at 

similar levels to those found in other mammals. Stomach contents of 

hyraces shot in the wild have been similarly analysed in an attempt 

to relate the experimental results to field conditions. 
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4.2 MATERIALS AND METHODS 

4.2.1 The balance trials 

Two experiments were conducted using rations with different levels of 

calcium, phosphorus, magnesium, crude f lbre, crude protein, hexane 

extract and ash. Prior to the balance trials, the two groups of 

experi_mental animals v1ere each kept in out-door pe-ns for about a 

month, during which time they received the ration i"o be used in that 

trial. Thereafter, they were kept indoors in individual cages, 

for seven days, to become accustomed to the experimental procedure. 

A balance trial was then conducted over five days in the first 

experiment ~nd over ten days in the second. 

During the course of the balance trials, the following regime was 

employed. All data were collected in the morning at 0800h. On 

the morning of day 2 the food and water intake and the urine produced 

during day 1 (tho first experimental day) was measured. Faecal 

collection was started only on day 4, i.o. that produced during day 3, 

thus allowing for a two day rate of passage (section 2)', 

4 • 2 • 1 • 1 E x.peJ[.{.me..n.t 

Nine adult male hyraces of average mass 2,3 kg were used. Each cage 

was placed on a stainless steel fine-mesh tray, beneath which was a 

PVC funnel Leading into a glass measuring cylinder. Faeces 1vere 
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retained on the mesh tray and urine was collected in the measuring 

cylinder. 

Each animal was given a predetermined amount of food daily and a 

khown volume of water. The ration given consisted of commercially 

P.repared pelleted food containing 0,88 per cent calcium, 0,88 per cent 

phosphorus, 0,24 per cent magnesium, 7,7 per cent crude fibre, 21,0 

per cent crude protein, 1,3 per cent hexane extract and 7,6 per cent 

ash on a moisture free basis. Food left from the previous day was 

removed, dried and weighed to determine the intake. 

was recorded. 

Water intake 

Each day the volume of urine excreted was recorded, the PVC funnel 

rinsed with dilute hydrochloric acid and distilled water and the urine 

sample and washings retained in a sealed plastic container and frozen. 

At the end of the experimental period, the daily urine samples from 

individual animals were pooled 1 made up to a known volume with hydro

chloric acid and distilled water and an aliquot retained and frozen 

for later analysis. 

Similarly, faeces collected daily were stored in plastic containers 

in a freezer until the end of the experiment when the daily samples 

collected from each animal, were combined and frozen. The experiment 

was terminated when five consecutive urine and faecal specimens had 

been taken. A ccllection period of only three days was possible 

for one an i ma l . The results for this animal have been included with 

the rest. At the end of the experimental period, the animals were 
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anaesthefised wii·h an intra-peritoneal injection of pentobarbifone sodium 

(Nembutal, Abbot). A blood sample was taken from the heart of each 

animal, centrifuged in a clinical centrifuge for 15 min and the 

plasma stored in vials and frozen. After death, the kidneys, liver, 

seft semimembranosus muscle and the nineteenth left rib were removed, 

placed in plastic bags and frozen for later analysis. 

4. 2. 1. 2 Expvr..< . .me.n.t 2 

In this experiment, three adult male and two adult non-gravid female 

hyraces of average mass 2,4 kg were used. 

Lucerne hay was used as the feed. It was coarsely ground in an 

attempt to prevent selection of leaves and not stems. Analysis 

showed this ration to contain 1,41 per cent calcium, 0,20 per 'cent 

phosphorus, 0,36 per cent magnesium, 29,9 per cent crude fibre, 18,5 

per cent crude protein, 1,4 per cent hexane extract and 9,5 per cent 

ash on a moisture free basis. 

The procedure used In the first experiment was repeated, but the 

collection period was extended to ten days. 

samples were taken. 

No tissue or blood 

On completion of this balance trial it was discovered that one an1mal 

was in severe negative calcium and magnesium balance. The resu l i· s 

from this animal have not been included and the results shown are 

those obtained from only four animals. 
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4.2.2 Field specimens 

Samples of stomach contents were available from wild animals shot on 

two adjacent farms in Niewoudtville <Western Cape 3119 C.A.). The 

samples collected every month over a period of a year were dried, 

milled and analysed for calcium, phosphorus and magnesium content. 

Six pooled monthly samples were analysed for crude fibre, crude 

protein, hexare extract and ash. 

An aliquot cf feed, refused feed, faeces and body tissue was dried, 

milled and then again dried to a constant mass at 103°C. .A. 2 g 

sample of each was ashed at 540°C for five hburs. The ash was 

dissolved in 5 ml 20 per cent hydrochloric acid and made up to 100 ml. 

This stock solution was suitably diluted for calcium and magnesium 

determinations by atomic absorption spectrophotometry. A nitrous 

oxide flame and potassium for ionization suppression was used 

<Varian Techtron, 1972). Phosphorus was determined using the photo

metric method of Hanson (1958). Standard A.O.A.C. ( 1960) methods 

were used for the proximal analyse~ except in the case of fat ex

traction where hexane was substituted for ether. 

Urine and serum samples were analysed fer calcium and magnesium by 

atomic absorption <Varian Techtron, 1972) while inorganic phosphates 

\vere determined using the photometric mathod of Delsal and Manhouri 

( 1958). 
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Total plasma protein was determined using the biL1ret method of Weich

selbaum <1946). 

4.3 RESULTS AND DISCUSSION 

4. 3. 1 Cale ium 

4. 3. 1 • 1 Bala.nee. :tAW-6 

On the pelleted rati6n, the mean mass gain over the experimental 

period was 1,1 per cent of the original mass (range - 6,6 per cent to 

+ 6,2 per cent·) while a mean mass gain of 2,6 per cent was obtained 

on the Lucerne ration <range 0 - 4,4 per cent). 

Table 4.1 shows a net negative balance for calcium·on the pelleted 

diet, the excess excreted representing 20,7 per cent of the calcfum 

intake per day. The animals on the Lucerne ration appeared to be in 

better calcium balance with a positive balance of 7,8 per cent of 

the intake per animal per day being recorded <Table 4. 1). 

The distribution of calcium betwee~ the urine and faeces did not 

closely follow the pat-i"ern found in most othe;- mammals. More calcl:Jm 

was found in the urine th,::n in the faeces in both experiments, 

although differences betwAen the two experiments were apparent in 

the percentage of Ingested calcium appearing In urine and faeces. 
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For example, Table 4.2 shows that on the pelleted ration with a calcium 

content of 0,88 oer cent, approximately 68 per cent of ingested calcium 

was excreted in the urine with 53,2 per cent appearing in the faeces. 

If expressed as a fraction of total output, then 55, 1 per cent 

appeared in the urine and 44,9 per cent in the faeces. However, on 

the Lucerne ratio~ with a higher calcium content of 1,41 per cent 

approximately 83 per cent of ingested calcium appeared in the urine 

with only 9 per cent in the faeces. This is even more marked if 

expressed as a fractiori·of total output with 90,3 per cent appearing 

in the urine and only 9t7 per cent in the faeces. 

From the two balance trials, it is clear that the renal pathway is the 

major route for calcium excretion in the hyrax. From absolute figures, 

<Table 4.2), it is evident that the dietary intake affects Ui'"inary 

calcium levels. This substantiates the findings of .Lauw et ~l·: 

_(1973). They noted, during the course of dehydration experiments on 
. 

hyraces, that the urinary precipitate disappeared when feed intake was 

reduced to negligible amounts, but reappeared when normal feed intake 

was resumed. 

The renal pathway as the major pathway for calcium excretion ls a 

remarkable feature of the hyrax. However, they are not alone in 

this respect. ChGeke and Amberg (1973) have shown that rabbits on 

a high calcium diet <4,44 per cent calcium) excreted about 60 per 

cent of that ingested, in the urine. On a diet of 0,69 per cent 

calcium, only 23 per cent of the calcium intake appeared in the urine. 

This too, indicates a dietary dependent response, but is not as 

j 
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marked as the response of ihe hyrax. Shirley and Schmidt-Nielsen 

( 1967) noted that the urine of pack rats (Ne.o:toma. ai.b.{gu£.a.) and 

hamsters appeared creamy from a calcium carbonate precipitate when 

fed calcium oxalate. The calcium levels in the urine of these 

animals represent~d only about 13 per cent (pack rats) and about 8 

per cent (hamsters) cf the average intake. The calcium of the feed 

in their experiments was predominantly in the form of calcium oxalate 

and thus those results may not reflect the true pattern of calcium 

excretion. Our own preliminary experiments using guinea pigs suggest 

that these animals also have high Levels of calcium in the urine. 

If it can be assumed.that urinary calcium excretion gives some Indi

cation of the superfluous amount absorbed by the digestive tract 

then these experiments suggest that the hyrax has an eff iciont calcium 

absorptive mechanism operating in the alimentary traCt with an'y 

excess calcium appearing in the urine. The faecal calcium then 

presumably represents unabsorbed calcium in part at least. 

The marked differences between the two experiments as far as calcium 

partitioning in the excreta is concerned <Table 4.2) may have several 

explanations, probably attributable to the different compositions of 

the two diets. Table 4.3.shows that the major differences in 

organic matter content of the rations were the fibre and protein 

content, with the Lucerne hay having a much higher fibre content but 

slightly Lower protein content than the pellets. !t may be of sig-

nificance in this respect thai prnper faec:al pellets were not formed 

on the commercial pelleted ration but were on the tucerne hay ration. 
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For this reason, the latter diet probably approximated the natural diet 

of the hyrax more closely than the commercially prepared pellets. 

This is further verified by a comparison of the proximal analyses of 

the two feeds with that of the stomach contents of field animals 

CTable 4.3). An additional difference between the two diets was 

that the pelleted ration had been ground before pelleting while the 

Lucerne hay had been only coarsely chopped. Both a low fibre con-

tent and a fine consistency of feed allow a rapid passage through the 

alimentary tract of herbivores. It is possible that these two 

factors contributed to the decreased calcium absorption of the 

animals on the pelleted diet. 

A~art from differences In organic content and physical properties of 

the feeds used in the two experiments the inorganic composition 

differed considerably, not only in calcium.content but in phosphorus 

content as well with only a small difference in magnesium (Table 

4. 3). Since the pelleted ration contained 0,88 per cent phosphorus 

compared with the 0,20 per cent phosphorus content of the Lucerne hay, 

the high phosphorus levels of the pelleted diet may have inhibited 

calcium absorption by forming insoluble calcium triphosphate. This 

would result in a higher faecal calcium content. The negative 

·calcium balance in the first experiment <Table 4.1) is unexpected 

when the calcium content of the diet fed is compared with the calcium 

levels of stomach contents from wild hyraces (Table 4.2), Since it 

is unlikely that the wild hyraces were In negative calcium balance, 

it would be expected that an uptake greater than 0,69 per cent 

calcium v.:ould result in a positive balance, unless part of the intake 
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was unavailable for absorption. This would result in a higher calcium 

Level in the faeces and possibly a negative calcium balance. 

4.3. 1.2 F~eld ~ample~ 

The calcium levels of the samples of stomach contents (Table 4.3) may 

not be a true reflection of dietary intake since sat ivary calcium 

may have been included. Although these values vary considerably 

they are Lower than thdse of the different feeds used in the two 

experiments. One would expect to find, therefore, that hyraces in 

the field have a Lower urinary calcium content than found in the two 

balance trials. Nevertheless, under field conditions, hyraces do 

excrete much calcium in the urine, since the rocks which form the 

urinating sites are always marked by a white calcium carbonate pre

cipitate. Thls fact re-emphasizes the efficient calcium absorption 

mechanism in the alimentary tract, with large amounts appearing in 

the urine. 

4.3.2 Phosphorus 

4 . 3. 2 . 1 Ba1.o,11c.e. bi.~ 

Positive phosphorus balances were shown in both experiments, repre

senting 5,6 per cent and 1,3 per cent of the phosphorus Intake in 

experiments 1 and 2 respectively (Table 4.1). 

Urinary phosphorus levels in the hyraces, measured in the two experi-

ments, tended to be low. With an intake of 0,88 per cent phosphorus 
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in the feed, approximately 16 per cent of that ingested appeared in 

t.he urine, but this latter value fell to about 1,5 per cent with a 

diet containing 0,20 per cent phosphorus·CTable 4.2). As with calcium, 

urinary phosphorus appears to be dietary dependent. This is clearly 

shown when absolute intake is compared with the urinary oLltput 

<Table 4.2). As.expected, the urinary phosphorus content is much 

Lower than the calcium content. In their experiments on rabbits, 

Cheeke and Amberg (1973) found a low urinary phosphorusAoutput. 

However, the dietary l~vels did not seem to influence.the urinary 

levels with approximately 6 per cent of the ingested phosphorus 

appearing in the ~rine on diets containing either 0,36 per cent or 

O, 72 per cent phosphorus. 

A Low urinary phosphorus excretion is a common feature of many herbi-

vorous animals. Sheep, on a pelleted grass diet excrete Less than 
\ 

8 per cent of the phosphorus intake in the urine and s iml lar levels 

have been found in the urine of .young calves and red deer. Steers 

on a roughage diet :-iave been found to excrete only 2 - 4 per cent of 

the phosphorus intake in the urine (quoted by Scott, 1972) ·• 

The major pathway for phosphorus excretion in the hyrax appears to 

be through the gastrointestinal tract with approximately 78 per cent 

of the ingested phosphorus- appearing in the faeces on a diet contain-

ing 0,88 per cent phosphorus. Of the total output 83,8 per cent 

appeared in the faeces and 16,2 per cent in the urine. On the lower 

phosphorus content diet C0,20 per cent) almost 98 per cent of that 

ingested appeured in the faeces (Table 4.2). In this case 98,3 p~r 
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cent of total output appeared in the faeces and only 1,7 per cent in 

the urine. \!!hen absolute amounts excreted. are considered, although 

more phosphorus is absorbed and excreted in the urine on a high 

phosphorus intake, it appears that absorption is limited by the 

intestine resulting in a higher faecal loss on a higher dietary in

take. 

Although a calcium to phosphorus ratio between 2:1 and 1:2 in the 

feeds of domestic animals is considered 1o be optimal for absorption 

of both these elements (Maynard & Loosli, 1962) this does not seem 

to be true for hyraces, since interference with calcium absorption 

seems to have occurred on the pelleted ration. Although other 

factors, such as a rapid passage of digesta through the gastro

intestinal tract, may have contributed to reduced absorption, a ratio 

as low as 1: 1 was not found In th~ stomach contents of the wild 

animals. The Lowest ratio found was 2:4:1 and the highest 7,0:1. 

From the field samples, a range of 0,09 per cent to 0,19 per cent 

phosphorus was recorded in the stomach contents <Table 4. 3). ,l\l though 

saliva may have contributed in part to these values, they are much 

lower than the 01 88 per cent phosphorus contents of the commercial 

pelleted ration. The 0,20 per cent phosphorus content of the Lucerne 

hay feed ·was closer to the phosphorus content of the stomach contents 

and It is probable, therefore, that the urinary phosphorus excretion 

is low under field conditions. The low phosphor~s content of much 
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of 'the South African herbage is well known and phosphorus deficiency 

symptoms are common in domestic animals that do not have supplemen·tary 

feeds (Theiler e.t al.., 1928 e.t -0e.q). 

4.3w3 ~agnesium 

4. 3. 3. 1 Ba.func.e. :Ur_i...o.R/., 

Similar to the calcium balances, a net negative magnesium balance of 

8 1 8 per cent of the intake was found in the first experiment 

(pelleted ration containing 0,24 per cent magnesium), but a positive 

balance representing 6,3 per cent of the intake was found on the 

Lucerne hay diet C0,36 per cent magnesium) <Table 4. 1). Although 

the feeds did not differ much in magnesium content, it is interesting 

to note that the distribution of this element varied considerably, 

with 50,3 per cent ingested magnesium appearing in the urine and 58,5 

per cent in the faeces in the first experiment, while in the second 

64,6 per cent was found in the urine and 28,9 per cent in the faeces <Table 4.2). 

·A similar variation is found in the fractions of total output with 

26,4 per cent appearing in the urine and 53,6 per cent in the faeces 

in the first experiment and 69,0 per cent in the urine and 31,0 per 

cent in the faeces in the second experiment. Thus, no conclusions as 

to the major route of magnesium excretion can be made from the two 

balance trials. 

A similar pattern of magnesium excretion was found by Cheeke and 

Amberg (1973) in rabbits. On a 0,21 pe~ cent magnesium intake (;vith 
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4,4 per cent calcium and 0,36 per cant phosphorus) 55,2 per cent of 

ingested magnesium appeared in the urine and 17,2 per cent in the 

faeces. On a 0, 19 per cent magnesium !~take Cw Ith 0,69 per cent 

calcium and 0,72 per cent phosphorus), 37,2 per cent of ingested mag-

nesium appeared in the urine and 47,1 per cent· in the faeces. In 

~oth the hyrax and rabbit it appears that the pattern of magnesium 

excretion is linked with that of calcium. \•!hen absolute values 

are considered, it is seen that although the hyraces had a higher 

magnesium Intake on the Lucerne hay diet, approximately the ssme 

amount appeared in the faeces in both experiments <Table 4.2). It 

is possible, that, as with calcium 1 the higher phosphorus levels of 

the pelleted diet inhibited magnesium absorption. When the rnagne-

slum intake was Increased there was a concommitant rise in urine mag-

nesium. As urinary levels are plasma dependent <Belonje, 1978; 

Nordin, 1976) there must have been an increased absorption of this 

element. 

4.3.3.2 F~etd ~cunple...:s 

The stomach contents from field animals showed a range of magnesium 

content from 0,13 per cent to 0,20 per cenf. Again the experimental 
I 

rations were higher than the natural diet (Table 4.3). From the 

present study it ls expected that an almost equal distribution of mag-

nesium in the urine and faeces would occur in the wild, 
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4.3.4 Mineral content of tissues and plasma 

The calcium phosphorus and magnesium content of bone, soft tissues 

and plasma in the hyrax show some differences from sheep <Table 4.4). 

The values for bone were higher In the hyrax, but since these animals 

i·1ere fed on a diet with higher content of the three elements, the 

differences ln bone composition are to be expected. 

The differences in some of the soft tissues are difficult to explain 

but may be a species specific feature. Generally, the values for 

all elements in the tiss 1Jes fall within the normal range expected 

for mammals .. 

The Levels of the three elements in the plasma did not show any 

deviation from those normally found !n mammals <Table 4.4>. In rabbits 

the plasma calcium Level reflects the dietary level <Chapin & Smith, 

1967 from Cheeke & Amberg, 1973) and in view of the similarity in 

patterns of calcium excretion between the hyrax and the rabbit, it 

is possible that the same may be true of the hyrax. 

4.3.5 Ecological significance 

The adaptive value of a high calcium excretion in the urine is enig-
-

matic. A common feature of the animals known to excrete or that 

possibly excrete unusually large amounts of calcium in the urine viz. 

hyraces, rabbits, pack rats, hamsters, guinea pigs and the dassie-rat 

{Pe.vwmu-6 :bjp-i.c.u~-~) ls that they are smatl her-bivores. Other than 
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the hamsters and pack rats whlch belong to the same subfamily 

(Cricetinae) <Shirley & Schmidt-Nielsen, 1967) there ls no taxonomic 

similarity. Urinary excretion of calcium may be of no adaptive slg-

nificance, but rather an obligatory process arising from the mechan-

ism of calcium absorption in the digestive system. Shirley and 

Schmidt-Nielsen ( 1967) have suggested that efficient calcium absorp

tion in the pack rat may be an adaptation to a low calcium,hlgh 

oxalate diet. While hamsters too can absorb and excrete calcium 

from calcium oxalate <Shirley & Schmidt-Nielsen, 1967) 1 the rabbit 

cannot <Cheeke & Amberg, 1973). In this respect it should be noted 

that on occasion, a layernd stone, composed predominantly of calcium 

and magnesium oxalate with a trace of phosphate, has been found in 

the stomach of wild hyraces (personal observation). This suggests 

that a diet containing oxalic acid (presumably with a high conce11tra

tion) may have a detrimental effect on the absorption of calctum 

magnesium and phosphorus. Beyond this, however, the oxalate meta-

bolism of hyraces, guinea pigs and dassie-rats is not known but an 

efficient absorption of calcium under any conditions of low calcium 

availability would certainly be advantageous, pa~ticularly for young 

growing animals and lactating females. It is difficult to accept 

that the calcium metabolism of the above animals has no adaptive sig

nificance and that none of them can regulate their calcium absorption 

(Trout, 1954 from Shirley & Schmidt-Nielsen, 1967). 

\·lhether the availability of calcium in the natural diets of these 

animals is low is difficult to asses, since the d!et may vary con-

siderably in the various regio~s the animals inhabit. Hyraces inhabit 
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areas with widely differing vegetation types but are reputed to feed 

frequently on plants high in oxalic acid in certain habitats within 

th~ir distribution. Frorn thc3 data available on the hyrax, it seems 

that the calcium content of the diet is not particularly low. Thus 

the efficient calcium absorbing mechanism might have evolved at a 

time when calcium was scarce and readaptation has not occurred. 

Whatever the advantage may be of this ability to absorb calcium, the 

resulting calcium Load presented to the kidneys is certainly potentially 

hazardous, since the risk of renal calculi is increased. Although 

the calciu~ finally appears ln the urine as a calcium carbonate pre-

cipitate it is unlikely that this forms in the kidney itself but 

probably in the ureter or bladder where it is kept in suspension. 

The ability of the renal system of the hyrax to cope -with a hi~h 

calcium load presumably with no malfunction is of medical interest 
,, 

and deserves further investigation. 



SECTION 5 

WATER METABOLISM IN THE 

ROCK HYRAX PROCAVIA CAPENS1S 
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5. 1 INTRODUCTION 

The rock hyrax P1wc.a.via. c.ape.n.til-6, being of an intermediate body size, 

employs behavioural and physiological means similar to those used by 

both small and large mammals to dissipate heat. High ambient tempera-

tures are avoided by retreating into rock crevices which have smaller 

fluctuations in temperature and humidity than the outside environment 

(section 6; Turner & Watson, 1965; Bartholomew & Rainy, 1971 ). In 

addition they are able to use evaporative cooling for heat dissipation. 

Bartholomew and Rainy (1971) have observed sweat droplets on the soles 

of the feet in He.tvwhyJt.o.x bJt.uc.e...i. under heat stress, and Taylor and 

Sale <1969) have described paniing, salivating and grooming in hyraces 

exposed to high temperatures. 

Irrespective of the body size, however, a mammal Living in arid areas 

must have an economic water expenditure. The most common lines of 

research related to water economy have been investigations of water 

turnover, water balance and renal function of an animal under normal, 

heat-stressed or water-deprived cond1tions. Usually, these have been 

done in conjunction with m~dabolism studies. The hyrax has received 

some attention in this respect. The renal function of P. c.a.pe.n.J.>-W in 

the Laboratory has been examined by Louw et al. (1973) and that of 

P. l:itjJt.J...a.c.u./.:J by i•';eltzer C1976), with a comparison between the two 

reported by Maloly and Sale ( 1976). Ext~nsive studies on the water 

turnover and wate: bala:ice of P. ha.be..-;,~.i..n..i..c<A. l n the laboratory have 

been repoded <Rubsarnen e..t o,£., 1979; Rubsar,1en & Kettembe i L, 1980) 

together with the urea kinetics of this species (Hume e..t a..t., 1980). 
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The water turnover of P. c.ape.;i,!J-0.i, however, has not been studied either 

in the laboratory or in the field. In view of the known influence of 

different climatic conditions on the physiology of species living in 

different geographical regions, the present work was undertaken to 

examine the water turnover of P. c~pen.,,~-0., under simulated field con

ditions and to compare this situation with the laboratory studies 

reported for other species. 

5.2· PROCEDURE 

5.2.1 'Field' studies 

Ten hyraces (4 males, 6 females) were trapped in the Robertson district 

of the Cape Province and subsequently maintained in an outdoor cage at 

the 'Vrolijkheid' Nature Conservation Research Station for two months 

prior to the study. None of the females was gravid and several of the 

animals were sub-adult. The mean mass of the ten hyraces was 

t,14 ~ 0,31 kg. The dimensions of the cage were 5 m x 6 m x 3 m 

(L x 8 x H> and it contained a stone shelter into which the animals could 

retreat. They were thus subject to natural sunlight, temperature and 

humidity fluctuations with a moderate amount of space in which to move. 

For a month prior to initiating the experiment, they were fed chopped 

Lucerne hay and g ! ven drinking water a.d R.-i..b. 
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5.2.2 Water turnover rates usinq tritiated water CTOH) 
-------~ - ---------

Two estimates of the water turnover rate (WTR) were made, one with drink-· 

ing water provided ad f-lb. (hernafter termed ;hydrated' ardmals), and 

.the other with no drinking water (hereafter termed 'dehydrated' animals>. 

The animals were weighed and injected CI .P.) with tritiated water 

(approximately 40 uCi/kg) diluted in sterile saline. An equilibration 

time of 18 hours was allowed before the first blood sample was taken 

by heart puncture. Owing to the risk of trauma involved in this 

method of sampling, only one other blood sample was taken after 9 days 

when the anl~als were weighed again. Water was then removed from the 

cage and the animals dehydrated for a further five days. ·Only four of 

the animals could be used in the dehydration experiment and it was 

logistical.Ly impossible to repeat it using more animals. After five 

days the four remaining hyraces were weighed again and a final blood 

sample taken. 

During the twc periods of experimentation, daily maximum snd minimum 

ambient temperatures were recorded, as well as the relative humidity ~t 

13.00 h. Although the experiments were conducted during the winter 

months of JunG-JuLy, no rain fell during the two experimental periods 

though heavy dew falls were common. To assess the increased moisture 

content of the food after a dew tall, a known mass of Lucerne hay with 

known water content was Left outside ln a mesh container, overnight. 

The next morning just after sunrise, it was reweighed, dried at 70°C 

and the gain ln water content calculated. 
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5.2.3 Treatment of blood sam2~es 

All blood samples were processed immediately. A 25 to 50 microlitre 

sample was first taken from the one millilitre blood sample for 

haematocrit determination and the remaining volume was centrifuged in 

a clinical centrifuge. ·The plasma was separated and 200 µl of plasma 

added to 400 µl trichloroa~etic acid to precipitate the plasma proteins. 

After centrifuging this mixture, the clear supernatant was stored 

frozen in sealed vials until the radioactivity could be determined. 

5.2~4 Determination of radioactivitl 

The radioactivity of all the processed blood samples and the original 

TOH solution was assessed at the same time. 100 µl of the solution 

to be counted was added to 10 ml Packard lnstagel scintillation cocktail 

and the radioacti~ity measured using a Packard liquid scintillation 

counter (model 3385). A Wang 700 bench top computer, programmed to 

correct for quenching was used to convert CPM to DPM. The DPM values 

were converted to µCi/ml correcting for all dllutlons and the final 
i 

values for each animal plotted on semilogarithmic graph paper against 

time as the abscissa. The rate constant (k), biological half-life 

<t~> total body water CTBW> and water turnover rate (WTR> were calcu-

lated according to the method outlined by Yousef e.;t al. ( 1974). To 

calculate the WTR of a dehydrated animal, TB\v was assumed to be the 

same as that when hydrated. This assumption would be true only at 

the beginning of the dehydration period and thus the WTR presented ls 

probably an overestimation. WTR has been expressed per kgo,a to 

eliminate the variations due to body s!ze (Richmond et al., 1962>. 
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5.2.5 Urine and plasma a~alysis; kidney morphology 

To assess the effect of dehydration on the plasma and urine electrolytes, 

urea content and osmolality, eight hyraces (5 females, 3 males) of mean 

body mass 2,21 ± 0,96 kg were used. They had been in captivity for 

over a month and wore maintained in an outdoor cage with a sheltered 

sed ion. During the period of captivity they were fed Lucerne hay, 

commercial rabbit pellets and occasional fresh greens. Water was 

provided ad Ub. Four of these animals, presumably normall.y hydrated, 
' 

were killed with an l.P. injection of Euthabarb (pentobarbitone sodium, Len-

non Laboratories) a blood sample from the heart was withdrawn while 

under deep anaesthesia and after death, a sample of urine was withdrawn 

from the bladder by syringe. The kidneys were removed and their 

indivldual masses recorded. The other four hyraces were deprived of 

free drinking water for five days and fed only Lucerne hay and the 

pelleted food. Thereafter, blood, urine and kidneys were removed 

as described above. 

All blood and urine samples were centrifuged to obtain the plasma and, 

in the case of the urine, to remove the calcium carbonate precipitate. 

The osmolality of all samples was determined immediately using a Wescor 

microosmometer and the sodium and potassium content was determined 

using a flame photcmeter (Instrumentation labora·rory, r.1odel 243). 

Urea and chloride concentrations were measured in a Beckman Astra 8 

automated Stat/Routine analyser. 

The dimensions of the kidneys were measured and each sectioned medially. 
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The relative medullary thickness was calculated as described by 

Sperber ( 1944). 

5.2.6 Statistical tests 

Mean values for all measurements were calculated with the estimate of 

error expressed as the standard deviation, unless otherwise stated. 

Whenever appropriate a Student~ 't' test was performed to determine 

the significance of differences <Zar, 1974). Occasionally it was 

necessary to perform a paired 't' test CZar, 1974) when the variation 

between individual animals was Large. This has been noted whenever !t 

was used. The minimu~ Level of significance considered acceptable 

throughout was p<0,05 C95%). 

5.3 RESULTS 

5.3.1 Total body water (TBW) and tritiated water turnover rate (\IJTR) 

The TBW, biological half-Life <ti> and WTR recorded in the hydrated and 

dehydrated animals are shown in Table 5. 1. During both experiments, 

the variations in temperature and relative humidity of the air were 

similar and have been summarized in Table 5.2. The TBW of the hydrated 

animals <70,7%> was within the range expected for mammals <Richmond e.t al., 

1962; Hulbert & Gordon, 1972; Holleman & Dieterich, 1973; Yousef et 

a.£.., 1974). The values given for TBW of the dehydrated animals 
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(Table 5.Dwere estimated at the beginning of the period of dehydration 

and thus do not reflect the effect of water res1riction on this para-

meter. 

As would be expecte~, the WTR of the hydrated hyraces was significantly 

higher (p~D,001) than those of the dehydrated hyraces, the mean 

-1 -0 8 value for each being 85, 1 ± 7,2 and 27,7 ± 12,5 ml.day .kg ' 

respectively. The turnover rate for the hydrated animals was 69,5 per 

cent of that predicted according to body mass, using the equation: 

-1 WTR (ml.day. ) 0,4894 (mass g. ,o,s 

(Richmond et al., 1962) 

A similar comparison with predicted values was not made for the dehy-

drated animals as they were in negative water balance. The values for 

t~ shown in Table 5. 1 are a reflection of the WTR, a high t~ reflecting 

a low WTR. 

5.3.2 Hcematocrits 

The mean haematocrit value for the eight hyraces with water provided 

ad f~b. was 31,3 ~ 7,3 per cent. Of these animals, the four that 

were dehydrated subsequently, had a mean haematocrit value of 

32,3 ~ 8,7 per cent which increased to 40,3 ! 5,7 per cent when dehy-
-

drated. This increase was significant (p<0,02) when tested with a 

paired 't' test and the mean of the differences between the values for 

each animal was 8,0 ± 2,9 per cent. 
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TABLE 5.2 Air temperatures and relative humidities recorded during 
the evaluation of the water turnover rates of P. c..a.pe.n.6~. 

Hydration period 

Dehydration period 

Maximum 
Temper·ature 

oc 

Mean range 

19,6 15-25 

21, 4- 16-24 1 

Minimum 
Temperature 

oc 

Mean range 

5,6 1-8 

5' 1 /.-10 

Relative 
Humidity 

(,/. 

JO 

Mean range 

62,8 .37-82 

60,6 48-91 
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5.3.3 Composition of plasma and urine 

The different concentrations of sodium CNa+) potassium CK+>, chloride 

CCL ) and urea, as well as the osmolality of plasma and urine in the 

four hydrated and four dehydrated hyraces are shown in Table 5.3. The 

mean mass of the four hydrai·ed animals was 2,56 ! 0, 74 kg and that of 

the dehydrated animals was initially 2,27 ! 0,32 kg. After five days 

without water the mean mass of the Latter group was reduced by 

. 17,7 ! 0,73 per cent. Although the actual amounts of food ingested, 

faecal matter voided and ur·ine volumes excreted over the period of 

water deprivation were not measured, the small quantity of faecal 

matter in the cage and the ~pparent lack of a calcium carbonate preci

pitate in the urine samples of all except one animal on the fifth day, 

were indicative of a Large reduction in the food intake. 

Dehydration did not significantly alter the Na+ and K+ concentrations 

in the plasma Cp> 0, 1) al though both chloride and urea concentrations 

increased significantly (p<0,05 and pc::::0,01 respectively). Despite 

the almost doubled concentration of the plasma urea, dehydration did 

not cause a statistically significant increase in the plasma osmolality 

Cp>O, 10>. While the concentrations of the measured components of 

the plasma did not show a marked individual variation (shown by the 

low standard deviations in Table 5.3) the urinary concentrations did. 

·In general, the conc~ntrations of the urine electrolytes in the dehy

drated hyraces decreased when compared with those of the hydrated 

hyraces, but only the K+ concentration was significantly Lower (p<0,05). 
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Urinary urea concentrations increased significantly Cp~0,005) when 

the animals were dehydrated. Although the osmolality of the urine 

increased after dehydration, it is unlikely that the maximum osmolality 

-1 recorded ( 1823 mosm.kg ) represented the maximum attainable, since the 

animals had reduced their food intake. These results will be disccssed 

Later in conjunction with those of Lauw e.taJ.. ( 1973) and Maloiy ar:d 

Sale (1976). 

The urine:plasma ratio for each of the abovs constituents have been 

compared in Table 5.3. The ratio for K+ and Cl was significantly 

lower in the dehydrated animals Cp<0,005 and p<0,05 respectively>, 
'-

but no difference was ·show~ in the ratios for Na+, urea or osmolallty 

Call p>0,05). 

5.3.4 Relative medullary thickness of the kidneys 

The relative medullary thickness of the kidneys of an animal gives an 

lndication of the maximum concentration of the urine that can be pro-

duced (Schmidt-Nielsen & O'Dell, 1961>. The mean relative medullary 

thickness for P. c.a.pe.11.-6.W measured in 16 kidneys (mean mass 7,37 + 

1,96 g). was 6,64 ! 0,73 and the highest ratio obtained was 7,90. This 

corresponds to a maximum urine concentrating ability of between 3000 

-1 and 4000 mosm.kg when compared with other mammals <Yaakobi & Shkolnlk, 

1974). 
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5.4 DISCUSSION 

5.4. 1 Water turnover rate 

5. 4. 1 • 1 Hyd11.ate.d hyJt.ac~ 

The water turnover rate CWTR> of an animal under controlled conditions 

in the laboratory can be expected to differ from that of an animal in 

the wild. This is beca~se the latter measurement is subject to the 

influences of the animal's activity, socia~ behaviour, the availability 

of food and water and changing climatic conditions such as temperature 

and humidity. In the present experiments, the condltions under which 

the outdoor hyraces were studied approximated natural conditions in 

winter as the animals were subjected to the daily cl1anges in tempera~ 

ture and humidity. Moreover, their activity was only partly curtailed 

and because a whole colony was studied, the effects of a gregarious 

~ife-style were operative. expected therefore to find that the 

mean WTR for the outdoor animals would be higher than those values 

found in the laboratory for other species of hyrax. For example 

Rubs amen et al. ( 1979) found the \HR of P,'1.oectv-<.a h.1.:r..be..6.0..i..n .. i.c.a. to be 

. -0 82 -- i 
61,4 44,1 and 55,1 ml.kg ' .day at Laboratory temperatures of 

20, 27 and 35°C respectively v1ith food and v1ater provided a.d .l.-i.b. Rub-

samen and Kettembei l ( 1980) working 1·Jith the same species, found a 

-0 82 -1 similar WTR of 61 ml.kg ' .day with laboratory temperatures varying 

between 20 and 30°C. The thermoneutraL zone of P. ha.beJ.>1.>..i..n-<..c.a. extends 

from 27 to 35°C ar:d the rel.ative humidities in these two experiments 

~ varied but wer0 ~ewer than in the present study. Air temperatures in 
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the present study never exceeded the thermoneu tr.al zone of P. · c.ape.n.o..V., 

(19 to c.a. 28°C - section 6) but did fall below 19°C. Therefore, 

for comparative purposes the WTR found by Rubsamen and Kettembeil 

(1980) is the more appropriate here. This assumes that P. Qape.vi-6..W 

would have a similar WTR to P. habv.:iJ.iJ..11J..c.a under the same conditions, 

an assumption that may be justified considering that their basal 

-1 -1 metabolic rates are the same C0,27 mL02.g .h - section 6, and 

Rubs amen e..t aL, 1979). Thus the rat i o bet ween the WTR of P. c.ape.11!.i-W 

outdoors, and those of P. ltabe.J.:>J.ib1i.c.a in the laboratory would be 

c.a. 1,4, relatively low considering that the outdoor animals were 

subject to more variable climatic conditions and their activity was not 

as restricted as the laboratory animals. A closer examination of the 

~ossible avenues of water loss in the outdoor anlmals does explain 

the low ratio, however. 

In the present study, since air temperatures did not exceed thermo-

neutrality, there was Little or no necessity to use water for heat 

dissipation. Evaporative water loss CEWL) for metabol le heat dissi-

pation would then depend on the level of activity, but it is unlikely 

that a large volume of water would have to be used for cooling as heat 

would be lost passively from the body to the cooler air at these 

temperatures. At night, however, temperatures were Low, reaching 1°C. 

At Low ambient temperatures, metabolism and therefore heat production 

increases in order to maintain a stable body temperature Cseciion 6). 

This process involves the catabol!sm of the energy stores in the body 

producing waste products which must be eliminated via the urine,· 

thereby losing water. Thus the higher the metabolic rate 1 the more 
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water would be lost in the urine. Since the metabolic rate is 

dependent on the ambient temperatures and on the behaviour of the 

animals with respect to air temperatures, in an outdoor or wild situa-

tion, behaviour is of critical significance in the assessment of the 

water demands of the hyrax. 

Here the effects of utilizing environmental conditions such as solar 

heat or creating a favourable microcllmate by huddling in the crevices 

to minimise metabolic heat production are operative (see section 6). 

In the present context it would seem that the hyraces expended 

relatively little energy in activity and particularly at night when 

temperatures were so low and the metabolic rate would be expected to 

be high, huddling in the crevices created an ambient temperature and 

humidity such that water losses and heat production were minimised. 

The low level of activity and energy expenditure in the wild, as 

suggested in section 2 by comparison of the food intake in the ~\'ild and 

in the laboratory are therefore supported here. 

5. 4. 1 . 2 Ve.hydJLa..:te.d hrpr.a..c.e.,~ ' 

Th WTR f th d h . t . . L <27 - L k -O,B , -l) bi e o . e e ydra ea nyi-c:ces was ow , i m . ,g . day u 1 

was accompanied by a Large reduction In mass (25% of initial mass). 

This value, although similar, is not directly comparable to the \•/TR of 

P. ha..be..M-i.1i..i..c.a., found by Rubs amen anc Kei"tembe i L ( 1980) or Rubsamen e..t 

al.. ( 1979), on a reduced water intake. !n the former study, the 

animals initially lost 15 per cent of their body mass but thereafter 

-0,82 -1 maintained a stable mass with a WTR of 37 ml.kg .day The latter 
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-0 82 -1 authors found a lower WTR of 25,8 ml.kg ' .day also on a reduced 

water intake and a reduced body mass. Possibly, the low WTR found 

in the present study could have been maintained and the body mass 

. -0.8 -1 stabilized at the reduced level, if c.a.. 28 mt.kg , .day of drinking 

water had been provided after the d~hydraticn period. 

Since the water component of the body mass lost in the present experiment 

is not known, it is difficult to correct the WTR. However, the water 

content of the mass lost probably lies between 71 and 100 per cent. 

The former per cent is the value for the TBW in hydrated anlrnal.s, and 

the use of this value assumes that the TBW to body mass ratio remains 

constant during dehydration. Hulbert and Dawson ( 1974) found that 

during water restriction, the body water pool size in relation to the 

body mass was not changed in bandicoots, but this would depend on the 

fat content of the an!mals. In acute water restricti~n, it is' 

probable that th~ loss in mass would involve a greater loss ln water 

initially, however, and the use of 71 per cent would therefore give an 

underestimate. Assuming that all tho mass lost was in the form of 

water (i.e. 100%> would obviously give an overestimate of WTR. Thus, 

using both these values, the corrected WTR, without a loss in mass 

. --0 8 - 1 
would lie between 50,0 and 60,4 ml.kg ' .day ', and is Lowe~ than 

found in the hydrated hyraces in the present study. 

It ls clear 1 ther-efore, tha·~ water losses in P. c.a.pe.n.;.,-Ui ca:i be reduced 

when water ls restricted er unavailable. Reductions in metabolism,· 

EWL, urine volume and faecal vJater are the possible avenues through 

which this could be achieved, but from other studies, it appears that 
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acute and chronic dehydration have different effects on some of the 

above avenues of water loss. For example, in the jackrabbit Le.pt.W 

c.a.Ll.6 O.Jin..i.c.UJ.i (Reese & Haines, . 1978) and :.>i na i goats Ca.p.ita. h..i.Jc.c.UJ.i 

Shkolnik e.:t al.., 1972) acute dehydration did not result in a reduction 

in oxygen consumption although EWL in the latter species was reduced. 

Apparently the reduction of metabolism ln response to dehydration 

takes several days to develop in the.jackrabbit <Reese & Haines, 1978). 

Chronic dehydration in the jackrabbit, however, caused a decrease in 

both metabolic rate and.EWL. A reduction in EWL with acute dehydration 

appears to be common in diffetent mammals Cthe camel - Schmidt-Nielsen 

e.t ed.., 1956; African goats and sheep - Maloiy & Taylor, 1971; 

. bandicoots - Hulbert & Dawson, 1974; Antec.h~nLUi -6:t.u.aJr.:tJ..-i., a dasyurid 

marsupial - Nagy e.t al., 1978), and this probably occurred ir. P. c..a.pe.n,o,U 

too. Although chronically dehydrated, P. ha.he..~,5,fr1i .. c.a. also showed a 

reduction in EVIL (Rubsamen & Kettembei l., i980). Of particular 

interest in the latter study was the increased lability ln the body 

temperature of P. ha.bu-6.i.n-i.c.a. in response to water restriction. At 

high ambient temperatures the thermo lab i l i ty was med lated, in part at 

least, through a reduction ln EWL so that the animals became hyper~ 

thermic but were tolerant of the higher body temperature. At low 

ambient temperatures, the hyraces became hypothermic with a decrease 

in metabolic rate and in EWL. Rubsamen and Kettembeil C1980> have 

suggested that the increased thermolabilliy may be explained oy the 

shifting apart of the threshold levels for evaporative heat Loss and 

for activation of heat production, as outlined by Bligh <1972). In 

vie•v of the stability of body temperature in P. c.a.pe.n..-6.U. over a wide 

range <6 to 28°C -·section 6) which is not shown by P. h.o,be.,o .. ~-ln..i.c.a. 

·---------
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very low electrolyte intake in the fo6d. Even though plant matter is 

Low in Na+ and Cl-, it does provide animals with a source for the 

replenishment of these essential electrolytes. Thus the overall 

response to dehydration was the maintenance of osmotic equilibrium 

and stable electrolyte concentrations in the plasma, an essential 

response for the survival and normal functioning of an animal in un-

favourable conditions. 

The haematocrit of P. c.a.pe.M.l6, however, increased by 25 per cent in 

response to dehydration. This does not necessarily mean that of the 

body fluid compartments, the plasma was the major source of water loss 1 

since there may have been an equal reduction in all fluid compart-

ments, as was shown in acutely dehydrated jackrabbits CReese & Haines, 

1978). Further work is needed to establish whether the hyrax responds 

,to dehydration by maintaining plasma volume constant as in the camel 

(Macfarlane e.t aL, 1963), desert kangaroos CDenny & Dawson, 1975), 

jackrabbits CReese & Haines, 1978) and ihe burro <Yousef e..t. al.., 1970) 

or follow the pattern of Merino sheep (Macfarlane e.t al.., 1961) and 

the Guanaco CRosenmann & Morrison, 1963) where the plasma volume is 

reduced by 40 to 50 per cent with a 20 per cent loss in body mass. 

Any alteration in the fluid volumes of an animal necessitates an 

adjustment in the electrolyte distribution and concentration in order 

tore-establish osmotic equilibrium. Louw e.t a~. C 1973) have shown 

that in response to dehydration, the urine osmolality and urinary 

+ + concentrations of Na and K in P. c.ape.n.!.1.U initially increased for the 

first two days 2nd subsequently dropped as feed intake dropped. 
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Chlorlde concentrations in the urine decreased with dehydration while 

urea concentration increased reaching a peak, five days after water 

was first withheld. These changes were accompanied by a reduction 

-1 of urine volume from c.a.. 45 ml.day to the Lowest volume of ca.. 

15 ml.day- 1 after a. week without wat~r. In the present study only 

one urine sample was taken from each animat after· five days of dehydra-

tion and thus these values can be co~pared only with those of Lauw et 

al.. ( 1973) on the same day of dehydration since the pattern of urinary 

components change daily.· Thus on the fifth day of dehydration, 

urinary electrolyte concentrations either decreased or remained near 

. + + 
the 'hydrated' Level, but the absolute amount of the ions Na , K and 

Cl must have been reduced as urine volumes declined <Louw e.t aL, 

1973; Maloiy & Sale, 1976). In the present study, this was most 

+ 
marked in 1he case of Na where three of the four dehydrated animals 

-1 
had urinary concentrations of 2,2 and 9 meq.l The single animal 

that was still feeding and had a calcium carbonate precipitate in the 

' . f h' h l r ~l'.i , -l urine had a ar 19 er va ue or)+ meq ... This latter value was 

probably the cause of the insignificant statistical difference between 

+ • 
the hydrated and dehydrated hyraces wiih respect to Na excretion. 

• + The extremely low concentration of Na and reduced Cl concentration 

in the urine is indicative of an efficient countercurrent system in 

the kidney whereby Na+ and CL Ions are efficiently recycled 1 reabsorp-

tion of vJater following passively (Schmidt-Nielsen, 1975). The 

. efficiency of Na+ retention by the body or reduction in Its excretion 

would presumably also be advantageous for hyr·aces faced with a lack of 

sodium in the diet. Extremely Low lsvels of sodium in the urine have 

also been found in the camel and sheep when dehydrated (below 1 meq.day-l 
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- Macfarlane, 1964) and in the ground squirrel XVtu..6 i..na.wi).,.~ where 

-1 lev&ls as low as 1 and 6 meq.l have been found in the field (Marsh 

et ed., 1978 >. + Maloiy and Sale C1976) have shown that Na excretion 

increased on dehydration in P. c.a.pe.i1/.i.0.s, though they did not specify 

the length of the dehydration period when this was measured. Com

parison with 'the study of Lauw e.:t a.£.. ( 1973) would suggest that the 

period was two to three days since Na+ initially increases and with it 

the highest osmolality is usually recorded <Lauw e.t al.., i973l. 

The higher concentration of K+ than Na+ in the urine of P. c.ape.tu.i..U ls 

indicative of an increased secretion of adreno-corticosteroids and 

thelr effect on renal function. Potassium, however, is more abundant 

in plant matter than sodium, and the need therefore to conserve this 

ion is less critical. Macfarlane ( 1964) found that sheep excreted 

more Na+ than K+ in the urine and noted an increased disparity between 

the excretion of the two ions with more rapid dehydration and a high 

heat load. He related this disparity to the production of sweat with 

a predominance of potassium and bicarbonate Ions derived from the plant 

food. 
+ + 

Thus the Na to K ratio in the plasma was kept stable by the 
+ 

elimination of Na in the urine. It would be interesting to determine 

the predominant ions in hyrax sweat in view of the large amount of 

carbonate ions which are incorporated into the urinary precipitate. 

Judging from the relative rnedullary thickness of H1G kidneys of P. 

-l c.ape.n-6).-6 an osmotality of 3000 mosm.kg would be expected, a value 

which was recorded by Louw e.t iU'.. (1973) and Maloiy and Sale (1976). 

The lower urine osmolality in the present dehydrated hyraces occurred 
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despite the higher urea concentration when compared with the two pre

vious studies mentioned - ( 1018 mmol.L- 1 - present vs. 836 mmol.l-l -

Maloiy & Sale, 1976). However, the present urine osmolality was in 

keeping with that of the hyraces in the study of Louw e.t aL ( 1973) on 

the fifth day of dehydration and supports the view of these authors 

that the electrolyte content of the urine was the major factor deter

mining osmolal ity. 

With the increase in urinary urea concentration on dehydration, the 

plasma urea of P. c.ape.n.-6-i..6 increased by 100 per cent (from 7 to 

14 mmol . l-l). Both the hydrated and dehydrated plasma urea concen

trations were higher in the present study than the highest Levels found 

in P. habe..6.-6/Ji.<.c.a ( 6 mmo l . L - l - Hume e.:t a,L , 1980) . in both studies 

the highest concentrations of plasma urea occurred during dehydration 

with a Low energy intake and therefore the bbdy tissues were probably 

~atabolised resulting in the production of high levels of urea. From 

these results, it appears that ~. c.ape.n.-6-i..6 may be more tolerant of 

plasma urea loading than P. ha.bv.i.6.<.n-i..c.a. A marginal advantage in 

terms of water economy and nitrogen conservation would result, assuming 

that P. c.a.pe.n..6.-W recycles urea in the same way as P. habv.i.6-i.n-i..c.a. , 

5.4.3 Ecological considerations 

The low basal metabolic rate, the gregarious, semi-fossorial existence 

and the mechanisms of behavioural thermor-egulation of P. c.a.pe.1'!..0-i..6 are 

advantageous in terms of energy utilization and have manifold effects on 
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other aspects of the physiology of this animal. One of these Is a 

Low turnover rate of water. Even though the WTR of P. c.ape.n..o-<A was 

measured under free-Living conditions, it was still below the predicted 

rate for eutherlan placentals of comparable size. Although the Low 

WTR may be a secondary effect of the frugal energy expenditure and 

the Low BMF~, common to the order Hyracoidea, rather than an ecol.a-

gically determined character, as suggested by Rubsamen et al. ( 1979), 

it still has beneficial survival value. The Low WTR would be an 

obvious advantage for this species Living in an arid environment where 

free water is scarce and the main source of water is in the food eaten. 

It is generally belie~ed that the hyrax can exist without free drink-

ing water in the wild and the calculations of Meltzer C 1976) show 

this to be true of P. /:,y11.-i.ac.u.,.,:,. A similar calculation can be made 

for P. c.ape.n..o-<A, assuming the minimum water requirement, on a 

-0 8 -1 
relatively high.protein diet, to b·9 50 to 60 ml.kg '.day with no 

change in body mass (calculated from the WTR of the dehydrated hyraces 

in the present study>. For a 2,3 kg animal, the water intake would 

-1 have to be 97 to 117 ml.day , Less approximately 20 ml of water 

produced by the oxidation of the food. From the data on stomach 

contents of P. c.o..pe.11--6-<A (Lensing, 1978) the v1et food intake of a 

-1 . 
2,3 kg hyrax w~1Ld be roughly 216 g wet mass.day , a slight over-

estimate since this figure Includes moisture from digestive and 

salivary secretions. Nevertheless omitlng the oxidative water from 

the food and the molsiure of the digestive secretions, 216 g of wet 

food would provide 97 to 117 ml of water if the moisture conteni· was 

45 to 54 per cent. 
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Lensing (1978) has compiled a List of the seasonal moisture contents 

of selected plant species which occurrnd in the habitat of P. c.ape.rw-l-6 

in two areas in Namibia during 1975 and 1976. These have been con-

deAsed in Table 5.4 to give a mean moisture content of the plants 

available to the hyrax as food, although not all would have been 

eaten. It can be seen that during the wet season_, the available 

plants would readily supply enough water for the hyraces without 

additional drinking water, assuming the Namibian hyraces and Cape 

hyraces have the same m)nimum water requirements. I n t he d 1- i er 

seasons, however, only those plants with the highest moisture content 

would supply the animals with enough watef. Thus, the hyr~ces would 

have to feed selectiv~ly on pl~nts with the highest moisture content. 

Alternatively, the water turnover could be reduced together with a 

loss in mass so that the water demands were kept in line with that 

available in the foud. 

l'IU 
It is recognised that the m=mbers of animals used in this study were 

A 

small, particularly in the dehydration and renal function experiments, 

and therefore the results should be viewed with caution. However, 

in as far as the results appear to corroborate other studies on the 

hyrax, there is some justification in their accep+ance. 
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acute and chronic dehydration have diffornnt effects on some of the 

above avenues of water Loss. For example, in the jackrabbit Le.pM 

c.w60Jz.n.,{,c.f.l.6 (Reese & Haines, .1978) and :,lnai goats Capli.a. hl!tc.iu 

Shkolnik e.t al., 1972) acute dehydration did not result in a reduction 

in oxygen consumption although EWL in the latter species was reduced. 

Apparently the reduction of metabolism In response to dehydration 

takes several days to develop in the.jackrabbit <Reese & Haines, 1978). 

Chronic dehydration in the jackrabbit, however, caused a decrease in 

both metabolic rate and EWL. A reduction in EWL with acute dehydration 

appears to be common in different mammals Cthe camel - Schmidt-Nielsen 

e.:t al.., 1956; African goats and sheep - Maloiy & Taylor, 1971; 

. bandicoots - Hulbert & Dawson, 1974; An.te.c.h~nu..J.i J.,:tuaJr.:tt.i, a dasyurid 

marsupial - Nagy e.t. o.1.., 1978 J, and this probably occurred in P. c.ape.n,o,w 

too. Although chronically dehydrated, P. ha.he..~si.n..ic.a also showed a 

reduct ion in EVIL <Rubs amen & Ket tembe i l. , 1980) • Of particular 

interest in the latter study was the increased lability in the body 

temperature of P. habe.J.,;.,..[n.,lc.a. in response to water restriction. At· 

high ambient temperatures the therrnolabillty was rnedlated, in part at 

least, through a reduction ln EWL so that the animals became hyper~ 

thermic but were tolerant of the higher body temperarure. At low 

ambient temperatures, the hyraces became hypothermic with a decrease 

in metabolic rat~ and in EWL. Rubsamen and Ketternbeil (1980) have 

suggested that the increased thermolability may be explained oy the 

shifting apart of the threshold Levels for evaporative heat Loss and 

for activation of heat production, as outlined by Bligh C1972). In 

vie1v of the stability cf body temperature in P. c.a.pe.n.).,i.,o over a wide 

range < 6 to 28°C ··· sect 1 on 6) wh l ch ls not shown by P. ho,be.J.>;6.in.,f_c.a. 
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<Rubsamen & Kettenbe.il, 1980; Taylor & Se:Le, 1969), and since the 

mechanism is clearly adaptive in terms of energy and water conservation, 

it would be of interest to test if P. c.ape.iw.<-6 responded similarly 
\ 

to chronic dehydration. 

Water Loss through the urine and faeces is def inf tely reduced when 

P. c.ape.iu.W is dehydrated <Louw e.t al.., 1973;·· Maloiy & Sale, 1976). 

In the siudy of Louw e.t al.. (1973), acute dehydration caused P. c..ape.r-L-6.U 

to decrease its food intake with a consequent reduction in faecal 

output. The water content of the faecal pellets was also Lower than 

when hydrated. Urine volumes decreased by approximately half <Lauw 

et a.R.., 1973; Maloiy & Sale, 1969). 

5.4.2 Blood and urine analyses 

The water lost from mammals in response to dehydration can be derived 

from any of the-fluid compartments within the body, the blood being 

.one. Removal of water from the blood can lead to imbalances in the 

osmotic concentration and to greater viscosity, both of which can 

ultimately lead to death. 

In the present study, the osmolality of the plasma and the concentrations 

+ + of the Na and K remained fairly stable, with significant increases 

only in Cl and urea concentrations on dehydration. Considering that 

three of the four dehydrated hyraces had reduced their food intake to 

very small amounts on. the last day of dehydration, there must have been 
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very Low electrolyte intake in the food. Even though plant matter is 

Low in Na+ and Cl-, it does provide animals with a source for the 

replenishment of these essential electrolytes. Thus the overall 

response to dehydration was the maintenance of osmotic equilibrium 

and stable electrolyte concentrations in the plasmar an essential 

response for the survival and normal functioning of an animal in un

favourable conditions. 

The haematocrit of P. c.a.pe.M-Ll, however, increased by 25 per cent in 

response to dehydration. This does not necessarily mean that of the 

body fluid compartments, the plasma was the major source of watef Loss, 

since there may have been an equal reduction in all fluid compart

ments, as was shown in acutely dehydrated jackrabbits <Reese & Haines, 

1978) . Further work is needed to establish whether the hyrax responds 

. to dehydration by maintaining plasma volume constant as in the camel 

<Macfarlane ~ta£., 1963), desert kangaroos (Denny & Dawson, 1975), 

jackrabbits <Reese & Haines, 1978) and ihe burTo (Yousef e.:t a£., 1970) 

or fol low the pattern of Merino sheep <Macfarlane e..t a£., 1961) and 

the Guanaco <Rosenmann & Morrison, 1963) where the plasma volume is 

reduced by 40 to 50 per cent with a 20 per cent Loss in body mass. 

Any alteration in the fluid volumes of an animal necessitates an 

adjustment in the electrolyte distribution and concentration in order 

tore-establish osmotic equi Librium. Louw e..t al. ( 1973) have shown 

that in response to dehydration, the urine osmolality and urinary 

concentrations of Na+ and K+ in P. c.ape.1'1...6-l.6 initially increased for the 

first two days 2nd subsequently dropped as feed intake dropped. 
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Chlorlde concentrations in the urine decreased with dehydration while 

urea concentration increased reaching a peak, five days after water 

was first withheld. These changes were accompanied by a reduction 

-1 of urine volume from ea. 45 ml.day to the Lowest volume of ca. 

15 ml.day- 1 after a. week without wat~r. In the present study only 

one urine sample was taken from each animal after five days of dehydra-

tion and thus these values can be co~pared only with those of Lauw et 

Cli. ( 1973) on the same day of dehydration since the pattern of urinary 

components change daily.· Thus on the fifth day of dehydration, 

urinary electrolyte concentrations either decreased or remained near 

. + + 
the 'hydrated' level~ but the absolute amount of the ions Na , K and 

Cl must have been reduced as urine volumes decllned <Louw e.t a..t.., 

1973; Maloiy & Sale, i976). In the present study, this was most 

+· 
marked in .the case of Na where three of the four dehydrated animals 

~ d . t t' f...., 2 d"(\ l- 1 
11a urinary concen ra ions o L, an :i meq. . The single animal 

that was still feeding and had a calcium carbonate precipitate In the 

urine had a far higher value of 54 meq.~-l. This Latter value was 

probably the cause of the insignificant statistical difference between 

+ .... 
the hydrated and dehydrated hyraces wi1h respect to Na excre. ion. 

The extremely low concentratlon of Na+ and reduced Cl concentration 

in the urine is indicative of an eff iclent countercurrent system in 

. + the kidney whereby Na and Cl Ions are efficiently recycled 1 reabsorp-

tion of water following passivel·y <Schmidt-Nielsen, 1975). The 

. efficlency of Na+ retention by the body or reduction In its excretion 

would presumably also be advantageous for hyr·aces faced with a Lack of 

sodium in the diet. Extremely low lsvels of sodium In the urine have 
_1 

also been found in the camel and sheep when dehydrated (below 1 meq.day ' 
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- Macfarlane, 1964) and in the ground squirrel Xvw.-6 ,{_JUWJl.-0., where 

-1 
lev&ls as low as 1 and 6 meq.l have been found in the field <Marsh 

et al., 1978 >. + Maloiy and Sale ( 1976) have shown that Na excretion 

increased on dehydration in P. c.ape.ii-0.W, though they did not specify 

the length of the dehydration period when this was measured. Com-

parison with the study of Lauw e..t al. ( 1973) would suggest that the 

period was two to three days since Na+ initially increases and with it 

the highest osmolality is usually recorded (Lauw e.:t al., 1973). 

The higher concentration of K+ than Na+ in the urine of P. c.ape.rv.i.W is 

indicative of an increased secretion of adreno-corticosteroids and 

their effect on renal function. Potassium, however, is more abundant 

in plant matter than sodium, and the need therefore to conserve this 

ion is less critical. Macfarlane C 1964> found that sheep excreted 

more Na+ than K+ in the urine and noted an increased disparity between 

the excretion of the two ions with more rapid dehydration and a high 

heat load. He related this disparity to the production of sweat with 

a predominance of potassium and bicarbonate Ions derived from the plant 

food. 
+ + 

Thus the Na to K ratio in the plasma was kept stable by the 

+ elimination of Na in the urine. It would be interesting to determine 

the predominant ions in hyrax sweat in view of the large amount of 

carbonate ions which are incorporated into the urinary precipitate. 

Judging from the relative medullary thickness of ihe kidneys of P. 
-1 c.ape.MJ.-6 an osmotality of 3000 mosm.kg would bs expected, a value 

which was recorded by Lauw e.t o.i.. ( 1973) and Maloiy and Sale ( 1976). 

The lower urine osmolality in the present dehydrated hyraces occurred 
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despite the higher urea concentration when compared with the two pre

vious studies mentlon~d - ( 1018 mmol.L-l - present vs. 836 mmol.L-l -

Maloiy & Sale, 1976). However, the present urine osmolality was in 

keeping with that of the hyraces in the study of Louw e..t aL (1973) on 

the fifth day of dehydration and supports the view of these authors 

that the electrolyte content of the urine was the major factor deter

mining osmolal ity. 

With the increase in uri~ary urea concentration on dehydration, the 

plasma urea of P. c.ape.n.-6..i.J.> increased by 100 per cent (from 7 to 

14 mmol . l-l). Both the hydrated and dehydrated plasma urea concen

trations were higher in the present study than the highest levels found 

in P. habe..6-6/.Ji-i.c.a. < 6 mmo l . L - l - Hume e.:t a-C. , 1980) • in both studies 

the highest concentrations of plasma urea occurred during dehydration 

with a Low energy intake and therefore the body tissues were probably 

6atabolised resulting in the production of high levels of urea. From 

these results, it appears that ~· c.ape.n.-6..i.J.> may be more tolerant of 

pl as ma urea loading than P. habe.J.i.6-i.11-i.c.a. A marginal advantage in 

terms of water economy and nitrogen conservation would result, assuming 

that P. c.a.pe.nJ.i-W recycles urea in the same way as P. ha.be.-0J.i.<.n..i.c.a.. , 

5.4.3 Ecological considerations 

The low basal metabolic rate, the gregarious, semi-fossorial existence 

and the mechanisms of behavioural thermorngulation of P. c.a.pe.1-ui..i.J.> are 

advantageous Jn terms of energy utilization and have manifold effects on 
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other aspects of the physiology of this animal. One of these is a 

low turnover rate of water. Even though the WTR of P. c.a.pe.n.,o.W was 

measured under free-Living conditions, it was still below the predicted 

rate for eutherian placentals of comparable size. Although the Low 

WTR may be a secondary effect of the frugal energy expenditure and 

the low BMR, common to the order Hyracoidea, rather than an ecolo-

gicaLly determined character, as suggested by Rubsamen e.:t aL ( 1979), 

it still has beneficial survival value. The low WTR would be an 

obvious advantage for thfs species Living in an arid environment where 

free water is scarce and the main source of water is in the food eaten. 

It is generally belie~ed that the hyrax can exist vithout free drink-

ing water in the wild and the calculations of Meltzer ( 1976) show 

this to be true of P. htpc..i.ac.tU:i. A similar calculation can be made 

for P. c.a.pe.M.W, assuming the minimum water requirement, on a 

-0 8 -1 relatively high.protein diet, to be 50 to 60 ml.kg '.day with no 

change in body mass (calculated from the WTR of the dehydrated hyraces 

in the present study). For a 2,3 kg animal, the water intake would 

-1 have to be 97 to 117 mt.day , less approximately 20 ml of water 

produced by the oxidation of the food. From the data on stomach 

contents of P. c.c~pe.n.J.i.W (Lensing, 1978) the v1et food intake of a 

-1 -
2,3 kg hyrax would be roughly 216 g wet mass.day , a slight over-

estimate since this figure includes moisture from digestive and 

salivary secretlons. Nevertheless omiting the oxidative water from 

·the food and the moisture of the digestive secretions, 216 g of wet 

food \'lould provide 97 to 117 ml of water if the moisture conteni· was 

45 to 54 per cent. 
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Lensing ( 1978) has comoiled a List of the seasonal moisture contents 

of selected plant species which occurred in the habitat of P. c.ape.iv.,,W 

in two areas in Namibia during 1975 and 1976. These have been con-

densed in Table 5.4 to give a mean moisture content of the plants 

available to the hyrax as food, although not oll would have been 

eaten. It can be seen that during the wet season, the available 

plants would readily supply enough water for the hyraces without 

additional drinking water, assuming the Namibian hyraces and Cape 

hyraces have the same m1nimum water requirements. In the drier 

seasons, however, only those plants with the highest moisture content 

would supply the animals with enough water. Thus, the hyr~ces would 

have to feed selectiv~Ly on plBnts with the highest moisture content. 

Alternatively, the water turno~er could be reduced together with a 

loss in mass so that the water demands were kept in line with that 

available in the food. 

nu 
It is recognised that the Embers of animals used in this study were 

A 

small, particularly in the dehydratic)n and rc.~nal function experiments, 

and therefore the results should be viewed with caution. However, 

in as far as the results appear to corroborate other studies on the 

hyrax, there is some justification in their acceptance. 
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SECTION 6 

THE ROLE OF tliERMOREGULATION IN THE ENERGY 

METABOLISM OF THE ROCK HYRAX PROCAVIA CAPENSIS 
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6. 1 INTRODUCTION 

The survival and success of an animal in any environment is dependent 

on a number of factors, one of the most important being the degree to 

which the energy demands of the animal are met, commensurate with the 

varying environmental conditions. ~hus a reasonable balance must be 

achieved betwee~energy expenditure and energy conservation. The 

mechanisms employed by m~mmals to achieve this balance involve both 

behavioural and physiological adjustments such as in activity, body 

temperature, insulation and.metabolic rate. In homeotherms a large 

part of energy expenditure is involved in the maintenance of a stable 

body temperature and consequently regulation of energy expenditure is 

intimately associated with thermoregulation. 

The behavioural component of thermoregulation involves the modification 

of the thermal environment while the physiological component involves 

predominantly, autonomic responses within the animal. They are, 

however, complimentary in the maintenance of a stable body temperature 

( Cabanac, 1972 >. The importance of thermoregulatory behaviour to 

ectotherms has Long been recognised since they do not have the complex 

physiological mechanisms of thermoregulation characteristic of endo-

therms. Behaviour, however, is an extremely efficient mechanism of 

thermoregulation in endotherms as well (Hardy, 1961), since in adverse. 

temperature conditions, physiological reactions alone would not prevent 

a mammal from dying. The complimentary r5Les of these two aspects 

of thermoregulation are therefore evident, and it appears that the 
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neuronal mechanisms controlling the two types of response may be 

identical <Cabanac, 1972). It has been proposed that two levels of 

thermoregulatory control exist, a 'broad band' and a finer level 

<Bligh, 1966>, and some evidence suggests that behaviour constitutes 

the former and phys)ological responses the Latter (Ingram & Legge, 1970). 

Cabanac e.t aL ( 1970), however, have shown that in some dogs, the same 

is not necessarily true and fine behavioural control was used rather 

than resorting to physiological methods of thermoregulation, such as 

shivering in the cold and panting in the heat. Thus, Cabanac ( 1972) 

suggested that both behavioural and physiological mechanisms of 

temperature control are equally important and the use of either depends 

on the particular situation. 

The rock hyrax P. c.ape.n~,£...6 is extremely successful in southern f1frica, 

despite the harsh climatic conditions prevalent in the arid are~s they 

inhabit. A factor contributing to the success of the species may be 

an efficient use of energy, particularly with respect to thermoregula-

tion. Indeed, much of Its behaviour appears to be determired by the 

environmental temperature, viz. basking at moderate temperatures, 

avoiding intense solar radiation by retreating to the shade, shuttling 

between the sun and shade, and finally huddling In a rock crevlce when 

temperatures are low or conditions are unfavourable. However, Limited 

information on the energy metabolism of P. c.ap<?.J'1..-6.{...6 is availabi.e 2nd 

those studies concerned with physiological thermoregulation Qre con

flicting Clouw e.:t al.., 1973; McNairn & Fairall, 1979; Tay!.or & Sale, 

1969). At best, the rcle of behaviour in thern,oregulation and energy 

metabolism for any Pft...0·~0..1..•J..c~ spocles ls speculai'ive, tho~gh Bartholc:11ev1 
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and Rainy (1971) have included thermoregulatory behaviour in their study . . 

on the more tropical species of hyrax, He.tvwhlj.lutx bJr.uc.e.L Differences 

in environment, however, have signiflcant effects on energy metabolism. 

Thus, the present investigation was conducted to evaluate the r6le of 

some aspects of behavioural and physiological thermoregulaticn together 

with a study of energy metabolism in the arid-adapi·ed hy1-ax, P. c:a.pe.VUi.W. 

6.2· PROCEDURE 

The nine hyraces (5 males, 4 females, mean mass 2,94 ! 0,43 kg) used 

for this study had been in captivity for at least six months prior to 

experimentation. They were housed in an o0tdoor run with access to 

an adjoining small indoor shelter and thus subjected to natural tempera-

tures and lighting. During the period of experimentation the animals 

were housed indoors with three animals per cage. 

consisting of commercial rabbit pellets, Lucerne hay and fresh leaves 

were provided ad l~b. No artificial heating or lighting was imposed. 

Experiments were performed from March to June <autumn to winter). 

Experiments on oxygen consumption were performed in a temperature con-

trolled room (accuracy 1°C). A flow-through resp i romehy systerri was 

used. At Least f Ive hours after feeding, animals were placed either 
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individually or in groups of three (huddled) in a seated wooden meta-

bolic chamber with a clear perspex front. Room air was drawn through 

a large tube of si.lica gel before enterlng the metabolic chamber, 

thereby maintaining the inflowing air at a constant humidity at 

different room temperatures. Air flow was maintained at 2 l/min for 

single animals and 6 l/min for three animals. Outflowing air was 

dried over silica gel before passing through a calibrated flow-meter 

CG.E.C. Elliott Rotameter) an~ then on to the vacuum pump. An hour 

was allowed for equilibration of the animal within the system and 

thereafter samples of outflowing air were drawn into 50 cm' syringes 

every five minutes for a duration of three to six hours. The animals 

were watched continu9usly and air samples were taken for analysis only 

when the animals were inactive. The oxygen content of the sampled 

air was measured using a Beckman OM14 polarograph:c oxygen analyser. 

Carbon dioxide and water were first removed by injecti~g the sa~ple 

through ascarite and drierite. 

every 30 min using room air. 

The oxygen analyser was calibrated 

Oxygen consumption for six single and six groups of three hyraces was 

measured at different air temperatures ranging from 5°C to 28°C. A 

copper-con~tantan thermocouple, connected to a Bailey Bat 4 thermo

couple meter, placed in the temperature controlled room measured the 

temperature of the inflowing air CTrl. A second thermocouple sealed 

into the outflow port of the chamber measured the temperature of the out-

flowing air (Tch) (accuracy 1°C). Basal metabolic rates were calcu-

lated and converted to S.T.P. Oxyge~ consumption CV02 ) expressed as 

mL02 per gram body mass per hour, was plotted against Tr end Tch on 
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separate graphs for single and huddled hyraces. For each, a Least 

squares regression Line was fitted to points recorded at temperatures 

' 
below the Lower critical temperature. The four regression lines 

were compared using a two-tailed 't' test for differences between 

slopes and intercepts <Zar, 1974). 

6.2.2 Temperature Telemetry 

I 

The deep body temperatures CT8 ) of hyraces were recorded using radio 

telemetry 1 both in the labora''i-ory and in an outdoor enclosure, sirnula-

ting field conditions. Prior to implantation in the peritoneal 

cavity of each hyrax used, the transmitters were sealed using beeswax 

and an outer coating of silicone rubber, soaked in an antiseptic 

solution and calibrated. Animals were anaesth~tized with an I .P. 

injection of pentobarbitone sodium <Nembutal, Abbot Laboratories), and 

penicillin introduced at the site of implantation. A week recovery 

period was allowed after the operation. 

6. 2. 2. 1 LabOJc.a..toJr.y e.x.pvr..{.me.n:t-~ 

Four adult, non-gravid female hyraces of mean mass 2,73 ! 0,33 kg were 

used in the laboratory experiments. They were captured in Movember 

from Montague <Robertson district, Cape), and transferred to individual 
-

cages in a temperature controlled room at 22°C with a 12 hour light:dark 

photoper i od. Each cage was fitted with an antenna which extended to 

the receiver outside the mom, thus causing no disturbance to the 

animals. After three weeks a transmitter was implanted 1n each animal, 
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and during the recovery period of one week, body fornperatures <T8 ) 

were monitbred to ensure that they were stable before continuing with 

recordings at different ambient temperatures. Thereafter, 2~ hour~y 

measurements of the deep body temperature of individual animals were 

recorded to establish the circadian pattern of temperature fluctua

tions and to establish the times when further recordings could be 

made without the interference of normal temperature fluctuations. 

Ambient temperatures were then varied between 4° and 39°C and body 

temperatures .recorded after exposure to the particular temperature for 

at least four hours. An exposure time of only two hours was allowed 

at the ~mbient temperature of 34°C and on~ hour at 39°C. Finally, 

the four animals were allowed to huddle together in a ventilated 

wooden box, overnight at 4°C and body temperatures recorded to monitor 

the effect of huddling in the cold. 

6. 2. 2. 2 'F -i.e..f.d,. expvd.me.nt..6 

Prior to implantation Of the transmitt0rs all of the four male hyraces 

<A, 8, C & D, mean mass 2,50 ± 0,86 kg) used in this study were main-

tained in an outdoor run with other hyraces. The temperature record-

ings for ~nimals A, 8 and C were run concurrently during September, 

and those for D, during December under diffferent conditions. 

After recovering from the operation, the body temperatures of the 

hyraces were recorded at room temperature C22°Cl and animals A, 8 and 

C were then introduced into an outdoor run with a stone shelter 
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(approximate dimensions, 1,0 x 0,5 x 0,3 m3 with three entrances) at 

Vrolijkheid Nature Conservation Research Station in the Robertson 

district, Cape. Since this run w~s occupied by an established colony 

' of seven hyraces, the three experimental animals were allowed two 

days to integrate. One experimental animal CC) was not accepted by 

the colony and thus, was isolated in a separate small cage, exposed 

to fluctuating environmental conditions, with no shelter. Deep 

body temperatures of the three experimental animals were recorded at 

15 min to one hour inter0als for 51 hours, with concurrent hourly 

measurements of the following environmental parameters: 

Air and crevice te~perature <Thermistor probes connected to a Y.S. I. 

telethermometer>; solar radiation (Middleton solarimeter, sensitivity 

t -1 -2 , 0,223 mV.mW .cm , connecred to a microvoltmeter. Readings were 

-2 converted to W.m >; air humidity <whirling hygrometer>; wind 

speed <Wallac-thermo-anemorne·rer); cloud cover- <estimated as a fraci·ion 

of 8). 

After recovering from the operation, hyrax 0 was returned to its 

original colony of f Ive animals in a run at the University of Cape 

Town. The shelter consisted of a wooden compartmentalized box (approxi-

mately 0,9 x 0,6 x 0,4 m' wlth two en-trances), insulated with poly-

styrene and covered with heavy duty tar impregnated paper. This also 

.served as a surface on which the animals basked. Deep body tempera-

ture of hyrax D was recorded hourty for various periods of tiir,e over 

six days. Only air temperature was recorded concurrently, and activity 

noted. 
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6.3 RESULTS 

6.3. 1 Oxygen consump~ion 

The lowest value of 'oxygen consumption for both solitary and huddled 

hyraces was 0,27 :'.: S.D. 0,03 mL02.g- 1.h-·l within the therrnoneutral zone 

<Fig. 6. 1 ). ·The Lower critical temperature for single animals was 

18,7°C but 16,9°C for huddled animals. These temperatures, however, 

were of the inflowing air <Tr), chamber temperature <Tch) being 1°C higher 

for single animals and 3°C higher for huddled animals. Thus, the 

actual Lower critical temperatures for both isobated and huddled animals 

would be 19,7 and 19,9°C, respectively. Oxygen consumption, at Tr 

below thermoneutrality, increased according to the regression equations:. 

lj -0,0137 x ( .!.O, 0019 > + 0,5260 (± 0;0228) 

for single hyraces ( r 0,802) 

lj -0,0120 x (.!.0,0014) + 0,4730 (:!: 0,0161) 

for huddled hyraces ( r 0,856) 

This is shown graphically in Fig. 6. 1. 

Comparison of the two regression equations showed no statistic2l differ

ence in slope, but a significant difference in the intercept values 

<ts== 3,49, f)<0,001 •1JiH1 57 degrees of freedom). Extrapolation of 

the regression Line for single hyraces intercepted the x-axis at 38,4°C 

which was higher than T8 recorded in the laboratory at f,hermoneu·i-rality, 

but v1as within the range of deep body temperatures found teleme"i"rically 
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in P. c.a.pe.M.l6 under free living conditions (see temperature telemetry, 

th i s sect ion ) . Comparison of the regression equations for single 

and huddled hyraces using chamber temperatures rather than Tr showed 

no statistical difference in slope or intercept (p>0,05). 

6.3.2 Thermal conductance 

At ambient temperatures below thermoneutrality, the minimal wet thermal 

·-1 -1 ..:.1 
conductance C0,0137 mL02 .~ .h .°C. · - the slope of the regression 

line) was 21 per cent lower than predicted for an animal of mass 2,94 kg 

(MacMillen & Nelson, 1969). However this method of determining the 

minimal thermal conductance tends to underestimate the actual value 

unless extrapolation of the regression line meets the abscissa at a 

value equal to the body temperature, when metabolism is zero (McNab, 

1980). Using the correction factor given by McNab ( 19~0) the m~an 

-1 -1 -1 minimal thermal conductance would be 0,0147 ml02.g .h .°C. . Within 

the thermoneutral zone at 22°C, with a body temperature between 37 and 

-1 -1 38°C and oxygen consumption 0,27 ml02 .g .h , the calculated value of 

mass specific, wet, conductance Lies bebeen 0,018 and 

-1 -1 ·-1 
0,017 mL02.g .h .°C. which is similar to the predicted value of 

. -1 -1 -1 
0,0173 mL02.g .h .°C. . 

6.3.3 Jemperature telemetry 

6.3.3. 1 Labokatoky ~t.udy 

A clearly defined, diurnal rhythm was not apparent !n the body temperatures 
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(TB) of the four female hyraces when ambient temperature was kepi con

stant, but a small rise in T8 could be detected a few hours prior to 

each change in lighting <Fig. 6.2). The maximum individual variations 

recorded over 24 hours were 0,95, 0,8, 0,8 and 0,6°C, with a maximum 

inter-animal variation of 1,90°C. 

From Fig. 6.3, P. c.ape.ii,~,W was shown to have a remarkably stable body 

temperature <mean of 37,23 ! SD. 0,12°C) at ambient temperatures between 

5 and 28°C. Below 5°C, T8 dropped slightly and increased above 28°C. 

TB could not be maintained below ambient at high air temperatures. 

After an hour at 39°C, two animals Lay prostrate but no nasal secretion 

or moisture droplets on the feet were observed. When huddled at 4°C 1 

despite the wooden box being ventllated, the temperature around the 

animals rose to 10°C, and thus the mean TB was high,er (37,24±SE.0,36 °C) 

than found for solitary animals at 4°C. 

6. 3 . 3 . 2 ' F .le.R.d 1 .t:,:tu.dy 

The deep body temperatures CT0 > of hyraces A, B, C and D recorded at 
u 

room temperature and at rest wern 37,68 :!: 0, 10, 37,53 :t 0 1 24, 

36,82 ! 0,14 and 37,20 ! 0,15 respectively. In the outdoor colony 

(see Flgs 6.4 and 6.5), with air temperature <TAl fluctuations of 

7,6 to 32,7°C (for hyraces A and 8) and 12,0 to 25,0°C <hyrax 0) the 

maximum ranges of T8 recorded were 37,3 to 39,4°C CA>, 37,6 to 39,2°C (8) 

and 37,0 to 38,7°C CO). The mean r 8s during daylight hours C06h00 -

19h00) were 38,50 ± 0,44°C Cn=65, A> and 38,37 ! 0,34°C <n=66, 8) with 

temperatures at night being slightly lower - 37,74 ! 0,43°C !n=45, Al 

and 38,03 ! 0,21°C Cn=49, Bl, though not statistically different 
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(p> o, 05). The highest TBs were recorded when the animals were either 

basking or were extremely active (running) and LO\'>'est in the early 

morning while huddled in the shelter <Fig~ 6.4). The i~olated animal 

(C) whose movement was restricted showed an overall Lower range of body 

temperatures, the minimum being 36,40°C and a maximum, without any sign 

of distress, of 38,5°C <Fig. 6.5). 

6.3.4 Factors affecting body temperature 

6. 3. 4. 1 C.1te.v,Lc..e. an.d amb,le.vd te.mpV1.atwr.e. 

The general pattern shciwn in the results was that of a relatively high 

T
8 

during daylight hours thus correlating with the higher ambient 

temperatures (TA) and a nocturnal decline in TB when TA ~as Low. The 

temperature of the shelter did not show as ma~ked fluctuations as did 

the TA, being cooler in the day and warmer at night. Thus it was used 

as a retreat during extremes of TA and periods of inten~e solar 

radiation <Fig. 6.4)~ 

6.3.4.2 Sota.Jt Jtad-la.:tlon. 

High Levels of solar radiation recorded under a full sun with Low wind 

-1 speed (0,5 m.sec ) caused an increase in T3 . This was shown in hyrax C 

when escape from intense solar ratiation (717 W.m-2
> was prevented 

<Fig. 6.5, 10h00 - 13h00, day 2>. During this time T8 and breathing 

rate increased exponentially over a period of an hour. The fir-st sign 

of distress was c.pparent ;-1hen TR reached 38,4°C, 2°C higher than ·rhe 
. w 
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minimum recorded over 24 hours. The animal drank water and struggled 

to get under cover of the food dish. At a T8 of 39,4°C, breathing 

.rate had increased from 48 to 172 breaths per min., the hyrax Lay 

prostrate in ihe cage, but neither sweat droplets on the feet nor a 

nasal secretion were observed and muscle tonus ~as still maintained. 

The. animal was ·rhen placed in a cool environment <T,A, 19°?). Hy races 

A, B and 0 tended to avoid intense solar radiation, particularly after .. 
midday, remaining in the shelter or in the shade <Fig. 6,5, 121100 - 1·5h00). 

Maintenance of the fairly constant body temperatures during the day was 

achieved by alternately basking in the sun and then retreating to the 

shade or the cooler shelter when TB approa~hed 2°C above! the minimum 

recorded for each parti~ular animal. 

Control of TB by behavioural means, however, is clearly dependent on the 

complex interrelations between the various meteorological: parameters and 
' 

cannot be elucidated further from these results. 

6.3.4.3 AetJ...v~:ty 

Activity, such as running (which ·took place as a result pf intraspeclf ic 

aggression) and rolling, caused an increase in body temperature. This 

was particularly apparent before feeding per·iods (Fig. 6.4, 17h00 to 

19h30). The body temperature of one experimental animal that was 

chased by another rose to 39,4°C despite the decreasing ~mbient tempera

ture and solar radiation and the high wind speed ( 10,0 J 19,0 m.sec- 1 l. 

A similar increase in body temperature, while ambient t~mperature 

i 
dropped and solar radiation was minimal, was recorded iri the early 

morning (04h00 - 07h00, Fig. 6.4) after approximately four hours of 
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lowered body temperature during the night. The body temperatures of 

animals A and B began to rise while still in the shelter and rose to a 

maximum between 06h00 and 07h00. All animals briefly emerged with the 

first light at 06h00 and feeding began at approximately 08h00. in

creased activity on waking and emerging may have caused this rise in 

temperature. 

6.3.4.4 HuddR.,lng 

For differing periods during the night, body temperatures of all the 

experimental animals dropped approximately 1°C, the decline beginning 

after the evening feed at around sunset. The advantage:of huddling 

and interacting with other hyraces in a sheltered crevice became 

apparent when examining body temperatures first in the early hours of 

the morning while still dark and later in the day under tloudy conditions. 

Between 04h00 and 10h00 (Fig. 6.5, day 2) when ambient temperature began 

to rise, crevice temperature remained stable and the sun was obscured 

by cloud, the body temperatures of hyraces A and B (in the colony) 

rose and from 05h30 on were maintained between 1 - 2°C above the mini-

mum nocturnal body temperature. During this period both animals emerged 

from the shelter for only approximately 5 minutes. Desp1te the rising 

ambient temperatur~ and low wind speed the body temperature of the 

solitary animal (C) dropped below the previously recorded minimum, 

thereafter rising slightly, but reached 1°C above the minimum only when 

the sun emerged and air temperature rose rapidly at 10h00 !Fig. 6.5, 

Day 2>. 
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6.4 DISCUSSION AND CONCLUSIONS 

6.4. 1 Metabolic rate of various species of hyra~ 

The highly inactive'nature of the rock hyrax behaviour has prompted the 

curiosity of several scientists over the past decade int~ examining the 

energy metabolism and thermoregulation of this animal <Taylor & Sale, 

1969; Sale, 1970a; Bar·tholomew & Rainy, 1971; Meltzer,, 1971; Louw e.t 

al.., 1973; Rubsamen Q_t a£.., 1979; McNairn & Fairall, 1979; Rubsamen 

& Kettembei l, 1980). These studies, however, have been. of several 

different species of hyrax living in different climates and often no 

mention of the season is made in which the animals were studied. More-

over, the different methods of study have Led to an array of conflict-

ing r:esults, summarized in Table 6. 1 with respect to temperatures and 

met abo l l c rai·es. One physiological feature that appears to be true 

for all species is that of a Lower metabolic rate than predic1ed 

according to body size <Schmidt-Nielsen, 1975). It has been shown 

that some arid-adapted animals have Lower metc:bol i c r-ates than the more 
_,,---

temperate counterparts <Hart, 1971; Hudson e.t al.. 1 1 o7-J. 
;; <.. ' 

Borut & 

Shkolnik, 1974; Shkolnik & Schmidt-Nielsen, 1976). In an arid region 

where both water and food may be scarce, ~nnually or seasonally, a Low 

metabolic rate reduces evaporative water loss as well as reducing the 

need for food. 

In the present study, the basa~ rnetabol le rate (8fViR) of P. cape.Mi{, was 

40 per cent lower than predicted for eutherian mammals CMacMillen & 
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Nelson, 1969) and lower than found in all other studies on hyraces 

except that of Rubsamen e:t. al. ( 1979) on P. habe.,5..6J...n..<..c.a. The metabolic 

. rate of P • ..6y.tr.J..acu./., ~as been reported to be lower than predicted but 

no actual figures were quoted <Meltzer, 1971). It may be suggested 

that the lower meta.bol ic rate of P. c.a.peYL..6-i...6 is an adc:1ptatlon to the 

arid areas in which they live, typified by hot dry summers and cold 

winters, often with the occurrence of snow. This statement is 

suspect, however, since P. ha.be..6..6.tnic.a., which does not exper:ience the 

same extremes has as low a metabolic rate <Table 6. 1). Fu rther:nore, 

the comparative study of Taylor and Sale ( 1969) showed ~. b.tr.ucei a 

more tropical species, to have a lower metabolic rate than P. eapen-6.0j 

and P. ha.bu..6.i..n..i..c.a., with the alpine species P. john~:toni having the 

highest metabolic rate. In their study, and as can be: seen from 

Table 6. 1, the lower critical temperature of the different species 

can be correlated with their different habitats. 

As there is no clear correlation between habitat and the metabolic 

rates of the various species from the literature published after Taylor 

and Sale's C 1969) study, the validity of the apparent differences in 

metabolic rates in reflecting the habitat of .each particular species, 

must be questioned. It is unlikely that the Large discrepancies shown 

in the various studies are due solely to differences in the technical 

methods employed in the measurement of the rnetabol.ic rates. They may 

also be due to differences in the animals themselves at the particular 

time of measurement. Factors such as seasonal differences, whether 

the animals were under basal or resting conditions, th~ illumination 

during measurements, the activity or quiescence of the sexual organs 
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and whether males or females were used, could have had ~arked effects 

on the metabolic rates at the time of measuren;ent. If more than one 
i 

of these factors were operative and if they all had an additive effect 

on metabolism, then disparate results would be expected. Unfortunately 

many of these factors were not noted in the several stu~ies quoted in 

Table 6. 1 and it is therefore difficult to draw a final: conclusion. 

Some of the above-mentioned factors, however, are discuksed below in 

relation to the disparate results of oxygen consumption presented in 

Table 6. 1 

1. In the present study and those of Rubsamen e.t. al. <,1979), Rubsamen 

& Kettembe i l ( i 980) on P. habv.,.1.>-i.1i-i.ccL and Bartholomew and Rainy ( i 971) 

on H. bJtuce.-i., basal metabolic rates were recorded. Tarlor and Sale 
; 

<1969) did not specify the nutritional state of the var'ious species 

used. The figures of the Latter authors may have beeh: resting· meta-
i 

bolic rates and therefore would have been higher. This is not 

applicable to H. b~uce.-i. as the value found by Taylor and Sale ( 1969) 
! 

was lower than that of Bartholomew and Rainy (1971> and other factors 

<outlined below) may have caused this discrepancy. 

2. The m~rked variations in body temperature between indivi~ual animals 

have been shown in the present study and the general trlermolability of 

the hyrax has been described by several of the afore-mentioned 

authors. Since a correlation between body temperatur~ and metabolic 

rate in P. lio.be,.,~?.i..C..ri.lc.a.. has been shown by R.ubsa1nen and Kettembei l ( 1980), 

it is highly likely that the metabolic rate also shows ~intra-specific 

variations. \•lith this in view, it is essential that many animals are 
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used to assess the BMR for it to be representative of the species. 

Some ~f the studies in Table 6. 1 used only two or three animals and 

th~refore may not be representative. This factor may apply particu

larly to P. ha.bu~,ln-lc.a., H. bJtuc.e..l and poss i b Ly P. -0cp1..W..c.u-0, species 

which seem to be more thermolabile than P. c.ap~J1-6,{_,J or P. johJUi:ton..l 

<Table 6.1>. Furthermore, the diurnal cycle in body temperature 

described for P1toc.avJ.a. (species uncertain - Sa Le, 1970a) may a L so mean 

that a similar cycle exists for the metabolic rate. ,'\l though a 

diurnal cycle in body te(Tlper a tu re was not well defined in P. c.ape.116..W, 

it may exist in the other species and should have been considered 

when measurements of oxygen consumption wer~ taken. 

3. Seasonal fluctuations in either metabolic rate or body temperature 

have not yet been investigated in any species of hyrax. However, 

some small mammals increase their basal metabolism as a response to 

cold winter temperatures or on exposure to continuous cold in the 

laboratory (Hart, 1957; Wunder e.:t al., i977l. Other seasonal 

increases in metabolic rate may be associated with the seasonal growth 

of the testes in the male hyrax or during the mating season. it 

would be preferable therefore, to measure metabolic rates in sexually 

quiescent male hyraces. Pregnant or Lactating females must obviously 

be excluded for this type of measurement. As !t is·so~etimes dlffi-

cult to assess the sexual condition of bbth male and female ~yraces, 

ot·her than from the knowledge of seasonal sexual. activity re~:orted in 

the Literature, some of the animals used 1n the various studies may 

have been sexually active which would havs given erroneous evaluations 

of Br~~R. Those males used in the present study were in a quiescent 
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state as the experiments were performed after the mating season and at 

the end of summer into the beginning of winter. Neither were the 

females pr~gnant as no young were produced .later in the year. 

4. Meltzer C1971>:has reported a difference in body temperatures of 

ma le and female P. -<61pr.J..ac.u.-6, with those of the l at-rer being sign l f i -

cantly higher. If this difference is due to a higher metabolic rate 

in the females, then sexual differences in other studies may have 

caused some of the vari~bility. A higher body temperature may also 

be due to better insulation, however. 

6.4.2 Body temperature 

6.4.2. 1 Labo~ato~q 

Among the various species of rock hyrax studied, only P. jchn.6toni. 

<Taylor & Sale, 1969> showed the same stability of body temperature 

found for P. c.ap~Yl.-6~ in the present study. Other reports on the 

physiological control of body temperature in P. c.ape.n-:i-U are conf!.ict-· 

ing. Both Louw e.t ed. < 1973) and McNairn and Faircll ( 1979) have 

described a decline in body temperature with decreasing ambient 

temperatures below therrnoneutrality (though the range of body tempera

tures reported differ markedly>, while Taylor and Sale< 1969) found a 

remarkably stable body temperature le.a. 38°Cl at ambient temperatures 

from 5 to 30°C. None of these studies are directly comparable to 

the present because of the different experimental conditions and 

methods of recording the body temper· a tu res. Louw e.t a£. C 1973) 
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measured i ntra-abdom i na l ternper-c:tures, but these v1ern recorded ont y 

five hours after recovering from an anae~thetic. Thus the extremely 

low temperatures they have ·reported were probably an after-effed 

of the anaesthetic which is known to inhibit thermoregulation. 

McNairn and Fairall (1979) measured rectal temperatures with a clinical 

thermometer in hyraces that had been acclimated to each ambient 

temperature for three weeks. Since the effect of acclimation on body 

temperature in these anim.als is noi· known, their results cannot be 

compared with the present~ Furthermore, I have found that several 

consecutive measurements of rectal temperatures in individual hyraces 

to vary con~iderably depending on the depth of inserticin of the 

recording device and on the excitability of the animals. Al though 
" 

the response of rectal temperature to ambient temperature in P. c.a.pe.M.l6 

from the results of Taylor and Sale C1969l was similar to the present 

findings, their values were higher. They used only two animal$, 

however, and in view of the variation in body temperature from indl-
. 

vidual to individual, these authors may have biased results. Oiher 

species of hyrax, except P. johr;_,f>ton-i., showed decrnas i ng body temperu-

tures below thermoneutrality, though again, the ranges of body tempera-

tures reported were sometimes conflicting <Table 6. 1). At ambient 

temperatures above ca. 30°C, however, all species of rock hyrax showed 

an increase in body temperature <Taylor & Sale, 1969). 

6 • 4 . 2 • 2 F J.e.f.d 

In order to separate the influence of behavioural thermoregulation from 

physiological in the maintenance of body temoerature, it is necessary 
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to compare laboratory data with those in the field. The deep body 

temperatures of 'free'-Li·ving P. c.a.pe.1u-W were maintained within the 

limits (38 ! 2°Cl normally found in eutherian mammals (Schmidt-Nielsen, 

1975). As for mos·t diurnal mammals, highest ternperattires were 

recorded during the d~y and lowest at night with a maximum range of 

2°C. The limited field data in the present study showed that at night, 

with lower ambient temperatures <7,6°C), P. c.ape.:u-W was able to main

tain body temperature ~ta constant though slightly lower level than 

in the day. The nocturoal drop in body temperature occurred in all 

experimental ffield' animals, irrespective of whether they were 

huddled or not. This does not appear to be part of the endogenous 

temperature cycte as has been described for P1wc.o,v.{.a sp. <Sale, 1970a) 

since a similar pattern was not shown in the laboratory. Rather, the 

decrease in temperature was due to a low ambient temperature or the 

absence of solar radiation as an external heat source which maintained 

the body temperature at a higher level during the day. Free-living 

H. b~uc.el showed a similar diurnal fluctuation of body temperature C2°C> 

though over a lower range (35 - 37°Cl with a small decline at night when 

huddled <Bartholomew & Rainy, 1971). 

6. 4. 2. 3 Hudd.f..{vig a.rid bMfz.-i.vig 

The interaction between hyraces in a shelter at night, whether in the 

form of huddlingr low-key aggression or some form of activity, appeared 

to be important in stimulating an increase in body temperature prior to 

emergence with first Light. Since the laboratory animals also showed 

a slight increase In body temperature prior to a change in lighting a 

part of the increase observed In the field ~ay have been due to an 
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endogenous temperature cycle. However, without the social facili-

tation, body temperature rose only slightly as was seen in the solitary 

animal in the f leld. This animal relied on solar radiation and the 

rising ambient temperature for the increase in body temperature to 
! 

c.a.. 38°C normally maintained during the day. Moreover, since the body 

temperatures of the individually caged 'f leld' animals, recorded 

indoors at approximately midday and at air temperatures within the 

thermoneutral zone, were near the lowest limits of the respective ranges 

recorded when the animals ~"ere free, it is clear that interaction 

between hyraces was important in increasing body temperature to the 

daytime range. Thereafter, however, the exploitation of external heat 

sources maintained the temperature at a relatively higher level and 

its stability <within 1°C> was achieved by shuttling between sun and 

shade. 

6.4.3 Thermal conductance 

6 . 4 • 3 • 1 s.<..119£.e a.n.<..mai..6 

The thermal conductance of an animal is a measure of the balance between 

heat production and heat loss and is inversely related to the total 

insulation of the animal. At temperatures below thermoneutrality the 

lower than predicted therrna l conductance of P. c.a.pe.1i.6.i....6 ind l cates that 

these animals were relatively well insulated. Besides the insulative 

properties of fur and subcutaneous fat in reducing heat loss, various 

other factors have been observed in single animals which would have 

a similar effect. In the cold these lncluds piloer-edion and th<~ 
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assumption of a rounded posture, particularly obvicus when the animals 

first emerge from the crevice in the morning. Further, peripheral 

cooling, particularly in the feet, which has been described in 

H. b1wce..i. rnartholo:new & Rc;iny, 1971) also occurs in P. co..pe.su,U.,, the 
. 

temperature of the: feet being approximately 11°C Lower than the rectal 

temperature at low ambient temperatures (personal observations). 

This is brought about by the existence of alternative routes of venous 

flow; a deeper system of closely applied parallel bundles of arteries 

and veins in the Limbs and an alternative superficial system of veins 

lying just beneath the skin Cleon, 1972; King, 1973). In addition 

an arterio-venous shunt exists in the proximal part of the hind-Limb 

which would reduce blood flow to the extremities, therefore reducing 

heat Loss from the body Cleon, 1972). The Low conductance found in 

this study is supported by the comparative data of Taylor and Sale 

(1969) which, although not quantified showed that beth P. c.a.pe.:1h,U., and 

P. johsuton.i. had. lower ccr.ductances than the more tropical species 

P. ha.be..J.:i..o..tn.i.c(f. and H. bJtu.c.e...t. Bartholomew and Rainy C 1971) found the 

latter species to have a conductance value 39 per cent higher than 

predicted. Meltzer ( 1971) has recorded that conductance in P • ..oy.tc.-i.a.c.u...o 

rose as ambient temperatures dropped below thermoneutrality. He con-

eluded that the thermal insulation of this animal was poorly developed 

to the extent that erdogenous heat production could not compensate for 

the heat losses at Low ambient temperatures and resulted in a drop in 

rectal temperature. The opposite seems to be true of P. eo.pe~J.i.l6 as 

the calculated conductance at the Lower critical temperature was higher 

than at lower· ambient temperatures. Thus the mechanisms used by 

P. c.ape.n-!>.U.,. io reduce hea·f Losses must have been well developed ·and 



1 7 1 

i 
allowed this species to maintain a constant body temperature even at low 

ambient te~peratures. The differences in ccnducrance between both 

P. c.a.pe..n4.V., and P. _ioh.n.otoni, and P. ha.be..6-6).11,le,a. and 11. b;iuc.e.i would be 
i 

expected as the former two experience Lower temperature~ in the field 

and therefore it is clearly advantageous to be better insulated, at 

Least in the cold season. Judging from the high conductance and the 

high lower critical temperature <28°C) P. -Ot:f'lJ..a.c.u.,6 doesinot experience 

the same low temperatures as P. ca.pe.11"!>.V., or P. j ohM:tonJ.. and shout d 

therefore be s i mi L ar to P. ha.be.-0.6J..11ic.ct ar,d H. bJwcLl in resped to 

other physiological responses. 

6.4.3.2 HuddR.ing 
' I 
I 
I 

i 
Most authors have described mass-specific thermal conductance in huddled 

animals to be consistently Lower than in single animals (Withers & 

Jarvis, 1980; Glaser & Lustik, 1975; Baudinette, 1972). It was 
I 

unexpected, therefore, to find similar slopes for the r~gression Lines 

in single and huddled P. c.a.pe.M.-i,6. However, the effect of huddling In 

a crevice may merely affect the ambient temperature of the micro-

environment, thereby delaying the onset of shivering below the thermo-

neutral zone. A reduction in conductance would be expected because of 

the smaller surface area exposed to radiant and conductive heat Loss. 

rn the present experiment the former effect may have ma~ked the Latter 
i 

effect. Also> the variations in oxygen consumption at: Low ambient 

temperatures without slmult2neous measurements of body temperature 

may have Led to erroneous values of conductance since the slope of the 
: 

regression line does not make allowances for alterations in body 
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temperature. Thus further experimentation is necessary to clarify 

these results. 

6.4.4 Energy considerations 

Both basking and huddling or heaping behaviour in P. c..ape.1i,~J...6 are 

significant in terms of energy conservation. Using an external heat 

source as a means of ~nc~easing body temperature even 1°C, rather than 

increasing metabolic heat production has obvious advantages in energy 

conservation. Using the same met~od of calculation as Bartholomew 

and Rainy (1971), increasing the body temperature of a 2,94 kg animal 

by 1°C requires 11,7 kJ which is equivalent to 0, 171 ml o2 per gram 

of animal and c..a. 63 per cent of the heat produced in one hour at the 

lowest metabol. le rate cf P. c.a.pe_n,.,:,,[,o. At ambient te~peratures below 

thermoneutrality, basking would have the effect of raising the pe~l

pheral body temperature, reducing the temperature gradient between 

core and periphery, thereby minimising ~etabolic hear less to the 

environment. An increase in heat production may therefore be avoided. 

This same principle explains the advantage of piloerectlon for heat 

and ther~fore energy conservation (Moen, 1973). 

Huddling or heaping has advantages in the retention of body heat 

within the group, through the direct contact bet~een animals. Further 

in an enclosed volume such as a crevice, transfer of heat from the 

animals to the air raises the air temperature, and providing that air 

currents through the crevice are mJnimal, the temperature of the crevice 
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is maintained at a stable Level and higher than the external environ-

ment. Within this warmer environment, the necessity to increase the 

metabolic rate is obviated. In the present study the temperature 

within the metabolic chamber, when occupied by three animals, 

increased 2°C above that when occupied by a single hyrax and conferred 

an energy saving of 10 per cent on the huddled animals. Higher 

reductions in oxygen consumption of 18 to 28 per cent due to huddling 

have been recorded in several rodents, however (Withers & Jarvis, 

1980; Baudinette, 1972~ Glaser & Lustick, 1975; Pearson, 1960). 

In the natural environment, nevertheless, the extent to which air 

temperature in a crevice is increased and the consequent energy 

saving would be dependent on the crevice volume, the number of animals 

per unit volume~ air fl.ow through the crevice and the thermal ·con

ductivity of the rock. 

In conclusion there appears to be a graded change in body temperature, 

lower critical temperature, thermal conductance and possibly metabolic 

rate in the several sp~cies of hyrax discussed above. These differ-

ences are associated with the environmental temperatures experienced 

and as such can be considered adaptations to the particular habitat of 

each species. At the one extreme, the al.pine P. johMtoni has physio

logical features predominantly geared to allow this animal to tolerate 

cold conditions commensurate with its alpine habitat. These take the 

form of a comparatively high metabolic rate, low Lower critical 

temperature, low thermal conductance or good insulation and a stable 

body temperature over a wide range of ambient temperatures. 

must tolerate a wid(~r range of ambient temperatures as vJi'3l l as an arid 
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environment. Thus, in a simiLar fashion to P. john.,!itonJ., the tower 

critical temperature 1s relatively low, body temperature ls.stable over 

a wide range of ambient temperatures and thermal conductance is low. 

In the hot, dry summers, however, the Low BMR would be advantageous 

when water must be conserved. Thus, relatively less water would be 

required to dissipate the metabolic heat produced. 

The heat gained from the environment would be regulated by behavioural 

thermoregulation demandjng Less water to be used than by the more 

expensive physiological method of evaporative cooling. This latter 

statement applies to the rest of the species of hyrax, mentioned below. 

The differences between P. habe.}.)1>-i.n.J.ca and H. bJi.uc.e.J.. are not easily 
-

explained since they are sympatric over parts of their distribution 

and the animals used in the studies described above all came frorn 

Kenya. Neither of these two species appears to have any marked 

physiological adaptation to Low ambient temperatures in keeping with 

the fairly moderate climate they experience. Both do show features 

which can be considered as adaptations to high ambient temperatuces, 

however, assuming the lowest values recorded to be valid. Thus a low 

BMR is common to both, but while P. habe.-O!.l-i..nJ..ca.. has a relatively high 

lower critical temperature with a normal thennal conductance, the 

lower critical temperature of/{. br..uc.e..l is lower but thermal conduct-

ance is higher. The thermolability and range of body temperatures 

are similar, however. P1l though the data for P. ~yJi.-i..a..c.U/.> are :1ot corn--

plete, this species appears to be at the opposite extreme to P. john-

.6:t.cn.-i.., with adaptations for a hot, dry climate. These include the 

lowest range of body temperatures of alL the sp.scies described, a lo1t1 
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BMR and high lower critical temperature and thermal conductance or 

poor insulation. 

In all species. of hyrax, however, the behavioural use of solar energy 

to maintain a euthe~ian level of body temperature 1 huddling ln the 

cold and overall selectlon of a favourable thermal envirbnment are 

indicative of a life geared towards the conservation of energy. This 

is manifested further in·the short feeding periods which allow the 

hyraces to spend most of the day in a state of relative inactivity or 

rest. 



SECTION 7 

THE EFFECT OF NOR-ADRENALINE 

(NON-SHIVERING THERMOGENESIS) ON THE 

ROCK HYRAX PROCAVTA CAPENSIS AND THE 

ELEPHANT SHREW ELEPHANTULUS EVWARVI 

, ' 
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7. 1 INTRODUCTION 

Seasonal changes in climate and temperature place stresses on free living 

animals; the more extreme the changes, the greater are the physiological 

adjustments required by an animal to tolerate and survive them. Adapt

ation to cold in endotherms involves both behavioural a~d physiological 

adjustments which decrease heat loss and/or increase heat production. 

Physiologically, decreased heat loss can be achieved thtough vasomotor 

changes, peripheral heterothermy and Lowering of the body temperature, 

and morphologically by increased fat and fur Insulation. Behavioural 

adjustments include postural changes, huddling or selection of a favour

able microclimate. Exercise, shivering and non-shivering tt~rmogenesis 

are mechanisms by which heat is produced. Most mammals use some or 

all of these mechanisms when cold stressed, but the size of the animal 

has an important influence on the extent to which any of these can be 

employed. The greater surface area to volume ratio in small mammals 

results in a relatively faster rate of heat loss compared to large 

mammals. Moreover, in small mammals there is a physical limitation to 

which fur insulation can be increased, without augmenting heat production, 

in order to maintain a constant body temperature. The same is not true 

of larger mammals where, due to the relatively small surface area to 

volume ratio, small increases in heat production or insulation are 

sufficient to maintain homeothermy in the cold. Thus smaller mammals 

have to increase heat production to a greater extent than large mammals. 

It has been found that cold-adapted small mammals (< 2 kg) increase 
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heat production ma!nly by non-shivering thermogenesis CNSTl at ambient 

temperatures below thermoneutr9Lity <Heldmaier, 1971l. Shivering cor.tri-

butes a smaller amount to the total heat production but at much lower 

temperatures the heat produced by both mechanisms su~nate (Jansky, 1973). 

NST is defined as na heat producing mechanisn1 Liberating chemical energy 

dueto processes which do not involve muscular contraction'' (Jansky, 

1973). Although several chemicals are known to have thermogenic 

properties, e.g. thyroxine, ACTH, corticosterone, glucagon and insulin, 
. ' 

heat production by NST has been attributed primarily to the action of 

catecholamines and in particular noradrenaline <NA) from the sympathetic 

nervous system (Jansky, 1973). Some of the recorded effects of NA-

mediated NST are an increase in oxygen consumption, deep body and 

interscapular temperatures, heart r~te and respiratory frequency. The 

magnttude of these effects in cold-adapted animals, however, decreases 

with increasing body size anci are negligible in mammals over 10 kg 

<Heldmaier, 1971 )-. 

Si nee cold adaptation facilitates the onset of NST, it can be 

assumed that the cold air temperatures during winter months act as an 

environmental stimulus for the development of NST in small mammals. 

Recently, physiological effects similar to those induced by NA admlni-
1 

.stration to cold-adapted animals, have been observed in rodents and 

birds adapted to a long scotophase without a prevJous period of cold-

adaptation <Wes+, i972; Halm e.:t al., i979a f, b; Halm & Fourie, 1980). 

These dark-adapted rodents also responded to NA administration showing 

an increased oxygen consumption, rectal and interscapular temperatures 

<Haim & Fourie, 1980), implying that cold-adaptation and dark-adaptation 
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have similar effects on the thermoregul~tory system. Mel.a-1-onin has 

also been shown to have a therr!logenic effect on rodents (Lynch 8. 

Epstein, 1976; Halm & Borut, 1978; Halm & Fourie, 1981) and in view 

of the known influence of photoperiod on the production of melatonin 

by the pineal <Fiske e.t af.., 1960; \'Juriman e.t a.£., 1968), the thermo-

genie effectso·f a long scotophase and melatonin may be·connected. 

The hyrax P. c.ape.n.o,U, and the elephant shrew E. e.dwaJtd-l are similar in 

several respects. Withln the Cape Province, both inhabit mountainous 

regions and utilize rock crevices for shel for and protection. Both 

also bask in the sun for some part of the day and show peaks of 

activity in the evening and early morning, though the latter has noi-

been f irml'I established for the elephant shrew (see section 1 ) 

They differ, however, in thei;- social organisation and food habits, the 

hyrax being gregarious and herbivorous while the elephant shrew'is 

solitary and pri~arily insectivorous though they have been known to eat 

fruit and seeds CJ. Breytenbach, personal communication); \'Ji thin the 

southernmost ranges of both of their distributions, seasonal changes 

are marked by hot dry summers and cold wet winters. ln 1 certain areas~ 

winter temperatures drop to freezing at night, otten with the occurrence 

of snow. In the Cape Province, the cold season lasts fcir five to six 

months and it would seem reasonable to assurr.e ·:·hat during this time both 

the hyraces and elephant shrews would adapt to the cold. One possible 

way would be to develop NST. As in all mammals, both these mammals 

increase their oxygen consumption and therefore heat prod~ction, at 
! 

temperatures below thermoneutrality (sections 6 and 8). The mechanisfil 

of increased hea·r production is not known, howeve1-; and may be due to 
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NST. The hyrax is of padicular interest in this respect as, in many 

ways, its physiology is similar- to that of a l.0rger mammal, e.g. low 

metabolic rate, heart rate, relative food consumption <shown in previous 

sections of this thesis). Also, the fossil evidence suggests that 

the small size of the hyrax is a relatively recent evolutionary develop-

ment <Kitching, 1966). It is therefore possible that the hyrax may 

not react to NA administration. However, no information on the 

metabolism and temperature regulation of E. e.dwaAd~ has been published 

and only that presented ·in section 8 is known. Thus apart from con

tributing further to the knowledge of the physiology of this insecti

vorous rnamma l, it was of interest 'to examine whether elephant shrews 

showed the same response to NA as other cold-adapted small mammals. 

Furthermore, although the habitats and climate experienced by P .. c.ape.n ... ~.l~ 

and E. e.cfuJO.Jl.d~ are so similar, their sizes are very different and a 

comparison of their responses to NA should be of interest. 

The purpose of the present investigation therefore, was to establish 

whether the capacity for NST was present in P. c.ctpen.-0-Lo, a medium-sized 

mammal, and E. e.dwaJLd~, a small mammal. The effect of NA administra-

tion on the oxygen consumption, rectal and lnterscapular temperatures 

and heart rate were recorded in cold-adapted P. c.a.pe.n.1.>Ls and compared 

to the effect of NA on the rectal and interscapular temperatures in the 

cold-adapied elephant shrew. 
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7.2 METHODS 

7 . 2. 1 The hyrax 

Eleven hyraces (6 females, 5 males, mean mass 2,54 ! S,D. 0,57 kgl 

which had been in captivity for at Least six months were used in the 

experiments. Nine were acclimated to 6°C for at Least four weeks 

after being exposed to a.gradual decline In temperatur~ for two weeks. 

A constant photoperlod of 12 hours Light : 12 hours dark was maintained 

throughout ·the acclimation period. The animals were kept in large 

cages, with two or three animals per cage, In a temperature controtled 

room. As only two large cages were available, the experiments were 

not concurrent, and four animals were used in the first experiment, "five 

in the second. During acclimation commercial rabbit _pellets, Lucerne 
' I 

hay and occasionally fresh green leaves were provided as food on an 

ad £..Lb. basis. ·Water was always a"1ai lab le. Two ani~als were not 

acclimated and were kept in an outdoor run with food and water always 

available. 

7. 2. 1 . 1 Non.-J.:ih..lvVl...i..ng .thVl.mogen.e..J.:i..0.i 

Each ani~al was anaesthetised with 40 ~g/kg sodium pentobarbitone 

<Nembutal, Abbott Laboratories) at the start of the ex~eriment . 
. ' 

Rectal 

' CTREC., 11 cm deep) and lnterscapular CTISCl temperatures were then 
i 

recorded using catibrated,copper-constantan therrnocoupl~s. Oxygen 

consumption CV02) was measured using a flow-through sys~em. Air was 

drawn through a tightly fitting mask around the animal's head, a tube 
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containing silica gel, a calibrated flowmeter CRotameter) and again 

through water and carbon dioxide absorbants (silica gel and carbosorb, 

respectively) before passing -;·hrough the o'xygen analyser (either· Beckman, 

OM14 6r Applied Electrochemistry 1 S-3A). The oxygen analysers were 
I 

calibrated at the beginning and end of each experiment. The thermo-

coµples and oxygen analyser were connected to a data-logger (Esterline 

Angus PD2064) which recorded respective measu~ements every two minutes. 

Heart rate <HR) was monitored in some animals, at two minute intervals, 

using an ECG transducer and Gilson polygraph. ECG leads were 

connected to gold safety pins attached to three points on the animal's 

thorax. The occurrence of any movement or shivering was noted from 

the ECG recording as electronic noise. 

Initial baseline levels of vo2, TREC., TISC and HR were recorded for 

approximately 10 min and thereafter the hyrax was injected with pyrogen-

free saline solution (amount as for the noradrenaline injection) and 

the same parameters recorded for 10 to 15 min. Finally noradrenaline 

hydrochloride CNA), dissolved in pyrogen-free saline, was injected 

intramuscularly <dose equivalent to 200 µg NA/kg). The dose.used was 

calculated from the following equation: 

log NA dose = 0,82 - 0,458 logW <Heldmaier, 1971) 

where NA dose is in mg/kg and W = body mass in grams. 

The above measurements were recorded again until the animal recovered 

from anaesthesia. 

/ 
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7.2. 1. 1. 1 ExpVl.Lne.nt 1 

For four c6ld-adapted hyraces <3 females, 1 male, mean mass 2,85 ! 0,33 kgl, 

vo2, TISC, TREC and HR were recorded at an ambient temperature of 6°C, 

and the effects of NA on these parameters recorded. During the course 

of the experiment, ~ne animal died an hour after the administration of 

NA, apparently from respiratory arrest. 

were therefore excluded. 

The results from this animal 

7. 2. 1 . 1 . 2 E x.peJr. .. lme.n.t 2 

Five cold-adapted hyraces (3 females, 2 males) with a mean mass of 

2, 10 ~ 0,50 kg were used. The effect of NA on vo2, TREC and TISC was 

recorded as described ~bov~ at an ambient temperature of 22°C, which is 

within the thermoneutral zone. 

7.2. 1. 1.3 ExpVr..lme.n.t 3 

The effect of NA.on TISC, TREC and HR on the two non-acclimated hyraces 

(males, mean mass 3,05 kg) was recorded at thermoneutrality C22°C). 

7.2.2 The elephant shrew 

Six adult elephant shrews C3 females, 3 males, mean mass 51,7 ~ 3,3 g) 

were trapped at the beginning of October near Ceres, in the Cape 

Province. They were brought to the University of Cape Town and housed 

in individual cages in the Laboratory for two months prior to +he 

experiment. During this time, all were fed dally with Pronutro Cse~ 

section 7> mixed with water, as well as meal worms once a week. For six 
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weeks thereafter the elephant shrews were acclimated to 6°C in a tempera-

ture controlled room with a 12 hour light : 12 hour dark photoperiod. 

Additional food was provided at this Low temperature. 

7.2.2. 1 Non-~h~vVL~ng th.Vtmogene~-i..-0 

Each animal was anaesthetised with 1,2 mg pentobarbitone! sodium (Nembu

tal, Abbott Laboratories) at the start of the experimentl Rectal 
i 
I 

CTREC, 2,5 cm deep) and interscapular CTISC> temperatures were recorded 
I 
I 

using calibrated copper-constantan thermocouples, attach~d to a data 
I 

i 
logger (Esterline Angus PD2064l. After approximately t~n minutes the 

i 
I 

elephant shrews were injected with pyrogen-free sal.lne sbtution <amount 
I 
I 

as for NA injection) and TREC and TISC recorded for a fu~ther 15 
I 

minutes .. Noradrenaline hydrochloride dissolved in pyro~en-free saline 

was then administered subcutaneously (dose 1,3 µgig body,mass calculated 

according to Heldmaier, 1971 l and the above parameters r~corded until 
! 

the animals awoke from anaesthesia. The experiments were run at an 
I 

I 

ambient temperature of 12°C and three animals were run c9ncurrently. 
' 
i 

As some of the ar1imals awoke before the full effect of t~e NA was seen, 

it was thought that the increase in temperatures may notjhave been due 
i 

to the NA but to recovery from the anaesthetic. Theref0re, the effect 
I 
; 

i of the anaesthetic alone on the two temperatures was recorded in one 

animal. 
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7.3 RESULTS 

7.3. 1 Cold-adapted hyraces 

7. 3. 1. 1 Expvi..(me.nt 1 : Ta = 6°C 

Du1ing the acclimation period this group of animals lost: on average 
i 

15 per cent of the ini1 ial body mass, despite food and w~ter being pro-

v i ded ad .Ub. They also moulted and exhibited piloerection whenever 

observed. 

7. 3. 1 . 1 . 1 Re.c.W. an.d b1.tVl..6c.upu.f.a.Jr. te.mpVta.:twle.-6 

In the three animals, TREC declined when the anaes·rhetised animals were 
I 
; 

exposed to 6°C and continued to decrease after the saline injection. 

Administration of NA apparently induced or cbincided with the onset of 

shivering in two anim~ls and consequently, TREC and TISC !stabilised or 

decreased at a slower rate than previously. No increase in either of 

these temperatures was apparent <Fig. 7. 1). !n all three animals 

TISC followed changes in TREC almost identically though 11SC was always 

lower than TREC. Shivering began in the two animals whJn TREC was 

33,5°C. The animal that died during the experiment did not shiver 

a~d showed respiratory distress after the NA injection with a fall in 

TREC below 30°C. 

7. 3. 1 . 1 . 2 Oxyge.n. c.on . ..01mption. 

In three animals, administration of saline caused a slig~t 
I 

of roughly four minutes duration, but had no effect in orle. 

rise in vo2 

With the 

onset of shivering after the NA injection in two animals, V02 increased 
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continually until the animals recovered from the anaesthetic CFig. 7. 1). 

The bne animal that survived without shivering showed an increase in 

V0
2 

of 0,033 mL02.g-l.h-l after NA administration which is 19,6 per 

cent above the increased Level recorded after the saline Injection 

<Fig. 7. 1). The rise in vo2 lasted for a total of seven minutes and 

thereafter fell below the previously recorded Level with occasional 

smaller increases until the animal awoke. 

7.3. 1. 1.3 HeaJtt ~ate 

NA administration caused an increase in heart rate of 20 to 25 per cent 

above the resting Level in all three animals. The onset of this rise, 

after the NA injection, varied from one to twelve minutes and the 

duration of the increased heart rate was only four minutes. In the 

animals that shivered, HR either returned to basal Level or stabilised 

at a rate higher than recorded before the NA injection. A lower heart 

rate was recorded, after the NA peak, In the animal that did not 

shiver (Fig. 7. 1 ) . 

7.3. 1.2 ·Expvi-ime.nt 2: Ta= 22°c. 

lhis group of five cold-adapted hyraces maintained a steady body mass 

throughout the acclimatfon period, unlike those in experiment 1. 

Although they did appear to shed some fur over the acclimation period, 

there was no obvious change In their coats as there was in experiment 1. 

7. 3. 1 . 2. 1 Re.c.W a.nd .{.n.tvr..oc.apu.Wi te.mpvia.twr.e.J.> 

Both these temperatures decreased when the animals were under anaesthetic 
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but never fell to the Low levels recorded in experiment 1. This was 

undoubtedly a function of the different ambient temperatures. The 

administration of saline had no marked effect on either temperatures, 

and any small rise was within the variation recorded before the 

administration of the saline (fig. 7.2). NA affected TREC in two of 

the five animals causing lt to increase maxlmally by 0,05°C above the 

rise caused by the saline injection. The significance of this was 

doubtful since the normal variation recorded in TREC was of the same 

order. TISC increased in two animals after NA administration with a 

maximum rise of 0,1°C above the saline effect. Again the significance 

of this is doubtfuL. 

7. 3. 1 . 2. 2 Oxyge.n. c.on-0ump:t).ori 

The.saline injedion had a small but unimportant augmentative effect on 

the vo2 of three of the five hyraces. This occurred from two to five 

minutes after th~ Injection and lasted for roughly four minutes. !n 

three animals NA administration also increased the VO~ but only one 
L 

of these rises appeared to be noteworthy in view of the normal variation 

(fig. 7.2). This increase was approximately 5 per cent of the base-

line level taking the saline rise into account. In each animal, just 

prior to waking, vo2 increased erratically, but this was probably due 

to the increased oxygen required for the limb movement as the animals 

came out of anaesthesia and the grea+er heat production necessary to 

re-establish the normal body temperature (Fig. 7.2). 
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7.3.2 Non-acclimated h~_c~ 

7.3.2. T ExpeJr.,{,me.nt 3: Ta.= 22°C 
I 

These two animals maintained a steady body mass while iri captivity. 

The response in 1REC, TISC and HR to NA administration ~as similar to 
i 
I 

that following the saline injection <Fig. 7.3) in both dnimals. 

Nevertheless, some differences were apparent. In one ~nimal, both 
i 

the saline and Nf\ i njed ion caused an increase in TREC a'.nd TI SC of 

0,2°C and 0,4°C, respectively, with a decrease in HR aft~r NA admini-
1 

sfration CFig. 7.3). The other ariimal responded to both saline and 
! 
i 

NA injections with a small increase in HR and no obvious: change in 

TREC or TISC. None of these changes were of any import~nce. 
I 

7.3.3 Elephant §hrews 

I 

The elephant shrews remained healthy during the period of acclimation 

at Ta = 6°C and their body masses remained fairly stable~ The mean 
I 

i 

change in mass was a gain of 2,3 per cent witl1 ranges fo~ individuals 
I 
I 
I of -12,3 to +11,8 per cent. No changes in the fur were apparent. 

When anaesthetised, and at an ambient temperature of 12°~, TREC was 

higher than TISC In all six animals and both temperature~ declined 
! 

steadily with time <Fig. 7.4). The saline injection had no effect on 
i 

these temperatures unlike the NA injection. With the L~tter, a 
I 

dramatic.,rlse was recorded and a typical example of this! response is 
! 

shown in Fig. 7.4. In all cases, TISC responded to the 1 NA before TREC 
I 
I 

and superseded the rectal temperature initially. The t~me taken for 
I 
I 

the onset of the NA effect, the maximum Increase in temp?ratures and 
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the time from the onset of the temperature increase to the peak, were 

variable ~nd the respective ranges are shewn in Table 7. 1. The 

maximum temperature increase was 15,8°C in TREC. The rectal tempera

ture of the anaesthetised animal that was not given NA, continued to 

drop .and after 100 minutes reached a low level of 19°C. The experi

ment was then terminated since it was clear from these results that 

the increased temperatures in the other animals were caused by the 

NA injection. 

7~4 DISCUSSION AND.CONCLUSIONS 

Prolonged exposure to low temperatures was apparently stressful for 

the one group of hyraces and resulted ln a ·significant loss i~ mass. 

It is difficult. to understand why the second group (experiment 2) 

did not show the same response under the conditions of cold-adaptation. 

The only difference between the two groups was the season in which the 

experiments were conducted. The first experiment was done at the end 

of June while the second was performed at the beginning of December. 

Possibly the first group was not· in as good a nutritional condition 

as the second, having been exposed to cold, wet conditions prior to the 

experiment, while the second group had been exposed to the warmer and 

drier climate of spring and summer. That winter conditions are stressful 

to hyraces has been noted by Mendelssohn C 1965) and Millar ( 1972> since 

in captivity under i-1atural climatic conditions, rnost deaths occur 

du~ing this season. Considering that tl;e two en'1 i ronrnental factors 
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TABLE 7. 1 The effect of noradrenaline CNAl administration on 
rectal CTREC> and interscapular CTISCl temperatures in 
six elephant shrews, E. e.dwCJJi..cU. <Mean mass 52,5 ~ 2,3 g) 

Time for onset of NST 
after NA injection (min) 

Maximum increase in 
temperature C°C) 

Duration of NST effect 
from onset to peak (min) 

n 

6 

4 

4 

TREC range TISC range 

9-31 3-19 

11, 9-15' 8 13,3-15,0 

52-86 58-86 
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which are knovm to induce the development of i~ST are cold temperatures 

and a long scotophase (Halm & Fciirie, 1980), it would be expected that 

the first group of animals, exposed to winter conditions prior to the 

experiment, would have developed NST with possible changes in the 

pelage and consequent increased resistance to cold. It may be argued 

that in the field, cold-acclimation in winter is a slow process since 

air temperatures are not consistently low. if, however,a long scoto-

phase induced NST in the hyraces, it would be expected that the first 

group of animals would have developed a greater resistance to cold 

than the second group. This was not apparent in the present experiments, 

since the first group lost weight during cold-acclimation and the 

pelages of all the anfmals appeared to be in a similar condition prior 

to the experiments. Conditions of acclimation in the laboratory were 

more severe than would be encountered in the f leld, as the animals in 

the laboratory had no respite from the consistently low tempera~ure. 

The initial resp?nses to cold in both experimental groups were pilo

erection, visible shivering, later accompanied by loss of fur or 

moulting. The Latter may eventually have increased the insulation of 

the animals by the growth of new fur of different texture and length. 

It is unlikely that a marked decrease in body mass would also occur in 

the wild, considering that the animals would have an opportunity to 

sunbask, even in winter, thus giving intermittent relief from the cold. 

Physiologically, cold-adaptation resulted in an lncreased sensitivity 

to NA in the hyraces exposed to a Ta of 6°C since an increase in heart 

rate was observed, contrary to the pattern shown in the non-acclimated 

animals. This j3-ad:-energ i c rnsponse did not appear to have a thermo·· 
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genie effect however. Unfortunately he~rt rate could not be recorded 

in the cold-adapted animals measured at Ta of 22°C and therefore, it is 

not known whether the increase in heart rate, in the group measured at 

Ta of 6°C, was due to the NA injection alone or to both a low tempera-

ture and NA. By comparing the V02, TREC and TISC in the cold-adapted 

hyraces which shivered at Ta of 6°C, with the same parameters in the 

hyrax that did not shiver, it is clear that shivering and not N.A, 

caused the rise in vo2 and stabilized TREC and TISC in the former group. 

The.increase in vo2 in the single, non-shivering animal probably occurred 

as a result of the increased contraction of the hearlmuscle after the 

NA injection. Nevertheless this had no pronounced thermogenic effect 

on the overall body te~per~ture. A similar increase in heart rate 

with a slight but insignificant rise in V02 and TREC has also been 

found in neonatal calves (Jenkinson et a}!_., 1968) and these authors 

have concluded that NA-induced NST does not occur. 

In contrast, there can be no doubt as to the thermogenic effect of NA in 

the cold-adapte~ elephant shrew and the implication of NA-mediated NST 

in the tolerance to cold stress is therefore evident. As the elephani" 

shrews were not tested in the thermoneufral zone the maximal thermogenic 

effect of NA cannot be established with any certainty from this experi--

ment. Jansky ( 1973) has shown that the thermogenic significance of 

NA can be demonstrated by comparison of the increase in metabolism of 

cold-adapted mammalsp after W\ administra·~ion in the therrnoneutral zone 

and at Lower ambient temperatures. Significance is shown by a higher 

response at the thermoneufral temperature than at the lower temperature. 

A difference in response arises because there is a maximum ceiling for 
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I 

heat production in a mammal and therefore a similar maximum for the 

effect of NA-induced NST. Thus the augmehtation of metabolism due to en-

dogenous and exogenous NA are additive only until this maximum level of 
i 

metabolism is reached. Since the increased metabolism at Low ambient 
I 
I 

temperatures is near the maximum level and is probably d~e to endo
' I 

genous NA secretion~ the effect of exogenous NA administ~ation will be 
I 

I 

small. At thermoneutrality, however, administration of Ian optimal dose 
i 

of exogenous NA should cause metabolism to rise to the mbximum Level and I 
I 

a large Increase will be ~bserved, unmasked by the effect of endogenous 
I 

NA secretion. This has been graphically illustrated byj Jansky C 1973> 
I 

and is repeated here ln'Fig. 7.5. Therefore, if a difference 

mechanll sm of 

in res-

ponse to NA at the two temperatures is shown, the thermo-

genesis in the cold and that due to exogenous NA applica~ion can be con-
1 

I 

sidered to be interchangeable and NA-indu~ed thermogenesis has slgnifi-

cance. 
i 

If the responses are similar, the same conclusion would not be 

true and may indicate the presence of an alternative th~rmogenic mech-
I 

anism (Jansky, 1g73). However, with anaesthesia, the ~echanisw.s of 
I . 

heat production are partially inhibited. This wa~ sho~n in the anaes-
' i 

thetised hyraces where the Lowest metabolic rates recorded were I 

-1 -1 I CO, 17 ml0
2

.g .h :. 0,07) tower than the basal metabol tc rate in unan-

-1 -1 
aesthesised hyraces <0,27 mL02.g .h ·, section 6). Thus In the experi

: 

ments with the cold adapted hyraces, the lack of a wellldefined thermo
! 

genie response at exposure to both 22°C and 6°C, despite the ana2sthesia I 

'1 

and according to Jansky's < 1973) rationale, indicates t?at NA-induced 

NST was of no significance. 

In the case of the elephant shrews, 
i 

the anaesthetic wou~d have the same 

effect as In the hyraces and therefore one can assume that the metabolic 

'I 
I 
I 
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(From Jansky, 1973) 
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rate, prior to the NA injection was near the basal Level and similar to 

that .at thermoneutral ity. Thus, with the partial suppression of the 

normal mechanisms of heai production at Low ambient temperatures, the 

increase in metabolism which caused TREC to rise c.a. 15°C, can be 

considered to be near the maximal rate attainable, and generated by 

the NA. A rough estimate of the heat required to increase the body 

temperature of a 52 q elephant shrew by 15,8°C in 74 minutes (actual 

figures for one animal in the present experiment) can be calculated 
-1 --1 

assuming the specific heat of protoplasm to be 3,43 J.g .°C (from 

Schmidt-Nielsen, 1975). This amounts to a heat production of 2,818 kJ 

-1 -1 
in 74 mJnutes or an incremeni in metabolic rate of 2,19 rnl02.g .h , 

assuming near perfect' insulation. When the Latter f lgure is added to 

-1 '-1 . an assumed basal metabolic rate of 1,09 mlo2.g .n (section 8), the 

metabolic rate of the elephant shrev1 at 12°C at the peak of the NA 

--1 -1 effect would be roughly 3,28 mL02 .g .h . Applying the same calcu-

lat ion to the resu L ts from the other elephant shrews, the range of 

rnetabol i c rates would be 2,99 to 3,44 mL02 .g 
-1 

• h 
-1 The actual 

met-abol i c rate at 12°C found in seciion 8 was 3,17 mLo2.g 
_1 _1 

'• h I• The 

similarity of the calculated and actual figures indicates that in the 

elephant shrew the increase in metabolism and maintenance of homeo-

thermy at Low ambient temperatures is probably due, almost entirely 

to NA-mediated NST, rather than a decrease in conductance. 

In the elephant shrew, the time lag between the responses of T!SC 2nd 

TREC to NA can be explained in terms of the location of the interscapular 

area and the rectum in !elation to the major tissues involved in heat 

p rotjuct ion du r i ng t6T. Situated in the interscapular area is a Large 



199 

proportion of the brown adipose tissue 6f the body. This tissue has 

a large thermogenic potential and is probably a major source of heat 

for animals acutely exposed to cold <Smith, 1961; Smith & Horwitz, 

1969). Thus, in the present experiment the temperature probe in the 

interscapular position would have recorded the heat generated by the 

brown fat in response to NA. Since the rectal probe was distal to 

any site of thermogenesis, a temperature rise in this area would occur 

only after the distribution of heat from the thermogenic tissues; 

hence the time lag in th~ temperature increases between the two areas. 

The extent of the contribution of heat by brown adipose tissue to the 

total heat generated during NST has not bean firmly established. 

Values of 6 to 15 per cent have been given by Jansky ( 1973), while 

Foster ( 1976> estimated the contribution to be approximately 60 per cent. 

Nevertheless, with cold acclimation brown fat in the rat undergoes 

changes such as hyperplasia, hypertrophy, an increase in metabolic 

activity and vascularisation <Horwitz & Smith, 1971>. These changes 

together with its rich supply of sympathetic nerves and high concentra-

tions of cat,echolamines, suggest an important involvement of thls 

tissue in NST <Flattery & Sellers, 1971 ). Although brown adipose 

tissue may not contribute extensiyely to the total_heat produced in 

NST it influences the thermosensitive area in the cervical splnal cord, 

a part of the nervous system network which induces either shivering or 

non-shivering thermogenes is <Br:uck & VJunnenberg, 1966). Other arnas 

which form part of this network are sensors in the skin, anterior 
I 

hypothalamus and a confroller ln the posterior hypoihalarnus <Bruck e.:t 

al., 1971). Since the !nterscapular brown fat adjoins the cervical 
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spinal cord and vascular connections exist between the t~o areas, the. 

heat produced by this tissue, in response to acute cold,! is distri-

buted to the adjoining thermosensitive area. The stim~lus for 

shivering is. suppressed, in part at Least, ~y warming this area, there-
I 

fore allowing for non-shivering heat production. OnLy:at very low 
I 

temperatures when the heat from the brown fat is insuffJcient to warm 

the cervical spinal cord, does shivering begin. (jansky,: 1973). 

Although NA does not ind~ce the same thermogenic respon~e in large 
I 
I 

mammals as in small mammals, clearl.y seen in the presenit study, the 
I 
I 

increased metabolism at low ambient temperatures in th~ former cannot 

' 

be assumed to be due to shivering alone. The ability :of sheep to 
I 

increase their basal metabolic rate after cold acclima~ion, without 
. I 

shivering (Webster e.:t.. aL, 1969 from Chaffee & Roberts~ 1971) and 
1 • 

without showing a thermogenic response to NA <Webster e:t al.., 1969) 

indicates that other mechanisms are involved in cold-adaptation. The 
I 

same may be true of the hyrax and other mammals such as miniature pigs 
I 

<Bruck e.:t al.., 1969) that do not show NA-mediated NST.: With the data 

available at present, however, it may be concluded tha:t although some 

~-adrenergic response was evident, NA-mediated NST wa~ insignificant 

in the adutt, cold-adapted hyrax, P. cape.nhi..6. Shiv~ring appeared to 

be a more important form of heat production at Low am~ient temperatures. 
' 

The possibility, however, that NST occurs in neo-nata( hyraces or in 

hyraces with reduced insulation, as has been found in; rabbits shaved of 

their fur (Heroux, 1967), cannot be excluded. 
i 

In its response to cold, 

P. c.ape.n.-01-6 behaves as c l ar-99 mamma L, relying on i nc;:eased fur 
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insulation, piloerectlon, shivering and behavioural mecha~isms such as 

huddling and the selection of a favourable microclimate for the main-

tenance of homeotherrny. Thus in the ev~lutlon of the hyrax from a 

large size some 30 million years ago (Bond, 1964; Brain & Meester, 

1964; Cooke, 1964) to the smaller present day form, it is apparent 

that amongst other physiological factors, the response to cold, 

characteristic of a larger size, has been retained. The elephant shrew 

E. ~dwaJr.d~ on the other hand responds to cold adaptation in a way that 

is typical of small marnm_als. With the restrictions Imposed on 

insulation by its small size and its solitary existence, the elephant 

shrew has recourse to few other means by which heat losses or energy 

expenditure can be minimised. One such avenue is the exploitation of 

the microhabitat afforded by the rock crevices and another, common to 

many small mammals, is hibernation. \!Jhile the former is definitely 

used, the Latter has not yet been recorded in the elephant shrew. Thus 

it has to rely almost totally on increasing Its metabolism by NA

mediated NST and probably shivering at lower ambient temperatures for 

the maintenance.of homeothermy. 



SECTION 8 

TEMPERATURE REGULATION AND WATER METABOLISM 

IN THE ELEPHANT SHREW ELEPHANTULUS EVWARVI 
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8. 1 INTRODUCT!ON 

Despite the common occurrence of the genus E.f.e.pha.11:tuJ~.tM; in southern 

Africa and the general interest in an animal of unusual '- ineage and 

affinities, the physiology of any species within the genus, with respect 

to energy,water metabolism and temperature regulation, are unknown. 

Systematically, the traditional placement of the family of elephant 

shrews, Macroscelididae,:within the lnsectivora and its controversial 

association with the Tupai idae slves rise to speculation about the 

above physiological. parameters. Does the elephant shrew have the high 

metabolic rate and high body temperatures characteristic of shrews of 

the family Soricidae (Morrison & Pearson, 1946; Pearson, 1947, 1948; 

Morrison, ~948; Gebczynski, 1965; Platt, 1974)? Does it have a Low 

body temperature and low metabolic rate as do hedgehogs of the family 

Erinaceidae <Shkolnik & Schmidt-Nielsen, 1976; Hildwein & Malan, 1970; 

McNab, 1978) or is the body temperature low 6nd labile with metabolic 

rates near or slightly lower than predicted for eutharian mammals, as is 

shown by the Tupai idae or tree shrews <Nelson & Asling, 1962; Yousef 

e.t al.., 1971; Bradley & Hudson, 1974; \.'Jhittow & Gould, 1976)? 

Furthermore, in view of the semi-arid i·o arid distribution of the 

species Eie.pha.n.tultv.s e.dwa.1£.d-i.., what physiological acaptations exist to 

enable it to tolerate these conditions? The general pattern of 

adaptatl6n to arid environments as seen, for example, in hedgehogs and 

heteromyid rodents is a low metabolic rate and high renal efficiency 

<Shkolnik & Schmidt-Nielsen, 1976; McNa~ 1979a). Does the elephani 

shrew follow this trend? 
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In the present study, I have ex2mined the temperature regulation, 

energy and water metabolism of Efe.phctntui1.L6 e.dw(J./td-l, the Cape elephani 

shrew, in an attempt to answer some of the questions posed above and 

~ogive further information which may help to clarify the systematic 

position of the Macroscelididae, 

8.2 METHODS AND MATERIALS 

Seven adult E.f.e.phan.tuflw e.dwov'°id.l*Cfour femCJles, three males, mean mass 

49,8 ! 3,1 g > trapped in the Clanwilliam district C32°11'S, 18°52'E> 

and the Rooiberg Mountains C33°28'S, 21°15'E> of the Cape Province, 

South Africa, were used in this study. Animals were housed lndivid-

ually in glass tanks in a te~perature-controlled room at 27°C with a 

12-hour light period. They were fed ad L[b. on a commercially manu-

factured cereal mixture CPronutro), mixed with water (59% carbohydrate, 

22% protein, 6% fat on a dry basis - manufacturer's analysis). Vi ta-

mins and minerals were added to provide a balanced diet for human 

nutrition and this ration was fed every evening while mealworms w~re 

provided once a week. Drinking water was always availab(e. At 

least three weeks were allowed for the animals to become accustomed to 

captivity before any experiments were initiated. The four animals 

from Clanwilliam had been in captivity for three months. 

* Animals were identified according to the criteria given 
by Corbet & Hanks ( i 968 ) .. 



204 

8.2.1 Body temperature 

Deep body temperature (T8 > was measured at ambient temperatures CTA) 

ranging from 10°C to 40°C using a copper-constantan thermocouple in-

serted 2,5 cm into the rectum. At each new TA the animals were 

allowed four hours {except at TA of 40°C, when three .hours were allowed) 

to become thermally equilibrated before 18 was recorded. 

8.2,2 Qxygen consumption 

Non-fasting, resting metabolic rate was measured at ambient tempera-

tures ranging from 10 - 39°C using a flow-through system. During 

oxygen consumption measurements the animal was housed in a water-tight 

perspex chamber. This was fitted with a grid, on which the animal 

rested, above a container of liquid paraffin to cover any faeces or 

urine voided during the experiment. Chamber temperature CTB) was ,, 

recorded by means of a thermocouple sealed into the chamber. The 

housing was submerged into a temperature-controlled water bath and 

dry air at the same temperature as the bath passed through the chamber 
. -1 

at a flow rate of 300 ml.min . Air leaving the chamber passed 

through a tube of fine silica gel and soda asbestos to remove moisture 

and carbon dioxide before entering the oxygen analyser <Beckman, 

model OM14). The analyser was calibrated at the beginning and end of 

each experiment. Both the chamber thermocouple and oxygen analyser 

were connected to a data logger <Esterline Angus PD 2064) which auto-

matically recorded the chamber temperature and oxygen concentration 
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of the outflowing air every two minutes. At each new ~A' an hour was 
' 

L 
I i al owed for equilibration of the system before any measuremen1s were 
I 
I 

taken and thereafter oxygen consumption was 

hour. The mean oxygen consumption at each 

I 

recorded for at Least 
I 
I 

I 
T, was cal~ulated and 

f\ I 
I 

' 

one 

corrected to standard temperature and pressure. Readings taken while 

the animal was active were discarded. On completion bf measurements 
I 

at a particular TA the animal was removed from the cha~ber and rectal 

temperature <2,5 cm deep) was recorded immediately. 

8.2.3 Evaporative water Loss 

Evaporative water Loss CE\VU 11as measur-ed while measu,ring oxygen con-

sumpt ion. A prewelghed capsule containing fine slll~a gel was incor-

porated into the air flow system immediately after tHe metabolic 

chamber. It was removed after half an hour and reweighed. The in-
' 

crease in mass was assumed to represent EWL. Two measurements were 

taken at each temperature. Recovery was tested and: found to be 90%. 

8.2.4 Thermal conductance 

- I 

Thermal conductance at each TA was calculated using:the formula 

c HP 

T x 

EHL 

s 
(Dawson and Schmldt-Ni~lsen, 1966) 

I 
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Where C conductance, J/cm2 .hr. °C 

HP metabolic heat production, J/hr (assuming 1 ml o2 

20 I 1 j) 

EHL = evaporativ8 heat loss, J/hr (assuming 1 mg H20 -

2,34 J) 

T temperature difference between ambient and body, °C 

S surface area, cm 2
, where S = 10 x Mass Cg>0, 67 

8.2.5 Water turnover rate 

·Water turnover rafo C\tffRi was measured using the isotopic dilution 

technique <Richmond e..t a..e., 1962; Holleman & Dieterich, 1973; Yousef 

e_t al. I 1974), Six animals of mean mass 48,9 ~ 5,7 g were kept 

individual.Ly in stainless steel cages at 25°C with 12 hours Light. 

They were fed on Pronutro.which initially contained 80% water but after 

24 hours under experimental conditions this evaporated to 45%. No 

free water was provided. Body mass was recorded daily. 

Each animal was injected intraperitoneally with 25 µCi trit.iated water 

<TOH) made up in saline. 25 µCi TOH were also added to a flask con-

faining 50 ml water. The flask was sealed until the end of the 

·experiment when the radioactivity of the solution was measured, and 

the value obtained used as a standard to~alculate fhe total body water 

of the animals. WTR was calculated from changes ln TOH concentrai-ion 

in consecutive urine samples. When urine was voided, it was collected 

immediately from the surface of a sheet of parafilm beneath each cage, 

the time of urination noted and the urine stored frozen in sealed 

capillary tubes for analysis at the end of the experiment. ·One 
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sample of urine was collected each day for at least four days. At the 

end of the experiment 20 µI. urine were added to 5 ml Packard insta Gel 

scintillation cocktail and the radioactivity measured using a Packard 

liquid scintillation counter CModel 3385). A Wang 700 bench top 

computer, programm~d to correct for quenching, was used to convert CPM 

to DPM. The DPM values for the urine of all animals were plotted as a 

function of time on a single graph using semilogarithmic paper. A 

least squares regressioA analysis was used to determine the equation 

which best described th~ data. Total body water CTBW) was calculated 

using the p~epared standard as follows: 

TBW Vb x DPMb 

DPM ao 

where Vb volume of standard 

DPMb radioactivity of standard 

DPM intercept value of the regression equation. ao 

Absolute water turnover rate and biological half-time were calculated 

using the method of Yousef e.t al. ( 1974>. 

After thi~ initial experiment two animals were placed on the same cereal 

diet, but with Less water C70% initially which was reduced to 43% after 

24 hours at 25°C), for an additional five days. Urine was collected 

as above and body mass recorded daily. WTR was calculated assuming 

TB\tJ to be the same as in the first experiment. 
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8.2.6 Renal function 

Each animal was housed in a metabolism cage placed over a sheet of 

parafilm and constant conditions of 25°C and 12 hours Lighting main-

tained. In order to assess the maximum concentrating capacity of the 

kidneys, the animals were initially fed ad .llb. cereal containing 80% 

water which was reduced to 45% water content ~fter 24 hours in the 

temperature chamber. After four days on this regime the water content 

of the food was gradually reduced over a further seven days, the diet on 

the last day consisting of air-dried cereal only. Body mass v1as 

recorded daily. After feeding, the first urine voided by each animal 

was immediately collected from the parafi Lm and the osmolal lty deter

mined. The rest was stored frozen in sealed vials for later analysis. 

8.2.7 Urine analyses 

Osmolality was determined using a vapour pressure micro-osmometer CWescor, 

model 51008) and urea concentration using the spectrophotometric method 

of Chaney and Marbach <1962). Chloride concentration was determined 

by a modification of Asper and Shales titration with mercuric nitrate 

for mi~ro-amounts (Smith, 1956) and sodium and potassium concentration 

using a flame photometer (Instrumentation laboratory, model 243). 

8.2.8 Relative medullary thickness of the kidneys 

At the end of the above experiments all animals were killed with pento-
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barbitone sodium <Nembutal, Abbot Laboratories). The kidneys were 

removed, weighed and the Length, width and depth measured. The thick-

ness of the medullary region was measured on the medially bisected 

kidn~ys. Relative medullary thickness was calculated according to 

Sperber C 1944). 

8.3. RESULTS 

8.3.1 Body temperature 

The elephant shrews were able to maintain a stable body temperature, at 

TA between 10 - 35°C CFig. 8. 1). Below 35°C a mean T0 of 37,6 .: 0,38°C 
'-' 

was recorded. i\t TA above 36°C the .::inimals became hyperthermic, TB 

rising with TA, but T8 remaining above TA even at 40°C. At the hi ghes i 

experimental temperature C40°C>, the shrews lay prostrate with bellies 

against the ground and exhibited open-mouthed panting. No fur-

licking behaviour took place, bu{ the animals occasionally Licked thelr 

noses which twitched excessively. Blood vessels in the ears appeared 

more prom i nant. No fluid loss through the nose or rnodh was observed. 

The lowest experimental temµerature C10°C) did not induce hypothermia. 

8.3.2 Oxygen consumption 

During measurements of oxygen consurr.ption CVO,..,) the etephant shre•l'is 
L 

were inactive for long periods, thus facilitating rneasurernent of resting 
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metabolic rates. At the thermoneutral zone bet.ween about 32,5°C 

and 36,0°C CFig. 8.2) the lowest mean metabolic rate of 1,09 ! 0,13 ml o
2 

-1 -1 
g .hr was recorded. This is 76% of the predicted eutherian 

rate according to Kleiber's <1961) equation. As TA decreased below the 

lower critical temperature, metabolic rate increased. The regression 

-1 -1 equation which described this relationship was vo2 (ml.g .hr ) 

4,330 - 0,097 TA C°C) <r 2 
= 0,825). Extrapolation of this Line 

intercepts the x-axis at a TA of 44,6°C which is much higher than:the 

-1 -i normal T8 of E. ~dwo.J!.d,i_; The intercept value of 4,330 ml.g .hr at 

TA= 0°C is approximately four times as high as the minimum metabolic rate. 

Metabolic rate also increased above 36°C. 

8.3.3 Evaporative water Loss 

At TA between 10 and 30°C, the rate of evaporative water Loss CEWL> 

-1 -1 
remained fairly stable at a mean value of 2,02 ! 0,35 mg H20.g '.hr 

(Fig. 8.3). WI thin the thermoneutral zone, E\A/L began to increase and 

' -1 --1 reached a maximum of 5,89 mg H20.g .hr at 38,3°C the highest 

experimental temperature. EWL per unit of oxygen consumed cvo2 > and 

the proportion of metabolic heat lost through evaporation as functions 

of, TA are shown in Fig. 8.4. Values of 2,34 J/mg H20 and 20,1 J/ml o2 

were used to convert EWL and oxygen consumption to thermal units. 

At TA of 30°C, EWL per vo2 was high Cl,99 ! 0,48 mg H20/ml o2 > and 

the heat lost through evaporation at this temperature represented 

approximately 20% of the metabolic heat produced. The maximu~ amount 

of heat lost through evaporative cooling was 54% of the heat produced 

at 38,3°C. 
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8.3.4 Sensible thermal conductance 

With a rise in TA of 10°C to 35°C surface-specitic 1 sensible thermal 

conductance increased from approximately 0,84 to 1,13 .l/cm2 .hr.cc 

<Fig. 8.5). At 'higher TA, a more marked increase was shown,conductance 

reaching a maximum of 4,64 J/cm2 .hr.°C at 38,3°C. Thus effective 

vasomotor control is indicated by the increased conduc·rance (reduction 

in total insultation) above the thermoneutral zone and the small 

decrease below the lowe~·critical temperature. 

For compara1ive purposes, the minimal thermal cond~ctance was calculated 

using the slope of th~ Line relating metabolism to air temperature at 

TA below thermoneutrality C0,097 ml o2 /g.hr.°C>. Since the Line 

did not extrapolate to a temperature, on the abscissa, equal to the 

body temperature, and therefore the value of the slope is an under-

estimate of minimal thermal conductance (McNab, 1980), the correction 
. 

-equation below was applied: 

Cm;cf = 0,060 CST) + 1,0 <McNab.• 1980) 

where Cm corrected minimal conductance 

cf= fitted slope using the least squares method 

!T overestimate of Tb 

Thus the corrected minimal conducta~ce was 0,138 ml o2/g.hr.°C which Is 

as predicted C97,2%> by the equation relating minimal conductance to 

body mass: 

1 n r )-0,50 ,u x mass .g (McNab & Morrison, 1963>. 
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8.3.5 Water turnover rate 

J On the diet initially containing 80 per cent water, the regression 

equation which described the TOH activity in the urine of E. e.dwcuc.di as 

a function of time.was TOH CDPM) = 41454 t-o,o2o4e Chr) cr2 
= 0,9265). 

The total body water CTBW>, biological half time Ctil and daily water 

turnover rates of the animals, calculated from the equation, are shown 

in Table 8.1, as well as the same parameters for the two animals on ·the 

diet with the lower water content. 

In the first experiment, the animals showed a slightly positive water 

balance, gaining approximately 3 per cent of the initial body mass 

after four days. In the second experiment, on a Lower water intake 

both animals lost weight (approximately 3 per cent and 8 per cent) 

CT ab Le 8 . 1 ) . A 3 per cent gain or loss in mass may be considered 

negligible as WTR is affected by only about 0,3 ml/day. The WTR of 

the two animals on the lower water intake, when corrected for loss in 

mass were 7,51 and 6,35 ml/day. The WTR of the animals on the higher 

water intake was double that on the lower and the:-efore t_he diet 

initially containing 80 per cent water must have provided water in 

excess of that required by the animals, resulting in water diuresis 

and consequent elevation of WTR. Thus the diet initially containing 

70 per cent water would seem to be nearer the actual. water requirement 

of E. e.dwM.dJ.. with a WTR of approximately 7 ml/day. From the equation 

relating WTR to lean body mass CLBM> <Holleman & Dieterich, 1973> the 

predicted WTR of approximately 9 ml/day is slightly higher than the 

actual rate of E. e.dwa.Jid.{. at moderate ambient temperatures. 



TA
BL

E 
8.

1 
T

ot
al

 
bo

dy
 

w
at

er
 

CT
BW

) 
an

d 
w

at
er

 
tu

rn
o

v
er

 
ra

te
s 

CW
TR

) 
o

f 
E

. 
ed
wa
Jr
.d
~ 

on
 

tw
o 

d
ie

ts
 o

f 
d

if
fe

re
n

t 
w

at
er

 c
o

n
te

n
t 

W
at

er
 

co
n

te
n

t 
o

f 
d

ie
t 

G
ai

n 
o

r 
L

os
s 

TB
W

 
n 

M
ea

n 
.M

as
s 

in
 

m
as

s 
A

ft
er

 2
4 

hr
 

In
it

ia
l 

at
 

25
°C

 

%
 o

f 
in

it
ia

l 
%

 
:!:

SO
 

g/
10

0g
 -

ol
 

g 
B

od
y 

M
as

s 
/0

 

80
 

45
 

6 
4

6
,4

 
7

, 
1 

+
3

,4
. 

6
5

,6
 

70
 

43
 

4
8

,6
 

-3
,3

 
6

5
,6

 

70
 

43
 

4
9

,3
 

-8
,5

 
6

5
,6

 

x 
k 

=
D

is
ap

p
ea

ra
n

ce
 r

at
e 

o
f 

tr
it

ia
te

d
 w

at
er

 
<Y

ou
se

f 
e
t 

e
tl

.,
 

19
74

) 

+
 

H
-<

B
-i

ol
og

ic
a-

L
 

ha
l-

f-
ti

m
e-

) 
-~
 

_e
/k

 
+

Y
ou

se
f 

e_
t.-

al
..-

,--
-1

97
4)

 

xk
xl

O
O

 
+

 
H

. 
W

at
er

 T
ur

no
ve

r 
R

at
e -

. 
0 

82
 

da
ys

 
m

l/
da

y 
rn

l/
kg

 
' 

hr
 

da
y-

1 

2
,0

4
 

1
, 4

2 
-

14
,8

5 
18

4,
2 

0,
94

 
3

,0
7

 
7

' 1
9 

8
5

,8
 

0,
71

 
4

,0
7

 
5,

51
 

71
, 0

 

. 
0 

78
 

* 
W

TR
 

m
l/

da
y 

=
 0

,4
8 

CL
BM

) 
' 

w
he

re
 

le
an

 
bo

dy
 

m
as

s 
CL

BM
) 

g 
T

B
W

C
g)

/0
,7

3 
<H

ol
le

m
an

 
&

 D
ie

te
ri

ch
, 

19
73

).
 

:l
:P

re
d

id
ed

 
\.'J

TR
 

m
~
/
d
a
y
 

8
,8

i 

9
, 

14
 

9
,2

3
 



2i9 

8.3.6 Renal function 

Although the initial cereal diet provided was different in composition 

from the natural insectivorous diet, the elephant shrews remained 

healthy with a mean change in mass of 1,9 per cent over the experimental. 

period. Over the ;period of water restriction the mean loss in mass 

was 16,6 per cent, with only one death which occurred on the fifth day 

of this period, the animal having lost 22,5 per cent of its initial 

body mass. 

-1 On the initial diet a mean urine osmolality of 1265 .! 347 mosm.kg was 

recorded, but it cannot be assumed that this value reflects the normal 

hydrated condition sirice excessive water was contained in the food Csee 

WTR). Osmolality, however, increased progressively over the period 

-1 of water restriction reaching a mean maximum of 3118 ! 267 mosm.kg 
• I 

on the last day of the experiment when water was withheld (Fig. 8.6). 

-1 The mean urine urea concentration which was initially 1024 = 346mmol.1 

rose concomitantly with increased osmolality and reached a mean maximum 

-1 concentrotion of 2446 .! 211mmol.1 on the last day of water 

. restrict ion CF i g. 8. 6) . Clearly urea exerts a major influence on the 

osmolality of the urine. The initial concentrations of urinary 

-1 -1 electrolytes, sodium C71 : 31 mmol. 1 ), potassium (172::. 32mmol.1 
-1 . 

and chloride (103::. 26 mrnol.1 ) increased when water was reduced, 

becoming approximately twice as high as the initial concentrations 

<Fig. 8.7>. The mean maximum concentrations over the period of dehy-

draticn were sodium 150::. 50 mmol.1- 1, potassium 337 !. 52 mmol.1-l and 

chloride 217::. 24 mmol.1-l (fig. 8.7). These electrolytes constituted 
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only 22,6 per cent of the maximum osmolality of the urine and the ratio 

of urea to total electrolyte concentrations remained the same throughout 

both experiments. 

8.3.7 Relative medullary thickness of the kidney 

In the freshly dissected kidney of E. edwoAd~ a slngle renal papilla 

was present which extended into the ureier to the outer limits of the 

juxtaposed renal cortex. The mean kidney mass was 0,266 ! 0,033 g 

·and relative medullary thickness inclusive of the papilla was 6,61 ! 0,84 

Cn = 14) .. From the relationship between relative rnedullary th!ckness 

and maximum urine concentration in other mammals reported by Yaakobl 

and Shkolnik ( 1974), the kidney of E. e.dWM.di should be capable of 

producing a more concentrated urine than the maximum concentration 

actually found. 

8.4 DISCUSSION 

8.fl. 1 Body temperature and oxygen consumption 

In the natural environment of E£.e.phcmtulM e.dwcvid.£ the temperatui-e con·· 

ditions and water availabllity In summer are typical of semi-arid to 
arid areas. Climatological data from the Clanwilliam area show mean 

monthly maximum shad,3 temperatures of 32,3 and 31,2°C for January and 

February, the hottest months, respectively and mean monthly rciinfalls of 
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3,9 and 8,6 mm for these months. Whereas heat and aridity are the 

major climatological stresses dur-ing summer, in winter water may be 

abundant and dai Ly tempera·rurns more moderate. Nocturnal temperatures, 

however, fall frorn approximatel.y i4°C in summer to around 5°C in winter 

with occasional freezing temperatur~s and snow. The thermal stability 

shown by E. e.dwCULd-l in the Laboratory impl.ies a thermoregulatory 

capacity adequate for these conditions. However, 24 hourly measure-

ments were not taken and it is not known if these ahimals show torpor. 

Nevertheless, the recorded stable body temperature of 37,6°C lies 

within the range of 36 - 38°C expected fo;- typical eutherian mammals 

<Schmidt-~:ielsen, 1975), morphologically "primitive" mammals usually 

having body temperatures that are Labile or maintained at a Lower level 

than that shown by E. e.dwo.Ji.d.l <Dawson, 1973). Amongst the lnsectivora 

there is a tendency towards low body temperatures as in the family 

Erinaceidae or hedgehogs with body temperat0res of 34 to 35°C CShkolnik 

& Schmidt-Nielsen, 1976) and the Tenrecidae or tenrecs with a body 

temperature of 33°C CHildwein, 1970). The tree shrews <Tupaiidae), 

however, have Low body temperatures during the day Cea. 35°C) but 

nocturnal temperatures, when active, around 37°C (Bradley & Hudson, 

1974; Whittow & Gould, 1976). Shrews of the family Soricidae appear 

to be exceptions with high body temperatures, but measurement of 

resting or basal temperatures in these highly active animals Is diffi

cult and the validity.of these data has been questioned <Dawson, 1973). 

Al though E. e.dwcUtd.i has a rii gh body temperature compared to other 

Insectivores, resting metabolic rate is be~ow that predicted for 

placental mammals of their body mass. In Table 8.2 the body tempera-
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tures and metabolic rates of various species within the !nsectivora 

are shown. Within each family there appears to be a Large variation 

in the metabolic rate ranging from below the predicted to the predided 

value, with only the Soricidae having higher metabolic rates. The 

value for the elephant shrew falls within the ranges shown for the 

Tupaiidae, but in view of the wide variation in metabolic rates shown 

for the latter family and the lack of further data for the Macrosceli
' 

didae any conclusion made concerning the relationship between the two 

families would be prem~ture. Al though E. e.dwa/1.d-l appears to be closer 

to the Tupaiidae in its metabolic rate and temperature regulation, it 

differs from the tree shrews in maintaining a stable, high body 
I 

temperature at TA below thermoneutrallty. Nocturnal body temperatures 

were not recorded in the elephant shrews, but since they appeared active 

during part of the night it seems unlik2Ly that body temperature would 

drop, as it does in the Tupal idcie during the day when the animals are 

Inactive. 

In fact, the values for body temperature and metabolic rate'recorded 
, 

in the elephant shrew should not be used to show taxonomic affinities 

since they are similar to many "normal" eutherianplacentals. It is 

acknowledged tha+ -the Lower than predicted metabol le 1-ate of E. e.dwCUl.d-l 

could be considered "abnormal" since a similar situation has been 

associated with "primitive" mammals such as the monotrernes, marsupials, 

tenrecs and hedgehogs <Dawson, 1973). This is not necessarily a 

primitive condition, however, as it is well documented that resting or 

bas~l metabolism is correlated with the overall environmental 

conditions an animal experiences CShkolnlk & Boru"!-, i969; Hart, 1971; 
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Hudson e.:t al., 1972; Shkolnik & Schmidt-Nielsen, 1976), In particular 

a Low met~bolic rate is found ln many 'advanced' mammals inhabiting 

areas with hot, dry climates, examples being several desert rodents 

<Shkolnik & Borut, 1969; Hart, 1971). Thus the low metabolic rate 

of E. e.d.wMd-i. can .be considered as a possible adaptation to the arid 

conditions of its environment. However, similar data on elephant 

shrews from more tropical areas are needed before it can be concluded 

with certainty that the low metabolic rate is an adaptation to the 

environment. 

E. e.dwaJtd-i. employs the same physiological mechanisms normally used by 

mammals for the maintenance of homeothermy both at low and high 

ambient temperatures. At Low ambient tempGraiures heat production ls 

augmented and peripheral heat loss reduced .• At 10°C the metabolic 

' rate increased three-fold above minimal le~el and as ambient temperature 

decreased below the Lowe( critical temperature, thermal conductance 

decreased slightly. As thermal conductance is inversely related to 

the total insulation of an animal, vasomotor contrnl and fur insulation 

must have contributed to the maintenance of a constant body tempera-

tu re. Total insulation is an important factor for a small animal 

with a Large surface area exposed to even moderate cold, as the 

tendency to lose heat is great and increasing metabolic heat production 

to compensate for heat Loss is energetically costly. 

McNab (1980) has indicated that if the extrapolation of the metabolism 

on air temperature curve meets the abscissa at a value greater than 

the body temperature, then the response to a fall in ambient temperature 
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involves both physical and chemical thermoregulation. That is, the 

response is a com!:iina7ion of increased metabolism (chemical thermo-

regulation) and decreased conductance. (physical thermoregulation). 

This appears to be the case for E. e.dwa;id.i., the implication being 

that physical ther~oregulai ion alone is inadequate for the maintenance 

of homeothermy. The same situation, however, is hue for many small 

mammals <McNab, 1980) and in view of the tendency to lose heat rapidly 

due Jo the relatively large surface area, small mammals may be expected 

to rely, for some exten+ ~t least, on.chemical thermo~egulation in the 

cold. The fact that the minimal thermal conductance of E. e.dwcur.d.i. 

was as predicted for its size, indicates that it is as efficient a~ 

other placental mammals in its physical thermoregulation in the cold. 

At high ambient temperatures, evaporative cooling appears to be an 

important avenue of heat loss in elephant shrews. Even at 30°C 

evaporative water loss per unit oxygen consumed was higher than found 

in most desert rodents CMacMillen, 1972) exceptions being Ac.omy~ 

c.aJ1aJr..i.Yl.U.6 and Ac.omy-0 J:.(.L;~-Oa.f.i.u> ( Shko l n i k & Boru t, 1969) which have 

similar levels of evaporation as E. e.dwoJi.dL With increasing heat 

load at amblent temperatures above thermoneutrality, evaporative water 

loss increased, the heat lost through this means amounting to 54 per 

cent of the metabolic heat produced at 38°C. It is possible that 

this percentage 1-1ould have increased at 40°C as open-mouthed panting 

and nose-licking behaviour was observed. In red kangaroos, Me.ga..fe-i.a 

Jm.6a. licking of the well-vascularized forelimbs has been shown to aid 

in heat dissipation (Needham e.t a..f., 1974) and the licking behaviour 

of E. e.dwaJt.d.i. may have ths same function if a superficial vascular 
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network was-shown to exis1 in the nose. Vasodilation in the extrem-

ities as observed in the ears and postural changes are reflected in 

the increased conductance at the high ambient temperatures. Above 

thermoneutrality, however, the high heat Load was not totally dissipated 

and an increased body temperature was tolerated. 

8.4.2 Basking behaviour 

At present the role of basking behaviour in E. e.dwaJtd..i. remains 

speculative. Nevertheless, heat uptake through basking, at tow and 

moderate ambient temperai·ures, reduces the need for metabolic heat 

production.thereby reducing energy expenditure. 

8.4.3 Water economy 

Although the _insectivorous elephant shrew ~s ensured of a constant 

supply of water by virtue of the high water content of its diet, the 

protein-rich nature of this diet demand~ a relatively high urinary 

water Loss. Additional demands on the water stores of the animal occur 

in the hot, dry summers when water is necessary for evaporative 

cooling. Examination of the water turnover data for E. e.dwaJtd..i. shov1 

that on a diet with 70 per cent water initially, the water turnover 

rate was lower than predicted for an eutherian of its mass. The low 

water turnover rate can be correlated with the semi-arid to arid 

·environment inhabited where conservation of \'iater is necessary . 

. Wat~r stress, however, would be somewhat ameliorated by the high water 



230 

content of the insectivorous diet. 

I 

I 
I 

Assuming that an! insectivorous 

diet cont~ins approximately 70 per cent water, the results indicate 

that E. e.dwOJt.d-l may be able to exist wi'thout free drl~king water in 

' 

moderate temperature conditions. At high ambient te~peratures, 

however, the increased water Loss for evaporative coo(ing would require 
I 

physiological and behavioural adjustments to prevent dehydration. 

Physiologica~ compensation fer water Loss through evaporation may be 

accomplished by ihe production of a concentrated urine. This is shown 

in E. e.dwOJt.dJ.. with max(mum urine concentration in the Laboratory of 

3118 m6sm kg-l Although fairly high, this value is .Lower than 

maximum concentrations found in insectivores adapted to semi-arid or 

arid conditions. The hedgehogs EJiJ..nac.e.ou,6 e.Wtopa.e.LW {mesic), 

PCVi.a.e.c.hJ..n.M ce..t.h,LopJ..c.u.J.> (•desert) and He.m.iec.hhu.L6 awd.tM <semi-arid) 

had maximum urine concentrations of 3062, 3634 and 4010 mosm kg 
-1 

respectively when dehydrated on a high protein diet <Yaakobl i Shkolnik, 

1974). A h!gh~r maximum concentration of 4250 mosm ~g-l has been 

recorded for the nocturnal, insectivorous desert rode11t On.yc.homyJ.> 

.t.oJr..Jr..,{_dllJ.> when dietary water was reduced and salt solution provided as 

drinking water <MacMillan, 1972). These results are inot directly 

comparable to those for E. e.dvJOJt.dJ.. as salt and proteiri loading are 
I 

known to increase the maximum concentration of the urfne in several 
i 

mammals <Schmidt-Nielsen e.t o..R.., 1961 ). The high re~atlve medullary 
i 

thickness of the elephant shrew's kidney is indicativd of a greater 
I 
; 

concentrating ability than was shown in the laborator~ and is similar 
i 

to that of the semi-arid adapted hedgehog H. aw:.Ltu..J.> <!Yaakobi & 
; 

Shkolnik, 1974). Although the maximal electrolyte cdncentratlon of 

' f. e.dwaAd-i. urine was rnugh l y in accordance w i -th that Efxpeded on the 
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basis of relative medullary thickness, urea concentration was markedly 

lower (Schmidt-Nielsen & O'Dell, 1961). In view of the high protein 

content of an insectivorous diet a higher .urinary ure~ concentration 

and osmolality would be expected under more natural conditions. 

That E. e.d.wa,,td~ is entirely insectivorous has been questioned earlier 

in this thesis, since in the Laboratory, they will eat dry seeds and 

grain. The question then arises whether an omnivorous diet is the 

norm for this animal either throughout the year, or whether there is a 

seasonal preference for one type of food over another. The ava i la-

b i l i ty of grain and insects would probably determine the diet in the 

field and in this respect, insects tend to be less numerous in the 

winter season. Thus, during winter, seeds may form a larger component 

of the diet than in summer. In terms of the water economy of the 

elephant shrew, a granivorous diet would not provide as much water 

as an insectivorous diet. If, however, the reliance on seeds for food 

occurred in winter, water would probably be available and therefore 

not constitute a problem for the animal. The same water turnover in 

winter as in summer would still be possible. These ideas are specu

lative, however, but do provide some indication where further work is 

required. 

8.5 CONCLUSIONS 

It is evident 1-hat E.f.e.pha.nt.{.1.fo.-0 e.dwaAdi. has physiological mechanisms, 
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comparable to the most 'advanced' eutherian mammals, ~hich enable it 
I 

to maintain homeothermy and to cope with harsh conditi!ons encountered 
I 

in its environment. The extent to whi~h these mechanisms must be 
i 

employed depends Largely on the behaviour of the anim~l. In this 

respect crepuscu lar feeding would be. advantageous s i nc
1

e select ion of 
I 
I 

moderate temperature conditions for activities requirlrg greater 

energy expenditure reduces heat stress and excessive ~ater Loss. 

Diurnal basking may be an additional energy-saving 

with crepuscular or noe.turnal activity. However, 

medhanism associated 
I 

unt!i l furthe1-

information is available concerning the behaviour of E:. e.dwaJtd-i.. in 
I 

the field, the interplay and relative contribution of physiological 
I 

and behavioural mechanisms towards Its adaptation to t~e environment 

cannot be elucidated further. 

I_ 



SECTION 9 

FINAL SUMMARY AND CONCLUSIONS 

,. 
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In any natural environment there are many factors which may limit the 

energy intake of an animal. These limitations are a function of the 
' 
' 

climatic conditions, the plants and also the behaviour~l, physiological 

and anatomical make-up of the animal itself. Some of ,these limitations 

are, however, partly offset by various behavioural, ph~siological and 

anatomical features of the animal - the adaptive mechariisms which enable 
' . 
' ' 

the animal to make the best possible use of the resources available and 
. I 

' 

therefore to survive the particular stresses associate~ with that 

environment. 

The nutritional statui of any herbivore is partly determined by the 

energetic and nutritive value of the food it eats and t'hls in turn 

depends on the composition of the herbage and the effedt cornposi·rion 

has on the digestibility and quantity of food ingested.! 
I 

Since the 

composition and quality of forages are affected by the 
1

qual1ty of the 

soil, seasonal variations in temperature, insolation arid rainfall and 

the phenology of the plants, these are also pivotal factors whlch set 

the limits on energy and nutrients availabl.e to the anl,mals . 

. Living in the semi-arid and arid areas of the Cape Pro~ince with frequent 

droughts and seasonal extremes of temperature, the hyr~x must tolerate 
I 

a harsh, unpredictable climatic environment. Morecver', the p0or 
I 

nutritive quality of the vegetation typical of Table Mduntain Sandstone 

areas could exacerbate these harsh conditJons. Although it is not 

possible to c!2scribe the precise nutritional environment which Pnoc.a.v.{a 

c.a.peML> must tolerate; owing to its wide disfribution !and thG varying 
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i 
vegetation types of the Cape Province, in the southern :and western 

! 

Cape this species tends to Inhabit mountainous areas w~ich are covered 

' 
by two major veld types - the Mountain f{henosterbosvel9 and the Fa~se 

I 

Macchia or Fynbos <Acocks, 1953). The nutritive valu~ of these vege-
I 

tat ion types In the southern Cape has been studied by Jeubert et ed.. 
! 

(1969>, Stindt and Joubert (1979> and Joubert and Stin~t (1979) with 
I 

the general finding that these two veld types are def i~ient, in terms 
; 
I 

of the standard requirements for ruminants, in protein :and minerals, 
I 

\ 

particularly phosphorus, calcium, manganese and zinc eiither throughout 
! 

the year or_ in the dry season only. Crude fibre leve~s in the plants 

are often above 30 per cent (dry matter basis) with cr~de protein 

levels varying between 3 and 7 per cent in the dry season (Joubert & 
i 

Stindt, 1979). Apart from the inherently poor nutriti:ve quality of 

the herbage, the well-developed thorns on some of the dlants and the 
I 

reputedly high levels of secondary compounds, both rep~Llant to brows

ing animals, are· fi..~rther stresses- that the hyrax must t:olerate or 
' 

overcome. 

The initial approach in this thesis was to examine the ~nergetics of 
i 

the hyrax by evaluating the food and energy intake and !its subsequent 

ass imi lat ion. It was established in section 2 that r~lative to its 
I 

size, the food and energy intake of the hyrax was low, !both in the 

laboratory and in the field. The interrelationship b~tween protein 

and crude fibre content :.:if the food influenced the dry 'matter intake, 
I 

with high crude fibre levels also diminishing the effidiency of digestion 

of other fcod components and consequently reducing the :eff lciency of 

energy assimilation. In general, however, the digest'hilil"y of crude 
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fibre was relatively high and comparable to ruminant-like herbivores, 

though the breakdown was not as effective as in ruminants. Thus the 

efficiency of energy assimilation in the hyrax was commensurate with 

that of other herbivorous mammals. Due to the low food Intake, however, 

the metabolizable energy intake was Lower than predicted for similar 

si~ed eutherian mammals. 

The ability of the hyrax to digest cellulose was due to the unique 

structure of its digesti.ve system with at least two but possibly three 

major areas of microbial fermentation, where high concentrations of 

volatile fatty acids were recorded (section 3l. Fermentation in the 

most proximal section,· the extensible cardiac sac of the stomach, was 

unusual and appeared to be similar to a silage fermentation system 

.with acetic and lactic acids predominating. The more distal sites of 

fermentation in expanded i-egions of the larg·e intesiine showed concen-· 

trations and proportions of volatile fatty acids comparable to caecal 

and rumen fermentation in non-ruminants and ruminants respectively. 

It was established in section 3, however, that the metabolism of the 

hyrax differed from that of ruminants as It was dependent on glucose 

rather than volatile fatty acids as a precursor for energy production. 

Furthermore the depot fat of the hyrax contained high levels of 

unsaturated fatty acids characteristic of non-ruminant herbivores. 

Considering that the major food competitors of the hyrax are the Larger 

ruminants such as the kllpspringer, which also occupy a mountainous 

habitat and ir. some areas, domestic sheep, ii is essential ihat some 

separation in the nutritional niche exists to allow the ruminants and 
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the hyrax to coexist. Norton ( 1980) has suggested that the hyrax may 

be able to utilize lower quality vegetation than fhe ruminants. Also, 

some.separation would be attributable to the range over which the animals 

browse. In this respect the necessity to remain close to the rock 

crevices as a predator evasion strategy restricts the range over which 

the hyrax can feed, therefore limiting the forage available to them. 

Although some overlap may exist, the rumlnan+ has no such 'restriction 

over its browsing area. In view of the restricted feeding range, 

hyraces may have to tolerate lower quality vegetation. Some 

characteristics of the nutritional and digestive physiology of the hyrax 

would partly offset this disadvantage. The catholic dietary habits 

and the selection of young leaves and shoots with high protein and low 

fibre content, as well as the hyrax's ability to feed on some toxic 

plants would increase the opportunity of finding enougl1 food to meet 

its nutrient requirements. In the face of a depleted browsing or 

grazing area, the small migratory movements of the colony would also 

allow exploitation of new, richer food resources. 

Under drought conditions, however, the vegetation over large areas may 

be of poor nutritional quality, being high in fibre and low in moisture 

and protein. Food selection or migration may then be of limited value 

and the effective use of the available vegetation of critical importance, 

especially in.the face of competiticn from other herbivores. In this 

respect the more rapid rate of passage of the digesta through the gut 

of the hyrax albeit with a less efficient breakdown (section 2) 

relative to the ruminant, may become an advantage. Since the food 

intake and rate of its passage through the ruminant digestive tract 
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is limited by the particle size of the digesta within the rumen, 

fibrous or lignified plants which take a long time to be broken down, 

even with rumination, restrict the food intake of the ruminant. The 

hyrax, however, not having the same limitations on particle size, may 

be able to process relatively more food allowing the coarse undigested 

structural material to be voided. Digestive efficiency may be low 

but nevertheless, the low energy requirements (sections 2 and 5) may 

still be fulfllled in this way. Furthermore, the Low nitrogen 

requirements of the hyrax <Hume et al.., 1980) has obvious survival 

value in the face of poor quality vegetation. 

Although the mineral metabolism of the hyrax was not examined in depth, 

the patterns of excretion of calcium,magnesium and phosphorus were 

established in section 4. The renal pathway was the major route of 

calcium excretion, appearing in the urine as a calcium carbonate 

precipitate and suggesting an efficient calcium absorption mechanism 

in the alimentary tract. Magnesium excretion tended to fol tow the 

same pattern as calcium, though the major pathway for magnesium 

excretion depended on the quantity ingested. Phosphorus, however, was 

excreted mainly through the gastrointestinal tract. The excretion of 

all three elements In the urine depended on the dietary intake and, 

despite the unusual pathway for calcium and possibly magnesium 

excretion, normal mammalian levels of the three elements occurred in 

the plasma, bone and soft tissues. In view of the deficit of calcium 
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and phosphorus in the vegetation of areas inhabited by the hyrax, an 

efficient calcium absorption mechanism in the gut would allow th~ 

hyrax to fulfil its requirements. The metabolism of these three 

elements in the hyrax remains relatively unknown, however, and since 

it appears to be rather exceptional, deserves further attention. 

Compounding the stresses of poor quality vegetation, particularly in 

. summer, is the lack of water. The hyrax, however, has a low water 

turnover rate even when ~rinking water is available, as well as a 

low water requirement, giving credence i·o the popularly held belief 

that the hyrax can exist without drinking water. In this respect, 

.it was shown in sectioh 5 that the plants available to the· hyrax in 

the wet season could supply it with all its water requirements, tho~gh 

in the dry season, only plants with moisture levels higher than the 

average would suffice. Nevertheless the abllity of the hyrax to 

reduce the water turnover rate and to tolerate a substantial decrease 

in body mass in response to dehydration (Rubsamen & Kettembeil, 1980) 

would favour survival during a dry season. Recycling of sodium and 

chloride in the renal counter-current system with the consequent 

·· reabsorption of water was undoubtedly part of the mechanism responsible 

for the low water turnover rate of the dehydrated hyrax (section 5), 

though faecal and evaporative water losses can also be reduced Clouw 

e.:t al., 1973; Rubs amen & Kettembe it, 1980). in vlew of the low 

sodium content of plants the efficient reabsorptlon of this ion into 

the body is clearly advantageous. The extent to which water 

expenditure can be minimised, however, depends to a large extent on the 

behaviour of the animal. Thus avoidance of high ambient temperatures 
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which promote evapora·:·ive water Loss and the inactive Life style of 

the hyrax both reduce the use of water for evaporative cooling and 

are conservative m~chanlsms in te~ms of 0ater expenditure. Further-

more, the humidity of rock crevices i.s usually higher than the 

surrounding air at .high temperatures (section 6) and would probably be 

augmented by the collective respiratory ~ater loss of a group of 

hyraces huddled in the crevice. Water conservation of individuals in 

a group may therefore be enhanced by such behaviour, but careful field 

work is necessary to sub:stantiate this suggestior1. 

The inactive Life style and behavioural thermoregulation are also 

important aspects of the energetics of the hyrax. It was shown in 

section 2 that the low metabolizable energy intake in the laboratory 

was commensurate with the low basal metabolic rate shown in section 6 

and that the i ncrer.1ent of the energy cost of free existence over the 

basal metabolic rate was 1,83. It was deduced, however, that of this 

increment, that portion of energy required for activity, thermoregula-

tion and production in the wild was low <section 2). 

The low energy cost of thermoregUlation can be attributed to the extensive 

use of behavioural thermoregulation rather than a reliance on physic-

logical regulation. Despite the fact that P. capen..6-l.6 ls a good 

physiological thermoregulator maintaining a high stable body tempera-

ture of 37,2°C in the Laborafory, in the field exploitation of solar 

radiation while basking, augments the body temperature during the day. 

Shuttling between the sun and shade keeps this temperature stable. 

Metabolic heat production to maintain the higher body temperature is 
' 
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therefore obviated and in the absence of insolation a reduction of 

body temperature to the lower level recorded in the laboratory, again 

is a mechanism to avoid extra energy usage. Huddling within the 

crevices at low ambient temperatures does not have any profound effect 

on body temperature. but reduces energy expenditure by virtue of the 

lowered ,metabolism at the higher ambient temperature of the enclosed 

area. It would not seem to be of any advantage for the crevice 

temperature to be increased beyond thermoneutral temperatures of the 

hyrax and possibly therm6neutral temperatures would set the limit on 

the number of animals that would huddle in a crevice of set volume. 

Further work in this respect, particularly in the (ield,would be of 

interest. 

The physiological responses of P. c..apeJ'l..6-W to Low ambient temp~ratures 

<section 6) differed from those of several other species of hyr~x in 

that a stable body temperature was maintained rather th2P the thermo-. 
Lability reported for all other species except the alpine hyrax P.1r.oc.av-la. 

john.1.:i:to1iJ.. <Taylor & Sale, 1969). Effective vasomotor ccmtrol and 

probably postural changes and piloerection which reduced thermal con-

ductance at low ambient temperatures were responsible, in part at least, 

for the stability of body temperature in P. c..ape.1u-W. Since .this 

species lives in a more extreme climatic environment than the more 

tropical species of hyraces 5 experiencing colder conditions as well as 

heat comparable to that in the tropics, the high stable body temperature 

and the relatively low Lower critical temperature can perhaps be 

considered adaptations to a colder environment. It is possible, 

however, that at temperatures below 5°C, which were not tested in this 
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study, P. c.ape.M-W may show some lability in body temperaturn, but in 

view of its huddling behaviour and the effect this has on the crevice 

temperature, it seems unlikel.y that hyraces in the wild would be 

exposed to such low temperatures for long periods of time. 

It has been suggested that the low basal rnetabol~c rate of the hyrax may 

be a vestige from the larger size of the ancestral hyraces and the same 

may be said of the absence of non-shiverlng thermogenesis in the hyrax 

( sect ion 7) • Evidence ~n support of this would be that the low basal 

metabolic rate appears to be a phylogenetic trait. However, ancestral 

hyracoids were both large and small in size and there is no evidence 

to suggest that the larger forms necessarily gave rise to the present-

day hyraces. Secondly, it seems unlikely that such a fundamental 

chatacteristic would be retained as a physiological vestige with no 

adaptive advantage. Indeed, low basal metabolic rates have a positive 

value for animals living in arid environments and in the case of the 

hyrax may be the underlying factor responsible for the low water turn-

over rate and the low food intake. The reason for the lack of r;on-

shivering thermogenesis, nevertheless, remains unclear. It may be 

suggested that the koppie niche has such a favourable microclimate and 

that the behaviour of the hyrax is ~o well geared towards selection of 

favourable temperatures even to the extent of creating its own favour

able microcllmate within the crevices, that it seldom has to contend 

with extremely cold temperatures. Chan~es In thermal conductance by 

behavioural means may be sufficiently adequate to enable the animal to 

cope with moderately I.ow temperatures, particularly if allovJed -fo 

huddle with others of the colony. Shivering could ~hen provide the 
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metabolic heat necessary at those infrequent times v1hen the bounds of 

thermal co~ductance prove inadequate. Assuming the same huddling 

behaviour to be characteristic of the ancestral forms already Llv!ng in 

rock crevices, there may have been no selection pressure for the 

development of non~shivering thermogenesis. Further long-term studies 

of the reactions of hyraces to the cold in the field are needed to 

provide conclusive evidence for the above suggestion, however. 

In contrast, the elephant shrew, E.ie.ph.a.ntufu.-6 e.dwM.d.<.., relies heav i Ly 

on non-shivering therrnogenesis in the cold (section n. Being a small 

animal it has relatively limited control over heat loss at low air 

temperatures in view cif it~ large surface area. Furthermore, it has 

rio recourse to behavioural thermoregulatory mechanisms such as huddling, 

being a solitary animal. While the microclimate in a crevice would 

' provide some advantage in this respect, it is not as stable or effect-

ive ~s the microctimate in enclosed burrows which many small mammals 

utilize and which require adaptations in these burrowing animals to 

high temperatures (McNab, 1979). Thus, for the elephant shrew, effect-

ive physiological mechanisms of heat production and regulation, such 

as non-shivering thermogenesis and increased metabolism at Low tempera-

tures with a minimal thermal conductance as predicted for its size 

(section 8), are of critical importance. This is in contrast to the 

Low minimal thermal conductance of the hyrax and high thermal con-

ductances typical of fossorial. rodents <McNab, 1979). In other respects, 

the elephant shrew is similar to the hyrax,. having a lo~ resting and 

therefore low basal metabolic rate and a highj stable body temperature 



243 

supporting th~ earlier· suggestion that these are adaptations to the 

arid environment of both animals. 

Although the water turnover rate of the elephant shrew is Lower than 

predicted for its size (section 8), it is relatively higher than in 

t~e hyrax when the different sizes are taken into account. This may 

be attributed to the reliance by the elephant shrew on physiological 

mechanisms of heat regulation, although the different diets would seem 

to offer an equally-~cceptable explanation. An insectivorous diet has 

a high water content and despite the high protein content, does not 

demand as frugal a water expenditure as does an herblvorous diet. 

Like the hyrax, however, the elephant shrew avoids intense solar 

radiation by its inactivity at midday and its crepuscular habits, thus 

ameliorating excess iv~ water expenditure for evaporative cooling. 

Furthermore, although the renal function of the elephant shrew is 
-

effective in producing urine with as high an osmolality as the hyrax, 

the elephant shrew does not conserve electrolytes when dehydrated, a 

possible reflection of the insectivorous diet where the availability of 

essential ions, such as sodium, is not a limiting factor. 

It is interesting to compare the present findings of the basal metabolic 

rates and minimal thermal conductances of PJr.oc.a.v-la c.ape_n,o.{,)., and ERe.ph.a.nt-

u.fu-6 e.dwa11.d-l with those of McNab ( 1979) in fossorial and burrowing 

mammals. Nelther of th~ two present species lives in enclosed burrows, 

but the crevices can be considered similar to cool open burrows. 

McNab ( 1979) has shown that fossorial rodenfs greater than 80 g in mass 

usually have low metabolic rates and high minimal thermal conductances, 



while those less than 60 g have high basal metabolic rates but thermal 

conductance depends on wh0ther they live 1n coot or- warm burrows. He 

has also shown that burrowing mammals which spend appreciable periods 

out of the burrow have simllar metabolic rates to fossorial mammals. 

The hyrax conforms to the pattern of a low metabolic rate of la~ger 

burrowing mammals such as hedgehogs, armadillos and ground squirrels 

<Fig. 9.1), but has a minimal ther~al conductance lower than the hedge

hog, aardvark and armadillo which have relatively high thermal conduct

ances, apparently to reduce heat storage in their burrows CFig. 9.2) 

<McNab, 1979). The hyrax may not conform to this pattern for three 

main reasons. Firstl~ the crevices may be cooler than a deep burrow 

system, therefore requiring a low thermal conductance to minimise heat. 

loss. Secondly, by virtue of its huddling behaviour which would 

provide good insulation for individual animals, a high minimal thermal 

conductance would be unnecessary. Thirdly, the hyrax ls active during 

the day while the larger animals used in McNab's C 1979) report were 

nocturnally active. Thus, the crevices are used by the hyrax pre

dominantly at night when air temperatures even in the crevices are 

relatively cold so that a high minimal thermal conductance would be of 

no advantage. 

The elephant shrew, however, has a metabolic rate Cresting) intermediate 

between the high basal metabolic rate of burrowing mammals which live 

in cool burrows and the low basal metabolic rate of those living in 

warm.burrows. ·That of E. e.dwMd-l appears to be similar to desert 

heteromyids which do not follow the usual pattern of fossorlal· or 

burrowing small mar;imals <Fig. 9.1 ). McNab ( 1979i suggests that the low 
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metabolic rates of heterornylds are independent of their burrowing 

habits but may be an ad3ptation to the desert environment. 
I 

The same 

may be true of the elephant shrew. Since this animal has a similar 

minimal thermal conductance to fossorial or burrowing mammals Living 

in cool burrows and to desert heteromyids <Fig. 9.2), temperature 

re'gulation in the elephant shrew is typical of small mammals and the 

crevice can be considered similar to a cool burrow. In view of the 

lack of use of burrows or crevices by elephant shrews with a more 

tropical distribution, the exr:;Loitat ion of rock crevices by E. eclwaJLdi 

and probably E. myuJr.U/.i seems to be an adaptation to the climatic 

pressures of its more extreme environment. 

This thesis was undertaken to investigate the energy and water meta-

bol ism of the herbivorous hyrax, Pri.oc.a.vl..a. c.a.pe.n.-~.l.-6 and the insect i vor-

ous elephant shrew, E.f.epha..n:tu~ e.dWCULdi in relation to the environ-

ment in which ·they live. The hyrax has an extremely economical energy 

and water budget by 1Jldue of its extensive use of behavioural thermo-

regulation, long periods of immobility and a gregarious Life style. 

The availability of food, however, limits the number of animals that 

can live in a given area. Consequently, in view of the greater 

abundance of plants relative to insects, .herbivores are more suited to 

gregarious living than insectivores. In contrast to the hyrax, the 

insectivorous elephant shrew is a solitary mammal and relies extensively 

on physiological mechanisms bf thermoregulation. Water and energy are 

not conserved to the same extent as in the hyrax, but the necessity to 

do so is obviated by the high nutrient and water conte~t of the 
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insectivorous diet. Thus, the work reported here has illustrated 

some of the mechanisms that can be used by anirnals living in an arid 

environment to exploit the different and Limited resour~es available. 
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