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" ABSTRACT

Aspects of the energy and water metabolism in the rock hyrax

Procavia capensis and the elephant shrew ELephantulus edwardd
Belle Leon

Zoology Deparfmehf, University of Cape Town, South Africa

In three digestion Triaté the energy ‘intake and assimilation of the

hyrax Procavia capensis wéﬁ evaluated. Energy in+ake was low but fhe
3efffciency of eﬁergy aésimitafion was within the range found for ofﬁer
‘hérbivores. Thus the metabolizable energy intake (3!2,3‘kJ.kg—0’75.day_1)
was low but commensurate with the low basal metabolic rate of the

hyrax (0,27 mlOz.g_1.h*1). The increment in energy cost of free exist-
ence over the basal metabolic rate was i,83 which suggests 2 low energy
expendifdre for free-living hyraces. The digestibility of the

dffferenf food components was affected by the chde fibre content éf

the food, but fhé hyrax was able tc diges} crude fibre effectively by
“virtue of the fermentation sysTeﬁsvin three major areas of the alimentary
tract. Fermentation in the cardiac pokfipn of_fhe stomach resembled
silage Eermenfafion with the predominance of acetic and lactic acids.

The expanded regions of tne large fnfesfine éonfained volatile fafT;
acids in similar proportions and concentrations to those found in the

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

plasma and the high proportions of unsaturated fatty acids in the depot



fa%, however, precluded the hyrax from the group of ruminant-like

mammals,

The unusual occurrence of & calcium carborate brecipifafe in the urine
of the hyrax prompted an investigation of the pathways of excretion of
calcium, phosphorué and magnesium using two balance frials., The
renal pathway played a major role-in ¢alcium excretion suggesting an
efficient absorptive mechanism for this element in the gastro-intesti-

nal tract. PhosphbrusAWas excreted mainly through the gastro-intesti-

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

Excretion of all three elements was diet-dependent.

The water metabolism of hyraces exposed to natural climatic conditions
was investigated using tritiated water. The\Wafer turnover rate was

“O’B.day_1) and

lower than predicted for its size (85,1 mlHZO.kg
declined still further when the animals were dehydrated. The water
requirements of the hyrax can be met by the water ccntained in the food
in a wet season, but in a dry season the animals wou ld have 7o select
vegetation with a high moisture content or reduce the water turnover
rate and. tolerate a reduction in mass. The Llow water turnover rate

of the hyrax is associated wifh'fhe Low basa[ mefabolfc’rafe, the
avoidance of extreme temperatures and efficieﬁf renal function. The
latter also allowed for the consérVaffon of essenf?al icns within the

body and contributed to the maintenance of & stable plasma osmolality

on dehydration.

Both the extensive use of behavioural thermoregulation and the inactive



lLifestyle of the hyrax con%ribufed to the low energy expenditure of
the hyrex.  Physiological regulafion, however, could maintain the
body temperature constant at 37,2°C even at low ambient temperatures
in the laboratory. in the field, though, Thé hyréx increased iTg
body temperature to a higher Llevel during the day through the exploit-
ation of solar rad}aTion while basking. Shuttling beTweén the sun
and shade then kept the body Temperafure fairly stable at this higher
level. In the absence of solar radiation at night, the body tempera-
ture dropped by ca. 2°C .éven when the animals were huddled together

in a.crevice: Because of fhe fncreaéed air temperature in a crevice
occupied bf several eanimals, the oxygen conéumpTion aﬁd thermal con-
ductance of huddled animéLs was lower than in single animals, Cold-
sdapTed hyraces showed no significant response to nor-adrenaline
‘adminisTrafion and therefore non-shivering thermogenesis does not
appear to be an imborfanf mechanism of heat .production in the aold.

In contrast, in }he elephant shrew Elephantulus edwardi, the increased
heat production during non-shivering thermogenesis accodnfed fdr all
of the metabolic heat produced at low ambient femperatures. This
small insectivorous mammal was aEle to mainfafn a stable body tempera-
ture of 37,6°C over a wide range of ambient Tempefafures. . At the
thermoneutral zone between ca. 33 tfo 36°C its resting metabolic rate
was 1,09 ml02.9~1.h—1, which was lower than predicted for its mass.
Thermal conductance below fthermonsutrality was as predicted from its

mass and evaporative water loss at these temperatures was stable

(2,02 mg Hzc-gul.h—l). At high ambient temperatures, evaporative



Qé1er loss increased but rof enbughATo dissipate all the metabolic
heat produced. The low water turnover rate of the elephant shrew
(between 6,4 and 7,5 ml HZO.day_]) would allow the animal to survive
on aﬁ insectivorous diet wifhouf‘addjfional drfnking water,  When
dehydrated the elepﬁanf shrew was able to increase the osmolality of
the urine to 3118 ﬁosm.kg—] with an increased concentration of urea

and electrolytes,
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SECTION 1~

'GENERAL INTRODUCTION



This sfudybis concerned with two unusual African mammals, the rock
hyrax Procavia capensis Pallas 1766 and the elephant shréw ELephantulis
edward{ Smith 1839. Both belong to fami[jes (Procaviidae and Macro-
scel ididze respectively) which areAendemic fo Africa (Bigalke, 1972)
"and the order of The hyraces, Hyracoidea is corisidered by Keast (1972)
to be one of the f@o endemic orders of Africa. The paucity of

mammal i an fossiLs prior +o the Upper'Eocene (Cooke, 19725 prevents a
clear picture of the early evolution of these itwo families, though .
ancestral fossil forms 6f both have been found in Thé early Oligocene
deﬁosifs of the Egyptian Fayum area.. Thus they are indeed old
elements of the contemporary African fauna. If‘is perhaps because
of their aﬁcienf -lineages, the sparse fossil record of the early
African mammals and their unusual morphology - aspecfs‘which are dis-
cussed further in this section, fhaf\fhe affinities of the two groups
to extant mammals were uﬁcerfain until fairly Eecenfly. However,

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

The hyrax, commonly called the dassie or rock rabEif in South Africa,
is a medium sized, hefbivorous mammél often seen in roéky areas,
basking in groups in the sun. fhey are extremely successful animals
in South Africa, to the éxfenf of being cons idered vermin since they
compete directly with sheep for food (Hamse, 1962; Kolbe, 1967).

The elephant shrews, sometimes éalled the Jumpfng shrer (Fitzsimens,
1920) are small insectivorous mammats with an elongafed>snou+, as the
name ihplies, and with large eyes and ears and a long tail. Unlike
the hyrax, they are more active, solitary animals, rarely seen in the

rocky areas they inhabit.



in the remainder of this section where the evclution, ftaxonomy and
general Llife 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 PROCAVIA CAPENSIS

1.1.1 Evolution

Scholars in natural history and zcology have been intrigued by the
hyfax since the eighteenth cenfury; Sirce then, the systematic
'posifion of this animal among the hammals has been controversial,
owiné to its aromalous assemblage of morphological features. In
1766, Pallas gave the hyrax the genéric name Cavic thus Linkiné it to
~the guinea-pig and the rodents, Indeed, the rabtit-like size and
shape of the hyrak, its short legs, rudimentary tail, small rounded
ears and prominent incissors do bear some outwerd similarity to the
guinea-pig. Storr (1780), however; renamed the genué Procavia recog-
nising the generic error of Pallas, but the systematic position of
the hyrak within the Rodentia was questicned only affef Cuvier (1884)
had examined the skeletal structure. He_placéd it tcgether with the
~ hippopotamus and rhinccercs under the Pachydermata, and therefore cf
ungulate origin, a classificaiion based on the similérifies in tooth
structure. Subsequently it was piaﬁed wi%h the Perissodacfy[a, but
as addifionai, conflicting En%orm#tion hecame available on the

placentation and embryology of the hvrax, Milne-tdwards 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 SubunguLafa or Paenungulata (Simpson,
1945); a sysfemafié position which is retained today. This classifi-
cation is based on similarities in skeletal and anatomical structures,
between the eLephaﬁfs, manatees, dugongs and the hyraces.  Common to
_fhe three orders of the Subungulata are the presence of fer or more
pedal digits which are in ctbSe conjunction, except for the distal
phalanges. These terminate with poorly developed hoofs which appear
rather Llike nails. Other skeletal feafufes in cocmmon are elements

in the skull, the enlarged, separated incisors and the molarised
character of the premqlar; which have cross-lophs for grinding (Romer,
1966). ALl three gfoups are tfrue testicond mammals end the placental
and foetal membranes show sfruc#urél-éimi[arifies (Wislocki, 1928;
Wislocki and van der Westhuysen, 1940). qufz (1953) has also shown
a serological relationship between the hyrax (Hete&éhynaz bruced
bnitiwitzi) and the Indian elephant (Efephas elephas), wiile Buef%ner—
Janusch et af. (1964) have noted similarities in the plasme proteins
and haemcglobins of the African elephant and.fhe hyrax, further

supporting their taxonomic relationship,

Incongruous as it may seem to Link mammals of such disparate éfzes
and hebitats, the relationship is sqpporfed by the fessil records of
the three orders, which date back o the Upper Cocene and earty
OLTgocene, some 35 million years ago. In Africa, the earliest
Tertiary mammals were apparently dominated by The'subunéutafe»orders

of the Hyracoidea, Proboscidea and Embrithoroda (Large mammatls



’

eufwardly resembling the rhinoceros, but now extinct), with Sirenians
present but not es numerous (Cocke, 1972). By the Oligocene, the
hyracoids had already radiated or adapted into different ecologieal
niches, three Afriean fossil famfliee.being recognised and comprised
bof six genera and 24 species (Matsumoto, 1926). The diversity of
size and form of TEe early hyracoids was far greater than those of
+eday,‘renging from_fhevlarge Titonohyrax larger than a domestic pig,
to Saghaiheﬂium, the size of extant Procavia (Cooke, 1972). Subse—
>quenfly however, their abundance declined, possibly due-fe increasing
competition from the artiodactyls, rodents and lagomophs or from
increasing numbers of predators fCooke, 1972), = Nevertheless, even
until the fairly recent PLeisTocene epoch (beginning Thfee millicn
years ago) the hyraceids retained their diverse sizes and therefore
must have successfully withstood The'fmpacflof successive groups of
competitors., Kitching (1966) has described three coexisting hyracoid
species from the Pleistocene deposits in the dolomite caves at
VMakapansgaT, South Africa. These raﬁge in size from that of the
present day Procavdia species to Gigantohyrax maguired, THree times
targer. Some later selection pressure musflhave favoqred the success
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, which the small forms could
avoid by retreating into rock crevfeee, inaccessible to both the
larger hyraces ahd THe predators or hunters, Although there is some
size differentiation among the genera of the Hyracoidea todey, it is
by no means as marked as in the Pleistocene and only one family, the

Procaviicae, is still refained, incorporating all the Living.genera.



wm

1.1.2 Taxonomy and distribution

The'revisibn of the taxonomy of the Procaviidae by Bothma (1971)
clarified some of the confus{on which existed previously (Ellerman &
Morrison-Scott, 1951; Roberts, 1951; Ellerman et al., 1953; Bothma,
1964).  This uneanébLe fask could not have been easy, given the
large variation in appearance within.a single species infény one

area. The three genera Piocavia, Heterohyrax and Dendaohgdax recog-
nised prior tc Bothma's .(1971) revision, have been retained by him
with a fofal of eleven épecieéfpdocau{a - five, Hetenohyaax_- three, -

Dendronyrax ~ three) each with several subspecies.

Of the three genera, ?ﬂbcduia has-fﬁe widest distribution occurring
throughout southern Africa and extending through most of Africz up to
Syrié and Israél (Fig. 1), Generally this genus appears to prefer
drier regions, particularly evident if one éompares its disfrESufion
shown iﬁ Fig. 1.1 with that of the "drought corridor™ (Fig. 1.2) -

an aree with a montnly rainfall of less than 10 mm for three consecutive
months (BaLinsky, 1962). Although Ellerman and Morrison-Scott (1951)
have madé the fnferesfing suggesffoﬁ that there is only ona species

of Procaviz which varies clinally = from the Cape (34°S) to the
Lebanon (34°N), 1 have accepted Bothma's (1971) classification of the
genus here.  Thus Procavdia capensis, the species under study, occurs
throughout southern Africa, from Sodfh Africa to Zimbabwe, norfh—'
eastern Botswana and Namibié (South West Africa) excluding the Kaoko-
veld (Bothma, 1971). Within these areas are.deserf, semi-deserT,

steppe, savannah, riparian, montane forest and Cape Macchia (Fynbos)



“l PROCAVIA

HETEROHYRAX

DENDROHYRAX

Fig.

Recordec disfribution of the three genera of the Hyrabovdv .
(From Sate, 1960) ,




Fia. 1.2 Map of Africa showing the areas (stippled) in which the
rainfall ic less +

ss than 10 mm per month in at least three
consecutive months. (From Balinsky, 1962)



vegefaffon, with climatic conditions és varied as the vegetation types. -
Heterohyrax has a more restricted distribution along the eastern part
of Africa (Fjg. 1.f), though one species is also found in scuthern
Algeria and the cen#rat Sahara. The most southerly extent of this
genus is in the mo;e humid parts of the northeastern Transvaal of
South Africa and the most northerly, the Red Sea coastal mountains of
Egypf‘(Bofhma, 1971).  Heterohyrax may prefer moister habifa?s than

| P&ocavia, which would partly explain their restricted digfribufion.
Procavia and Heteronyrax however, do occur sympatrically in some areas

. of fheir'diéfribu?ion, even to the extent of sharing the same rock
crevices, basking sites énd using fhe same urinary and defecafing
places. (Turner & Watson, 1965; Hoeck, 1975).  Dendrchytax, with its
tree-dwelling habitat, is restricted to forest regions particularly
around the equator, though it does extend south to %he evergresn

forests of fhe eastern Cape Province of South Africa (fig. 1.1)

1.1.3 Habitat, habits and morphological adaptations

The earliest written feference fq the habitat of the hyrax comes from
the Old Tésfamenf where the animal is called the "ccney'".  In
Proverbs 30: 26 and again in Psalms 104: 18 the rocks and cliffs are
referred to as the "houses" or ”refﬁge for the conies'". Both
Procavic and Hetenchyrax do indeed occupy a rock-dwelling niché.in the
numerous koppies (rock outcrops) throughcut Africaror iﬁ'fhe kloofs

or ravines in The.mounfainous areas whare rbck'ou?crops or-boutder

scree are present. They are gregarious diurnial herbivores, utilising



the - rock crevices as retreats. Although both genera are referred

to as rock hyraces, Heterohyrax is also called the bush hyrax (Roche,

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

the grazing habit of Procavia (Turner & Watson, 1965). This distinction
is unwarranfed however, since Procavia also browses, at least

seésonallf in EasT;Africa when grésses are unavailable (Sale, 1965a;
Hoeck, 1975) and both grazes and browses when grasses are available

in the Cape (personal observations). Dend&ahgﬁax, the tree hyrax,
differs markedly from the rock hyrages, being a sdiifary; nocturnal

and arboreal form which shelters in hollow tree trunks within the

forest habitat (Roberts,1951; Sale, 1960). Little information on

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

since this study is concerned with Procavia capensis the rest of -

this discussion has been centred on the rock hvraces.

The koppie and rock crevice habiféf‘fogefher provide an equable
environment for }he hyraces in many ways. While the koppie is a
speciatised habitat in itself, aciing as a natural water éafchmenf
system which promotes the growth of vegetation (Turner & Watson, 1965),
the rock crevices.provide a microcffmafe where femperatufes and
humidity fluctuations are less exfreme than in the outside environment
(Sale, 1966a; Turner & Watson, 1955). Where the shelters are in
mountainous regions, Norton (1S80) found that in the Ca@e, Procavia
showed a marked preference for dry rocky slepes. Whether the slopes
were selected becauss of the lower méis%ﬁre levels was not established.
Mofsfure levels may have been coinc}denfal o site setecfion‘based on

other criteria, such as hours of illumination, prevailing wind directicn
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or even the availability of.palafabte foed., Sale {1966a) has shown
that the hyraces tend to select cfevices or holes which are either
protected from or do not face the prevailing wind, Sitfe selection
undoubtedly dependé on a variety of factors, some of which have been
elucidated by Sale (1956a). As he states, "it is difficult to define
a "typical' hyrax aabifaf in terms of environmental necessities"

" possibly because of the apparent flexibility with which the animals
can adapt to a new site, the major criteria for selection being
"profecijon from the elements and predators" (Sale, 1966a). Hyraces
have been known fo use abandoned burrows of other mammals and even
road culverts and stone walls aé retreats, but fhis»seems to be an
unusdél occurrence (Thcmas, 1946; Roberts, 1951; Sale,~?966a}.

Under more natural circumstances particular rock creviﬁés are not used
permanently and a hyrax colony frequenfly moves to a new series of
rocks and-crevices, albeit within the general area of fhosehused
previously., Sale (1965a) suggests that these small migratory move-
ments are made for ihe purpose of f?nding new vegetation since they
take place less freguently during fhe rainy seascn when vegetation is

abundanf. p

The presence cf Pleistocene fossil Procavdia in the Makepansgat areas
(Kitching, 1966) suggests %ha?lhyréces have inhabited a récky terrain
for scme 3 million years., Mcrecver, specific morphotogicét adapia-
tions of these animals appezr to have evolved ih association with s

. rock crevice hebitaft, In particular are tactile vibriésae which are
generally distributed over the body-surface giving the animal complete

tactile coverage, and a giand on the dorsal surface of The back,
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surrounded by erecfilé hairs, The fhncfion of the former in‘a
crevice-dwelling animal is obvious, and Sale (1970b) has suggested
. that the secretion of the dorsal g[and may. serve as an olfactory
‘idenfificafion for Tndivfdua[ animals, huddling cn top of each other,
within the dark rock crevices. An additional adaptation to the rocky
habitat are the fhfck rubbery soles of the plantigrade feet which

undoubfedty~con+ribu+é to the agility of the rock hyrax in gaining

purchase on steep rock faces.

1.1.4 Activity and feeding behaviour

The Xhosa people of South Africa havé an idiom and explanatory fable
which, aside from the moral message, conveys a general impression of
the degree of activity shown by the daésie or hyrax. It goes as

fol lows:

The great day arrived when all the animals in the land were
to receive their tails. Eagerly, they set off early so as
to reach the selected place in time. Only the dassie was
not ex;ifed. 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 smited
slyly and agreed. At the appoiﬁfed time and place, each
of the animals received their tails with delight. Amongst
them was a short, fluffy tail fer the rabbit, a long fat
tail for fthe lizard and 2 beautiful bushy tail for the

‘ Jjackal. When the dassie was called, the jackal dutifully
accepied the tail but rather than carry it all the way

back, he ate ift.



Thus "Imbila yaswela umsila ngokuyalezela"

- The dassie has no tail because he sent for it.

(Traditional fotk-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 eand rock crevices or shuttling
between the sﬁn and shade {Sale, 1965a; 1970a; Turner & Watson,
1965).  Sale (1970a) hés 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 activity appearsAfo be remarkably consfénf and

is shared by/aLL species of rock hyraces fhﬁs far studied; wifH only.
minor/variafions (Sale, 1965a; 1970a; Turner & Watson, 1965; Heeck,
1975). They emerge from the deep crevices with first light and begin
basking, in close contact with each'ofher on-exposed rock faces
which>cafch the rays of the sun, Slowly the group disberses as the
sun rises, individual animals taking up solitary positicns scattered

- over the rocks. One to three hours after sunrise the whoie colony
gradually descends to the vegetation and begins feeding in smalt
groups (Hoeck, 1975; personal obserQafiohs), usually within 50 m of
the rock crevices (Sale, 1965a). This group feeding activity lasts
from 20 minutes (Sale, 1963a) to fwo hours (Hoeck,l1975) and often
while the coclony is feeding; one or two aduLfs act as sentinels on

& high rock, presumably watching for predators. At the end of the
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feedﬁng period, the animals either return to basking or rest in the
shade of the bushes and Eocks. Thereaffef, they aLTernéTe between
basking and résfing in the shade until approximately midday when air
temperatures are méximum. Intense solar Fadiafion is Thds avoided
and thy in the cooler hours of the afternoon basking is resumed. A
second group feedi%g periodufakes place roughly three hours before
sunset and appears to be the more prdnounced and longer of the twe,
Generally the hyraces return to the deep crevices soon after sunset.
and remain there until MOrning, On moonlit nights, however, some may
.emérge 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, 19656)., Rain
and strong winds disrupt the describéd'acfivify pattfern, fnhibifing
basking and group feeding. . Hyraces have been known to sf@y within
the crevices for three days under adverse clima}ic conditions (Coe,

1962; Hoeck, 1975;.

1.1.5 Unusual aspects of digestion and the digestive tract

Although the short feeding periods bfrfhe hyrax Limit fhéfamounf of
food that can be eaten, this is offset to some extent by TBe intensity
and rapidifyvof prehension, facilitated by the long cuffiﬁg edge of
the molar and premolar footh row (Sale, 1966b). The use of this
Lateral tooth row for bitirig leaves off bushes is an unusuél character-
istic of the hyrax (Sale, 1966b)._ I+ has beeﬂ shown, however, that

despite the rapidity cf feeding, the East African hyraces Provacda
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johnstond mackinderd and Pnccau£¢ habessindica consume a small amount
of food, relative to their size (Sale, 1966b; Hume et al., 1980).
From one feeding period tc the next, food'can be stored in the prokimal
cardiac region of fhe stomach, an expansible sac lined with keratin-
ized epithelium (Elias, 1946). Here anaerobic fermentaticn of the
ingesta takes place (Clemens, 1977; von Engelhardt et al., 1979).

It Has been suggested that the hyrax'may be cohs%dered a ruminant-Like
mammal (Moir, 1968) since it does have an unusual digestive tract
which incorporaies,vin addition. to the targe, partitioned éfomach, tvo
éaécae (Owen, 1832; Grassé, 1956) the most distal one bearing two
horn-like appendices. Aliusions to rumfnafion,by the hyrax in the
oLd Tesfamenf (Leviticus 11: 5) and:by Hendrichs (1963) Have not been

- verified and probably refer to the g%inding of the molar teeth when
captive animals are disfurbeﬁ. Apart from the fermenfation system

in the gut, another ruminant-like character of the hyrax is the
ability to recycle urea kHume et al., 1980). Urea recycling, hcwever,
does ‘occur in other non-ruminants such as the horse (Prior et.aﬂ.,
1974) and rabbit (Regoeczi et al., 1965), and more -information on the
digestive physiology is necessary before associating the hyrax with

ruminant-Like mammals.

1.1.6 Social organisation and reproduction

The size of the hyrax colony varies from 6 to 100 individuals depending
on the availability of suitable shelters (Sale, 1966a; Glover & Sale,
1968; Ho=ck, 1975). The basic unit of the colony is a family group

of & to 19 animals comprised of one territorial male, several adult



females and their young (Coe, 1962} Sale, 1965b; Hoeck, 1975), The
social organisation of large colonies is not well known and may differ
with géographical location in keeping with the differences in mafihg
and parfurifion seasons fFom high to LQw latitudes (Millar, 1971}rﬂhw¢9mm§ W73).
In fhesbufhernmosfareas of South Africa (34°S) the mating season is
restricted to Fébr;ary but occurs later in the year with decreasing
latitude. The Syrian hyrax Procavia syrdacus, however, mates in
AugusT—Sépfember, six months out of phase with the Cape hyrax which
would be expected %rom the similar latitude north of the equator
(Mendelssohn, 1965), Millar and Glover (1973) have shown that the
rate of dedreése in phofoperiod.acfs as én environmental cue inducing
the enlargémenf and acfiVafion of the testes, thus réguléfing 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 Sale (1968) have noted sexually active and quiescent males
throughout the year, Since the changes in phoioperiod are relatively
small nezar the éﬁuafor, Millar and Glover (1973) have suggested *hat
other environmental cues such as temperature or rainfall may-be more

important factors triggering sexual activity,

The gestation period of all species, Eowever, is 7,5 to 8 menths,
unusually long for an animal of this size (van der Horst, 1941;
vMurray, 1942; Roche, 1960, :1962; Mendelssohn, 1965; Sale, 1965c;
Millar, 1971) and’fhe precocious ycung are born in litters of one to
six, but three to four is the more usuat numbter, They are weaned at

about three months of age but within ftwo weeks of birth bégin taking

in some vegetation (Mendelssohn, 1965; Sate, 1265b; Mitlar, 1971).
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in P. capensis and P. syrdacus sexual maturity is reached after
16 to 17 months (Mendelssohn, 1565; Millar, 1971) but other species

may vary in this respect (0'Donoghue, 1963; Sale, 1969).

The social structure of the Syrian hyrax described by Méndelssohn '
(1965) probably aléo applies to P. capensdis. During the mating
season, P. syrdiacus females form polygyrnous herds associated with a
single male and The_youné of the previous mating seascn. This grecup
probably consfifufés The.family»unif observed by the aufhors mentionad
abéve. Other adult males form bachelor herds during this season, buf
in winter when the Tesfes.are quiescent and the females are gravid,
Thére is gfeafer intermingling of the two sexes and gregarioué behaviour
is more pronounced. After parturition the young form nursery groups:
either with several adult females (probably the mcthers), or with

only one or two females (Hahn, 15%9; personal observations).

Glover and Sale (1968) have suggested essentially the same social
structure for P. habessinica in Kenya, though they describe three
classes of males:~ males with haréms of femaLes; lone males w%ich
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 concurrenily, given that there is no

specific mating season.

The dorsal gland and the surrounding erectile hairs or dorsalvspof
should be mentioned here, since they appear 1o have a sexual and social
function. The maximal activity of the gland has been noted 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 hairs (Sale, 1970b). The gland is only rudimentary in
Juvenile animals, and Sale'(1965b)_has suggested that the secrefioh
.byvadulf females méy servé‘fo establish an olfactory bond befween the

new-born young and the mother,

Par%ial erection of fhe‘dorsal gland hairs, however, is avsignal of
alarm and threat which can be directed towards other animéls or serve
as a wafning to the group (SaLe, 1970b). This occurs more freguently
during group feeding or when first emerging from the creviceg. It
should be noted that the functions of the dorsal spot deséribed above
are for P. johnstoni in Which the Hairs are pale in coloﬁr and visualty
obvious. My own observations of P. capensds, which has a black

dorsal spot, confirm that the erection of the hairs is hosf obvious
when feeding and when the animals first emerge and that this bghavicur
appears to be associated with threat or aggression. Whether or not the
erection of the aorsal spot specifically acts as a visual stimulus

for other hyraces within the colony has nct been firmly established.

Since the Ahaggar dassie of southern Algeria, Heteaohgiax aniinae,
tacks a dorsal spot (Bothma, 1971) the interpretation of its function
in social behaviour must be viewed with caution until further knowledge

is gained,



1.1.7 Predation

Rock hyraces are particularly susceptible -fo predation because of their
relatively small sfze and their habits of Basking and feeding inrex—
bosed sitfuaftions. The major potential predators are Léfger carni-
vorous mammals and;birds cf prey which are associated with rocky or
mountainous environments, The most common of the former are the

i Lynx (Felis caracal)and blaékmback Jjackal Canis mesomelas)particularly

S common in the opeh koppie terrain of the Karroo fegions while in the
more mountainous areas, the Leopard(Pantheaa.paﬂdué)isAprevaLenf.
Several other potential mammalian predators have been menfioned by

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

Of the avian predators, several eagles ard particularly the Black
eagle (Aquila verreauxA) and Martial eagle (Pofemaetus bellicosus) are
known to prey extensively on hyraces (Roberfs, 1951; MclLachlan &
Liversidge, 197¢). The Cape Eagle owl {(Bubo capensis) preys on
hyraces, possibly when the animals come out of the crevices on moonlift
nights, though this owl has been reported to be somewhat diurnatl
(McLachlan & Liversidge, 1978) and may'fherefore, also Téke them

during the day.

Since the hyraces are relatively defehceless when afttacked by the
larger predators, the primary response to the presence‘of an intruder
is fo seek refuge in the inaccessibLeArock crevices. Duf?ng the
periods of exposure such as basking and feeding, however, one or two

of the adults occupy an elevaied position with a clear view of the



~surroundings. These sentinels more often than not, provide adequate
warning of a possible predstor. Sighting of Black eag(es or other
raptors, which tend to attack from out of ‘the sun, is thought to be
facilitated by the bresence of a lighf;shiélding extension of the iris
diaphram, the umbraculum, which allows the hyraces tc stare into the
sun (Millar, 1973)5 Stoddart (personal communication), however, has
observed these eagles hunting in baifs and while one of the pair flies
above the hyrax colony, distracting them, the second attacks unexpectedly

from ground level.,

Smaller predators which may enfe} the rock crevices are unlikety'fo
overcome an aggressive adult hyrax which can inflict a sérious wound
.rwifh the sharp uppe'.incisors. Hanse (1962) has noted that the Cape
cobra (Naja nivea), puff adder (Bilis arietans) and the python {Pytc
Asebae) prey on hyraces and certainly these snakes can gain entrance to

the small crevices.

1.1.8 Energy metabolism and thermorequlation

Research on the energy metabotism and fhermoregulafion ofAThe hyrax

has undoubtedly been promoted by the unusually inactive ancd heliotropic
behaviour of the animals. These characferisfics and the low daily
intake of food do indeed suggest an ecoromical energy expenditure.

If one considers that a large porfion‘of ihe enérgy expenditure is
directed towards maintaining a stable body temperature in mammals
(assuming an inactive statel, fhen.behaviourat thermoregulation can be

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

the social grouping patterns viz. heeping, huddling and solitfary rest-
ing, categorised respectively by a progressive decrease_in physical
contact between the anfmalé, seem to be cofrelafed wifh-progressive
increases in air temperature (Sale, 1970ai. For example, with loﬁ air
fempefafures, the Hyraces form a heap or huddle fogefher;_groupings
which maximise the contact between several individﬁals. " These forma-
tions are usually addpfed within the crevices at night, or on cold
mornings when the enimals first emerge from fheir holes (Sate, 1970a).
So(ifary resfiﬁg, however, can be observed while the animais bask in
the sun around mid-morning, and as the name implies, involves no
physical contact between individuals. Thesa patterns of social be-
haviour as well as the habit of shuttling befWeen the sun and shade,
suggest that temperature regulation may be achieved predominantly by

behavioural means - unusual for a mammal,

Several sfudies.haVe shown that the body temperature of the hyrax is
labile and that the metabolic rate ié Lowar fhan nredicted (TayLor &
Sale, 1969; Sale, 1970a; Meltzer,.1971; Bartholomew & Rainy, i971;
Léuw et al., 1973; McNairn & Fairall, 1979; Rubsamen et al., 1979;
Rubsamen & Ketiembeil, 1280). Several of these studies are contra-
dicf&ry, however, particularly those on P. capensis (Taylor & Sale,
1969; Louw et al., 1973; McNairn & Fairall, 1979). in the compara-
+i9e study of Taylor & Sale (1989}, it is ciear Thaf-fhere are marked
differences between different species of hyraces from different
habitats with respect to the physiological facfors menffoned above.

In view of the paucity and conflicting information on the energy
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metabol ism énd temperature regulation of P. capgnéié it seemed
worthwhile to examine these aspects ia the present sTudy; Furthermore, ‘
as yet no informafion is available on the effect of huddling on these
parameters in any épecies éf Procav4ia. The only work in this regard

has been on Heterohyrax bruced by Bartholcmew and Rainy (1971).

.These aufhors'recoéded 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 ofhers.

In the present study, the energy‘mefabolism of the hyrax P. capensdis
has been approached in TWQ ways - that is examination of.aspec?s of

the energy intake andvenergy expéndifure. With réspecf to the former,
the féod intake, ifs\assimilaffon and the fermenfa}ive process in the
alimenfary tract was studied. Energy expenditure has béen examined
_in terms of the effects of air temperature on oxygen consumpfion and
body Temperafure'and how these arevaffecfed by the behaviour of the
hyrax. Furthermore, the apparent susceptibility of hyraces to winter
condifions {Mendelssohn, 1965; Millar, 1672) deserved attention and

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

1.1.9 Water metabolism ; "‘ , _ ‘ .

Survival in an arid environment where drinking water is often unavail-
able, necessitates physiological 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 éfudies, conducted
in the laerafory,'have examined the water economy (Meltzer, 1976),
water turnover rate (Rubsamen et af., 1979; Rubsamen & Kettembeil,
1980) and renal function (Louw et af., 1973; Maloiy & Sale, 1976)

of different species of Procavia under differenf temperature and water
regimes. [t appeérs that, even when drinking water is available, a
characteristic of the species P. capensis, P. habessinica and P.
syrndacus is a-low water intake. This has been measured either in
water balance experiments (Louw ef al., 1973; Maloiy & Sele, 1976;
Meltzer, 1976; - for P. capenAiz and P. syrdacus) or as the water ’
turnover rate using fritiated wa}er (Rubsamen et al., 1979;

Rubsamen & Kettembeil, 1980; - for P. habessindica). Alfhough mea-
surement of water furnover 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 folerate arid conditions. Eh this
-respecf, Rubsamen et al., (1979) and Rubs;men and Kettembeil (1980)
have shown that P. habessinica is well adapted to aridity, having a
water turnover rate ca. 60 per cenT:Lower than other eu?herian;
mammals, when water and food were freely ava{lable. Furthermore,
since the water turnover rate of this species is influenced by ambient
.femperafure, 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 hyrex.

The ability to tolerate a reduction in the water intake is due, in
part, to the renal efficiency of fhe hyrax ard also the ability 1o

reduce water losses by reducing the urine volume, faecal water content
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‘énd evaporative water loss (Louw et al., 1973; Maloiy & Sale, 1976;
Rubsamen ai al., 1979). Althcugh renal functicn studies show that
the kidneys pf the hyrax P. capensis work at near maximum efficienéy
even when the animéls'are hormally hydrated (Louw et ak., 1973),
dehydration does cause an increase in the urine osmolality so that
values of over 3006 m osmol/kg have been recorded in this species and
in P. habessinica. Furthermore, when dehydrated the hyrax can

Tolerafe a reduction in mass of up to 20 per cent (Louw et al., 1973;

Meltzer, 1976).

The general conclusion reached b’ ali of .the above-mentioned aufhors.
is' that the hyrax is not independent of exogenous wafer,-buf that the
water provided in Thé plants eaten, even in dry seasons (Meltzer,
1976) is probably enough to fulfil the water requirements of the
animafs. None of these studies, hoWeve}, 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 exahined some aspects of the water mefabolism of P. capensdis

under such conditions.

An interesting and unusuat feaiure of the hyrax urine is the calcium
carbonate content which gives the urine a milky appearance (Louw et ak.,
1973). In the communal urinating and defecating sites, aggregations
of the solid calcium carbonate collect, scmetimes forming stalagmites,
while the fluid portion collects beltow, and over the years, fogefher

with some faecal maiter, forms a brown tar-tike accretion. The

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

~

South Africa.

The origiﬁ of the éalcium in the urine is brobably dietary since the
precipitate disappears wheﬁ food intake stops (Louw et af., 1973) but
nothing further is:known of the calcium excreticn in the hyrax.

Since a high calcium load and a precfpifafe can be deleterious to
normal kidney functioning, the excretion of calcium and the elements
associated with it in nhfrifiqnal terms, viz. magnesium and phesphorus

waé of interest and therefore examined in this thesis,

1.2  THE ELEPHANT SHREW ELEPHANTULUS EDWARDI

i.2.1 Taxonomy and evolution

The most recent and extensive taxonomic revision of the extant elephant
shrews is that of Corbet and Hanks (1968). :These authors have clari-
fied much of the confusion that exisfed.wifhin 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 Rhynchocyoin comprised
of three species. The remaining eleven species are incorporaféd
within the Macroscelidinae, with three genera, Petrodomus and Macto-

scelides being monospecific and Efephantulis with nine species.
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The taxonomic sfafus'of the family within the Mammalia is still contro-
versial, however, due to the poor fossil record and the misplécemehf
of several-of the early macroscelidid fossils in a variety of other
groups. Indeed, énly in 1937 was an extinct elephant shrew, from

the PLeisTocéne, correcfly identified and placed within the Macro-
scelididae by Broo&. Other fossil macroscelidids had been included
with the marsupials, mixodectid insectivores and the hyrécoids until
Butler and Hopwood (1957) and Patterson (19655 defecfed.énd rectified
these errors. In Tablé'1.1, the amended, brief taxonomy of the fossil
elepHanT shrews is shown, according to Fatterson (‘965), fogefher 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 prcbably evolved in Afrfca, since
fossils have been found only from this continent (Bigalke, 1972).

The variety of fbssil forms suggests that the elephant shrews\under—
went an extensive radiation during the Cenozoic and clearly, from
Table_l.i %he two sub-families remaining today must have diverged
prior to the Miocene, probably in the early Oligocene (Patferson; 1965).
Large, intermediate and small forms coexisfed ering the Cenozoic, as
.is the situation at present, and there also appears to have been &
diversity in 7tooth structure ranging from rodent-like hypsodont molars
to definite ungutate~like cheek teeth in the Myohyracinae.’ in

general, however, all the extinct sub-families appear to have been
predominantiy herbivorous or possibly omnivorous (Pafferéon, 1965)
unlike the predominantly insectivorous diefrdsscribed for the extant

species (Rathbun, 1679),
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The position of the Macroscetididae within the Insectivora has long
been controversial. Peters (1864) recognising that this family and
the tree shrews, Tupaiidae were ill-fitting members of the order,
separated them froh the rest of the insectivores and two sub-orders of
the Insectivora were,creafed by Haeckel (1866), the Menotyphla and the
Lipotyphla. The %ormer comprised of the two controversial families
and fHe rest of the insectivores were included in the Lipotyphla.

The characteristics of the Menotyphla which differed from the Lipotyphlan
families included skull morphology, the possession of a ééecum,
specialised dentition, enlarged brains and acute vision (Peters, 1864;
Vaughan, 1972), Patterson (1965), however, regards these character-
iéfics as poor evidence bn which to base any systematic éffinify since
they are common to many groups of mammals. Subsequently, as the
'fupaiid—primafe relationship became accepted, a similar jpdirecf
association with the primates was considered for the Macroscelididae
(Evans, 1942), Pattersen (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 aszsociation is based on differences in
placentation (Meister & Davis, 1956), skull morﬁhology (Saban, 1956),
tooth structure (Butler, 1956) and brzin structure (Le Gros Clark,
1933). Furthermore, while serological evidence for the tupaiid-
primate relationship exists, the same nas not been found for the Macro- ’
scelididae (Goodman, 1563, 1974). More recently Sauer (1973) and
ASaueF and Seuer (1971, 1572) have supported the relationship betfween

the elephant shrews and tree shrews, based on behavioural studies. in



contrast, an extensive study of the ecology and behaviour of the Macro-
scelididae (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 Macroscel idea.

Thus, as can be seen, taxonomic confusion stili exists, due largely
tfo the lack of information about the elephant shrews. in this study,
I have not taken a definite stand in this controversy since it seems
unnecessary to do so in a physiological study. In view of the pre-
dominantly insectivorous diet ofrfhé animals, however, comparisors
with members of the lnseéfiQora have been made as well as with other

groups of mammals.

1.2.2 Distribution

«

The family Macfoscetididae are confined to Africa with a rengs, given
by Corbet and Hanks (1968) as '"the Mediterranean zorne of north west
Africa}and the whole of Africa sbufh of the Sahara, except For the
region norfhwesf of the rivers Congo and Ubangi and west of about
27°E". Within this range, the elephant shrews are found in fropical
forests, semi-arid bgshlands, rocky scrublands and deserts, Both
Rhynchocyon and Peitrodomus inhabit foresfed areas cr dense savanna
woodland and therefcre are resiricted to areas with a closed canopy
(Fig. 1.3). Macroscelides and ELephantulus are 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.

ELephantulus has fﬁe widest range of the four génera, being found in
al( provinces'of South Africa, extending north into Angola, the Congo,
Zambia and along fhe northeast of Africa through Mozambique, 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). .

Fig. 1.4 Recorded distribution of Elephantulus edwardL.
(From Corbet & Hanks, 1968)
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EZebhdniuﬁuA edwardi, the species under study is resiricted 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. ﬁupeAtﬂiA‘in the north and with

E. myuwes in the norfheésf, but overlaps more extensively wif% Macro-

scelides proboscidews (Corbet & Hanks, 1968).

1.2.3 Literature

Aside from the taxcnomic studies and scant references 1o the habitat of
E. gdwa&di; usualiy incorporated in articles on the systematics of the
elephanflshrews (e.q. Robeffs, 1951; Corbet & Hanks, 1968) the cnly
other published fnformafion on this species is concerred with its
reﬁroducfive physiology (Tripp, 1971). My own information on the
habits and habitat of the animal have been Téken from trapping data or
from observations of elephant shrews kept in capfivify for the physio-
logical studies documented later in this thesis. Therefore, the |
following introductory information is taken from ecological and
behavioural reports of other species of Efephaniufus and any data

confirming my own observations have been noted.



1.2.4 Habitat and social structure

Within the semi-arid or arid énvironmenfs inhabited by.fhe different
species of Eﬂephaniuﬁué, burrows or rock crevices and fissures are
.used as shelfefs, with the exception of E. aufescens which was never
observed using a bdrrow, but sheltered in dense thickets (Rathbun,
1979). In the laboratory, E. edwardL offen retreated to the card-
board box provided and remained there for long periods of time. in
the wi[d it is probable that fhey use rock crevices for Tﬁe same
purpose since they were always trapped in rocky areas with large
boulders or rocky écree.v The séme habitat has been recorded for

E. myurus which uses fhe'fock crevices as shelter (van dér Horst,
1946;  Critch, 1969; ‘Trjpp, 1972). In common with all Macroscel id-
inae (Rathbun, 1979), the Cape elephant shrew was never observed

using nesting material,

A solitary exfsfénce is common to all the members of the genus
Efephantulus studied so far (several authors, reviewed by Rathbun,
1979). E. edward{i also appears to be solfféry in vieQ of the violent
aggression (chasing and biting) observed between two animals of the
same or opposite sex,. placed in the same cage. Rathbun (1979),
however, reported that E. aufescens forms a stable monogamous
association which lasts for the durafion of the life of each.member

- usually from two 1o three years. Each member of the pair defends
its own territory of approximately 0,34 ha, but the territories of

the male and female overlap almost completely. Within the territories



34

Tﬁe pair bond is loose, interactions between individuaté 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. bﬁachg@hynchu&-(Rankin, 1965)., The male and female of
this species appafenfty Live %ogefher in the burrows with their

young.

1.2.5 Activity and general behaviour

Iﬁ the laboratory, E. edward{i tended to remain in their shelters for_
most of the daylight hours, though some occasionally used the
activity wheets provided. If a Lamp was provided as a heat source
they would alternate between basking beneath it and Llying in the
shéLTer. Féeding appeared to be restricted to the evening, night

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

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 noctfurnal and examination of trapping data
confirm this. In the Rooiberg mountains of the Cape‘Prbvince,

E. edwardi 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 Efephantulus are polycyclic.  This may

be true of E. edwardd{, since they do show basking behavicur which



is [ikeiy to take place during the day, though peaks in acfjvify
would probably occur in the early morning and evening as has been
found for E. aufescens (Réfhbun, 1979). Behaviours such as foot-
drumming with the hind feef {a Threat behaviour), sand-rotlfng,
grooming the facejand nose with the forefeef and basking, which have
been described for ofﬁer species of Eﬂephaniukué (reviewed by Rathbun,

1979) have all been observed in captive E. edwardi.

Iﬁgjig}v E. nufescens éppears to be the ont* member of this genus
that uses and maintains an extensive trail system within its terri-
tory (Rathbun, 1979). Trailé are mainfafned 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. {niuf<.
E. edwardd in captivity were often seen moving the cardboard boxes
in their cages with a lateral sweep of The.forefoof; Whefhe; this
behaviour of E..edward{ cccurs in the wild is not known, but as
Rathbun (1979) has poinfed out, trails may be important for a rapid
escape from'predafors and may éllow the animals to cover their
Terriforieé easily and rapidly thus increasing the likelihood of

detecting food sources.

Gait: Despite the réference to elephant shrews as the " jumping shrew"
(Fitzsimons, 1920), the continuous éalfafory movement expected from the
long hind-limbs and shorter fore-limbs, reminiscent of some gérbiis,
hes not been reported. Brown (f964) has reviewed this aspect from
various .reports in the literature and it seems that a rapid guadrupedal

moticn is the normal gait, sometimes interrupted with short rapid jumps.
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The same has been observed in E. edwardi.

1.2,6\ Reproduction

Reproduction in Efephantufus is the only aspect of its physiology that
has been studied in any defait; The numerous pubtications on this
aspect by van der Horst, Gillman and co-workers (van der Horst publish-
ed yearly from 1940 to 195%1; van der Horst, 1954; McKerEbw, 1954;
Stoch, 1954) deal with féprodubfion in E. myuwws, but fhié work has
been extended to several other species by Tripp (1971). These studies
show that polyovulation occurs in the females of only E. myuwwus and

E. edwardi, releasing about 120 ova in E. myuwrus (van der Horst &
Gillman, 1941) and 88 in E. edwardi (Tripp, 1971). Of these, many

are fertilized but a maximuh of two embrycs develop, the number being
restricted by the availability of only two fmplanfafion sites in the
uferfné horns (Tripp, 1971). In E. myurus post partum ovulation
occurs and there is no lactation anoestrus {(van der Horst, 1954;
McKerrow, 19549, A true vagina is absent in the seven species of
ELephantulus studied, in Macroscelides and in Petrodomus, and may be

a characteristic of the family (Tripp, 1971).

The mating season of L. mywius in the Transvéal, 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 aé?ivi%y

{(mid July to January) (van der Horsf, 1946) ., After a gesféfion
period of eight weeks, long for an animal of this size, one or two

precocial young are born, The young are weaned atter four weeks and
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feéch 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. myurwus and that females cannot Llive beyondv
the completion of their sexual Llife,

' :
ALl male Macroscelididae are testicond and inE. myusus, sexual activity
coincides with the female ocestrus period. Although testes are fully
acfive throughout the year, the accessory sexual orgéns are fully

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

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

The present study on E. edward{ was undertaken to provide some basic
physiological information on the animal. While if is not the
intention here to clarify the taxonomic position of this fémily, it
is hoped that the information provided may aid ofhérs in doing so.
The aspects of energy metabolism, temperature regulation and water
metabol ism examined are important in that fhey give some indication
of how the animals cope with the arid and semi-arid conditions, the
seasonal lack of wafer and the extremes of temperature encountered in

their environment,

.1.3 REMARKS ON COMPARATIVE ASPECTS OF PROCAVIA CAPENSIS AND

ELEPHANTULUS EDWARDI

While a comparaiive study of the hyrax and elephant shrew was not the
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primary intention of this thesis, in some réspec?s the two animals
are similar, The semi-arid to arid mountainous and rocky areas
where they both live are rather exffeme habitats with harsh environ-
ménfal conditions such as large seascnal f[ucfuafions in temperature
and limitations in water availability. These conditions can alsc
impose Limifafioné on’¥Hé»§vailabiti+y of food, particularly for the
herbivorous hyrax. A scaFCify of Qafer_and'nufrienfs in the soil
(conditions particularly prevalent in the mountainous regions of the
scuthern Cape - Jouber?net al., 1969) hamper primary productivity
and tend to enhance the growth of plants of poor nutritional quality,
often wifh’defence mechanisms such as spines or secondary compeunds.
The situation is nof,as-crifical for the elephant shrew, however,
as_insecfs 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 simila} édapfafions in energy and water metabolism and
thermoregulatory mechaniéms. The differerces between the fwo,
however, such as the solitary and inseéfivorous nature of the small
elephant shrew in contrast with the gregarious, herbivorous nature

of the larger hyrax must affect fhe'physiological mechanisms employed.

Thus, ihe present study illustrates some of the physiclogical
mechanisms emhloyed 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. edward{ and P. capensis,



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 CF DIGESTION AND ENERGY ASSIMILATICON

IN THE RGCK HYRAX PROCAVIA CAPENSIS
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2,1 INTRODUCT ION

The compiex nafure_of plent matter andlfhe intrinsically different com-
positions of plant and animal bodies, require major hodificafions in
the digestive system of an animal for it to be totaliy 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 general modification of
the alimenféry fract adépfed by herbivorous mammals, These anaercbic
microorganisms are capable of producing celiulases to break dewn the
plant matter in a fermentation process. As by-products of the system
ehergy, essential amino acids and vitamins which may be lacking in the
food, are provided for the host. While the microorganisms plav én
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 dependeni on several
factors. These inciude the efficiency of the enzyme sysfemsvemp{oved
by the microcrganisms, this in furn 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 microorgsnisms are able to act on the

food materiatl. These factors prevent anrienf and energy release
from the food being absolutely efficient. This, coupled with the
relatively low yield of energy per unit mass of dry plant matter
compared with food of animal origin (Lloyd et af., 1978) necessiftate

a lLlarge food intake by herbivores to sustain the life processes.



'Tﬁus, herbivores generally spend 40 to 50 per cent of the day in
feeding (Moen, 1973), The hyraces, however, are unusual in his
respect, spending ore to fwo hours per day feeding (Sale, 19653;
Hoeck, 1975).  Their ability to crop food rapidly using the long
cutting edge oflfhe moiar tooth row allows them to take in a large
quénfify of herbaée in a short time (Sale, 1966b). Nevertheless,
both Sale (1966b) from Limited data, obtained from a single Picecavia
johnstond mackinderd, and Hume et af. (1980) working on P. habessin-
{ca, have shown that Thé total intake of the hyrax is low for its

size when compared with other herbivores,

Important implications arise from fhis, particularly ccncerning the
energetics and digestive processes of the animal. In terms of

energy consumption, & low food intake would nscessariiy mean that the
hyrax has a low energy intake, which, in turn, must reflect z low
energy expendifure by the hyrax. In this respect, it has been shown
that the mass specific metabolic rete is tow for most species of
“hyrax studied so far (Taylor & Sale, 1969; Bartholomew & Rainy,
1971; Rubsamen e af., 1979; present siudy secfion\%). The energy
derived from the focd, however, is dépendenf on the efficiency of

the digestive system in digesting and assimilating the food components,
Generatly, a highly efficient system obviates the need for z larger
food intake, but in the case of herbivores, fhis must be considered
within the confines of the limited energy available in plant matier,
Thus in the overall examination of the energetics of the hyrax and

in an attempt to explain the low food intake, the following nypothesas

arise:
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1) The digestive system of the hyrax is imore efficient than that
of other herbivores obviating the need for a largerAfood 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 Llife of the hyrax.

These hypofheses are not mutually exclusive, however, and they provide
the basic concept with which the energy metabclism of the rock hyrax

Procavia capensis, has been studied in the following sections.

2.2 METHODS

_ - /
The food intake, digestibility of fcod components and energy assimi-
lation by the hyrax, 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

e e ]

: SD.
Six adult male hyraces with a mean mass of 2,92 iAO,37 kg, were used

in the trial, bey had all been in captivity for at least six months
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brfor tfo the experiment during which time they were housed individf
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 fhé cage. Over the six months prior to
the experiment, whlch served as the prellmlnary period, fhey-had.been

accustomed to oatly handling, while the cages were cleened, and were

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

trial, During the nine day trial, fhe body masses of the animals
were recorded at the samé 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, dried and weighed, and the volume of

» water remainfng was recorded after correcting for evaporation.
_Evaporafion 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 frial»was_pefformed in Sept-
ember (winfer;spring) during which time the animals were kept urider
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 wasAfed fo-fhe same animals for a further
seven days, The same procédUre 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 subseaguent faecal samples

e ) v e



produced when greens were eaten. This method was pessible since the
colour varied markedly frem a tan colour on a pelleted diet to a
distinct green with additional greens., The time from the day on
which greens were fjrsf given to the day on which the green colour
appeared to be at its greatest intensity or a consistent infensity
with subsequent faécal samples, Qas taken as the retention time.

8
In order to confirm the validity of this method, and to reduce any
error which may have arisen due to the increased fibre intake with
the greens, fhe animals were fed plastic particles 1-2 mm® in size.
Faeces were collected twice a day, morning and afternoon, dried,
crushed manﬁally and examined for the presence of the pa?ficles. A
comparative estimate of the quantity of particles in the daily faecal
samples allowed a determination of fﬁe retention time for each animal,

2.2.3 Trials 2 and 3

Prior to the actual tfrials, the animals wererkepf in an outdoor pen
for one.month and fed the particular diet to be used in the trial.
Thereafter they were placed indoors in individual cages at a constant
femperafure of 20°C and exposed fo natural Lighting. Each cage was
placed above a stainless steel fine mesh tray and beneath this was

a plastic funnel leading‘info a meaéuring cylinder., Faeces vere
retained on *he mesh tray while urine drained intoc the measuring
cylinder. After a preliminary period of seven days the actual

digestion trial was conducted, The same procedure was employed as
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in Trial 1, except the body masses of the animals were racorded only
- at the beginning and end of the trial, Boih experiments were con-

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

2.2.3.1 Tniak 2

' 3D.
Eight male hyraces with an initial mean mass of 2,12 240,40 kg were

used, Five of these animals were under 2 kg in mass, and therefore
probably sub-adult. Tﬁe feed consisted of commercially prepared

guinea pig peliets and the trial confinued until data from five con-
secufive days were collected. Although Th; voiume of urine excreted

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

tent,

2,2.3,.2 Tadal 3

Thrée male and two non-gravid feméle, adult hyraces of mean mass
2,38 iig;44 kg were used. The feed consisféd of lucerne hay chaff,
milled in an attempt to prevent selection 5f 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 botiles for
later enalysis of energy content. The digestion trial continued

until data from 10 ceonsecutive days were collecied,
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2.2.4 Field specimens

Driéd, milled samples of stomach contents were available from wild

P. capensis, shot on two adjacent farms in Mieuwoudtville, 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 mbnfhly samples consisted of\combined stomach contents
from 10 to 13 aﬁimals, but the total masé of the stomach contents and

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

sample was determined as outlined below.

2.2,5 Analytical methods

Food, remaining food and faeces were dried at 70°C to constant weight.
An aliquot (10 per cent by weighf) frem each dpy of the experi$enfal
period was combined and milled, In the case of faeces, a iwo-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 samptes from Trials 2 and 3 were analysed for contents of
profein,.fibre, lipid and ash using standard methods for proximal

analyses. (A.0.A.C., 1960) except in the case of lipid extraction

where hexane was used instead of ether.

The daily urine samples were combined and two samples of. the pooled

=1

urine from each animal used for analysis. Orne sample was spun for
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five minutes in a clinicél centrifuge to separate the calcium carbon-=
afé precipitate from the fluid portion, and the supernatant freeze-
dried (New Brunswick Scientific Co.). The second sample was
freeze-dried incluéive of the precipffafe.4 Since the oxidation of
‘calcium carbonate involves an endothermic reaction, the two different
methods were consiaered necessary to evaluate any discrepancy that
may have arisen in determining the energy content of fhe urine, The
freeze-dried samb[es were then analysed for heat of combustion using
a bomb calorimeter.

ALl quantities were recorded on a dry matter basis and expressed'és
the mean with esfimafes of error given es the standard deviation
(5.D.). Where applicable, results have been expressed on a meta-
bolic body weight basis (kg®’’?) (Kleiber, 1961) o 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 focd and stomach samples

The major difference between the pelleted diefs 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%). Although the lucerne hay was coarsely milled, 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 margina[ly

higher in protein and lower in fibre content than that given

(Table 2.1). Of the three feeds used in the frials, the lucerne hay
was nearer in composition to the stomach contents (with respect Té
the protein to fibre ratio,Table 2.1), and therefore, the results
from the trial usihg this food have been used to extrapolate 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

Thé differences in focd intake between the hyraces on the pelleted
diets (Trials 1 and 2) were significant (p=<0,01) and both were
significantly lower than the intake of the animals fed lucerne hay
V(Trial 1, p<0,001; Trial 2, p=0,02) (Table 2.2). The mean Eass
changes over the, experimental periods, however, were low in all
three trials. Nater intake, expressed per gram of dry matter

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

2,10 £ 0,13 ml water. g—] dry matter intake (Table 2.2).

2.3.3 Rate of passage of focd throush the alimentary tract
C C Y

The time taken from the ingestion of food to its voidance from the
alimentary tract of the hyrax was two to three days, based on the
colour of the fasces, and 36 to 60 hours based on the particie study.

Since the rate would depend on the composition of the food, as a
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vbésf approximation, & two day rate was used for all the frials. 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 combu;fion of each combined faecal sample measured, and the
abparenf digesfibLe energy intake (DEI) calculated using the two
results. Comparfson of the DE! values for each rate showed no
signifiganf 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 cohsfancy of the food intake (low standard
deviation - Table 2.2), a twc day rate of passage was considered

acceptable,

2.3.4 Dietary energy balance

The gross energy intake (GEl) of the hyraces in the three trials
followed the same pattern as the food intake (Table 2.3, ~Although
the GE! was significantly lower (p=< 0,01) on the rabbit pellets than
on the guinea pig’peL(eTs, faecal energy loéses (FE) in bofh trials
represented a similar proportion of the GEI (26,8 and 29,2 per cent
respectively). Similarly, the difference in the apparent digestible
energy ingested (DEI) in Trials t and 2 (p=<0,01), actually repre-
sented a similar proportion of the GEI (73,1 and 70,9 per cert,
respectively) (Table 2.3). In Trial 3, with the markedly different
composition 6f food, 48,6 per cent of fthe GEl was lost in the faeces
aﬁd the efficiency of energy assimilation (DE! aé a percentage of the

GE!), 51,4 per cent, was lower than on the pelleted diets (Table 2.3).
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There was no significant difference between the DEI in this frial

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

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

(6,404 * 1,372 kJ.g_1 dry matter) was'significanTLy Lower kp<=0,02) than
. that without the p;eciﬁiTafe (8,932 % 1,241 kJ.g—1 dry matter). When
these figures are adjusted fo the Tofél volume e%cre?ed, no significant
difference (p=0,1) in energy loss was apparent, Thus the energy test
in the urine represenfed:4,27 ¥ 1,23 per cent of the GEi and assuming

-0,75 ! (1,03 per cent of GEI) was lost as mefhané

that 6,96 kJ.kg .day
(calculated from von Engethardt et af., 1978), the metabolizable energy
intake (MEI) on a lucerne hay diet was 45,11 per cent of the GEI and

89,71 per cent of the DEI (Table 2,3). , -

2.3.5 Digesffbilify measuremenis

TEe apparent digestibility of all the components of lucerne hay
measured, with the excepfion of crude protein and fibre, were signi-
ficantly lower than those in the guinea pig peliets (p< 0,001) (Table
2.4). For comparative purposes, digestibility coefficients for
kangaroos and sheep on a lucerne chaff diet (Kemptcen et al., 1976)

similar to that used in Trial 3, have been reccrded in Table Z.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-
fLuencfng its selection as food by hérbivoreé, 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 guantity of food which would be ingested by an
animal becomes a difficult task. Two gereralized formulae thai heve

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 - Z kg dry matter per 100 kg live body mass.

(van der Merwe, personal communication)

Using Theée figures, & hyrax of 2 kg body mass should consume 40 to
60 g dry matter daily., . Although the food intake by P. capensis in
the present s+udy was of the same magnitude (Table 2.2), the food
and therefore energy infake of an animal should be related fo iis
mefabolicvrafe. Thus the exponential 3ﬁcrease in metabolic rate
with decreasing body mass necessitates a gonéomifanf increase in food
‘andhenergy consumption as body mégs decreases. Considering the
small size of the hyrax compared to cattle therefore, the consump-
tion of dry matter found in Thevpresenf study must be considefed Low,

This has been noted previously by Sale (1966bh),
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Both the intake of lucerne hay (32,86 g dry ma?fer,kg-‘ﬁdéy“1) and

-0,75 1

of rabbit pellets (20,03 g dry matter.kg .day ') by P. capensis

accord respectively with the findings of Sale (1966b) for P, john-
stond on a similar diet to lucerne hay (33,6 g dry maffer.kg—j.dayNI)
and with those of Hume et af. (1980) for P, habessindica on a low

fibre and relatively high protein diet (18,6 g dry matter.kg 07 />

In order to establish a rough estimate for the intake of hyraces in
the wild, the data of Lénsiné (1978) have been used as follows: In
his study of the feeding ecology of P. capensis in Namibia, he found
the mean wet mass of stomach contents of wild hyraces, shot
immediately after a feeding period, to be 108,39 I 35,9§ 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 cbservations), the dry
1 -1

mass of the food intake would be 31,67 g dry matter.kg '.day ' or
38,82 g dry maffer.kg"0’75.day—1. These values are in good agree-
ment with the present data (40,80 g dry maffer.kg_o’7).day“1) for

- captive hyraces on a lucerne hay dieft.

2,4.2 Factors affecting the quantity of food ingested by *the hyrax

Sale (1966b) has suggested that the quantity of food ingestsd by the

hyrax is determined by the dry matter content. This is certainly

.day

).
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true on a broad scale when quantities of fresh and dry food ingested
are compared, but the dry matter intake itself also varies consider-
ably depending on the coméosifion'of the food. Thi§ was clear[y
shown for P. capensis in Trials 1 ahd 3 where the major difference
was the higher prqporfion of crude fibre in the Lﬁcerne havy. Thus
the differences in dry matter intake between animals on this diet
and those on the pelleted diefs\were'expecTed. Considering the
mincr differences in the fibre content of the two pelleted diets,
however, the different }h+akes in Trials 1 and 2 were unexpected.
The discrépancy may have resulted from one of the following three

factors:

a) The higher protein content of the diet in Trial 2 may have
resulted in a higher intake (see below), although a substantial

increase in bodv mass would have been expected as well.

by The hyraces in Trial 2, being immature may have required a
greater nutrient and energy intake for growth, Over the short
experimental period of five days, the smail increase in body
mass (1 per cent of the original mass) may have beern indicative

of gfowfh, but the significance of this increase in representing

growth is questionable.

'¢) The animats in Trials 2 and 3 may have been more active than
those in Trial 1. The additional energy expenditfure asscciated
‘with activity vould explain the higher food intake without a

substantial increase in bocdy mass.



58

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 fhe.dry matter intake by the hyrax P. habeAZLnica with
variations in the composition of the food was aiso 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 combined, the following trends became apparent:
For animals on a relatively low fibre diet (10 ber cent or less), the
dry maffer intake increased as the protein content increased (Fig. 2.1),
However, on the high fibre diets, food intake was higheg than on the
low fibre diets when‘1he protein levels ware simitar, Thus it is
clear that the crude fibre content of the food also affected the
guantity consumed, These resu[fé 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.

Aparf from the protein and crude fibre content of the food, the
moisture content of the plants eaten may be an additional factor that
influences the dry Ma1+er intake., This would be of particulear
-significance in the natural environmehfxif free water was unavailable..
Certainly in the present study and in that of Hume e af. (1980) the
water intake was clearly dependent on the dry matter :nfake _a
relatively constant volume being drunk per mass of dry matter intake.
Furthermore Louw ef al. (1973) have shown that when water was with-

held, P. capensdis, fed on a dry diet, decrea snA their food intake fo
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negligible amounts over a period of a week, Similar results were
obtained by Maloiy and Sale (1976) and Rubsamen ¢t af. (1979) for

P. syriacus ard P. habessinica. Lensing (1978), however, found that
hyraces in the wild did not select food primarily on the basis of
moisture content in any season despife the apparent lack of free
water and suggesfea that this factor may have been of secondary
importance jn food szlection. Meltzer (1976) has calculated the
water requirements of the hyrax P. syrdacus, and has concluded that
even in the driest monfﬁé of the year, the plants eaten in the wild
would provide enough moisture to meet the animals' requirements. |

- wou ld hesifa+e to draw the same conslusions for P. capensis without
sufficient data on the mbisfure content of ths plants eaten. Con-
sidering, however, that 1he}urine osmolality of P. capensis wes found
to be higaer than that of P. syrdiacus. when dehydrated (Louw ef al.
1973; Maloiy & Sale, 1976), *the implications are that the South
African nyrax is as folerant to desiccation, if nof mere so, &nd
given a minimum mcisture content in the fcod, would be independent

of fres water in the witd.

Under natural conditions, 1ﬁen, a complex situation would undcubtedly
exist where, at least, the interrelationship of proTefn, fibre and -
the water content of the plant matter ea%en would determine the total
quantity ingested, but other factors such as the availability of
drinking water, ithe inclusion of secondary compounds in the plants

and the general availability of edible plants would alsc be of crucial

significance.
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2.4.3 Digestibility of the fcod components

The high crude fibre content of the lucerne hay was probably the
major factor contributing to the significantly lower (p<0,001) .
~digestibility coefficienfs found for all of its compenents, with the
exception of crude:pro1ein and fibre, when compared to Tﬁose of the
pelleted ration. This is shown grabhical{y'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 would have been largely enclosed within
the intact cellulose cell walls of the lucerne hay, the overa[l
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
differihg digestibilities of the feeds used in Trials 2 and 3, was
the differing physical consisfencies. The ground pellets would

have been more easily digesfed than the coarse lucerne hay, present-
ing a larger surface area for enzymatic attack. On the other hand,
the fineb consistency would tend to increase the rate of passage

of digesta thrcugh the alimenfary tract, decreasing the efficacy of
the microbial digestion of cellulose (Lioyd et af., 1978). Finely_
ground food, therefore, would be expecfed to have a lower fibre
digestibility, bu? in the present context, the low crude fibre content
of fhé guinea pig ﬁellefs would have rendered this factor unimportant
as far as its overall apparent digestibility and utilization was

concerned.
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A Oﬁ a feed with a high fibre content, the hyrax appeared to have as
efffcienf a system in digesting fibre as the "ruminant-like" (Moir
et al., 1956) grey kangaroo, althcugh true ruminants are undoubtedly
superior (Table 2.4).‘ The incorporation of the grey kangaroo in

the category of "ruminant-like" mammals has been questioned by
Kempton et a£.'(1§76) on the basis 6f the tow levels ¢f methane
production. Since the same is True-of the hyrax (von Engelhardt et
al., 1978) the suggested inclusion of these animals in the same
category (Moir, 1968) mﬁsT 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 wall, may suggest
a.rela+ively greater loss of microbial protein from the hindgut than
was found by Kempton et af. (1976) in the kangarco and sheep. Hume
et af. (1980) have shown, however, that the metabolic fascal nitrogen
of P. habessinica is lower than in sheep. If this is true of

P. capensis then apparently the hyrax'is not as efficient in digesting
proiein,  Considering that the size of the residual plant parficlés
in the faeces of wild P. capvensis were larger than in its food com-
petitor, the ruminant klipspringer, Oreotragus oreotragus (Norton,
1980), the breakdown of food by the hyrax digestive system can not

be as effective as in the ruminant. Thfs could explain the lower

protein digestibility found in the present study.
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2,4,4 Energy assimilation by the hyrax

Despite the differing digestibility coeff?;ients ror énergy 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
herbivores (40 - 86 per cent, Davis & Golley, 1963). Thus with a
comparatively low dry matter intake énd an average digestibility of
energy, the resultani amount of energy apparently assimilated by the
digestive tract of the Hyrax musflhave been Llow, The value of

-0,75 -1
g .

-272,3 * 75,7 kJ.k day = for the DEI from Trial 1 was similar

to that found by Hume et af. (1980) for P. habessinica (279 * 9 kJ.

kg1 75 ]

.day ). The nigher values found in the subsequeni 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 (ME!) since urinary

and gaseous énergy losses were taken into account. Both the DE! and
MEl of an animal can be predicfed from the following equaiion relating
the digestible energy requirements for mainfenahce to body mass:

0,75,

Digestible Kcal per day = 98 (W *'”) for humans, pigs and rats, where

W = body mass in kg. (Lloyd et af., 1978).°

Metabol izable energy intake can be computed from this equation by
assuning the energy lost in the urine and gases to be 7 per cent of
the ME! (Licyd et ak., 1978).

-

The equation above is based on the predicted metabolic rate derived



{BMR) of P. capensis was lower than predicted (0,27 mi 0,.g

by Brody (1945) arnd Kleiber (7961)., Since the basal metabolic rate
| —].hr“1
- section 6) the actual vélues for DEI end ME! wouid obvicusly be
lower than predicted as well. Therefore it is more appropriate,

for comparative purposes, to express the DEl and MEI as a muLTiple

of the actual BMR; Table 2.5 shows the DEI and ME! as a multiple

of the BMR for hyraces in the three frEals and for wild hyreces.

The values for the latter animats have been calculated assuming that
the energy value of fhejfood eaten was constant throughout the year
(16,33 kJ.g"1 dry matter - Table 2.1), and that fhe dry maffer intake

was 31,67 g.kg |

.day—1 (from the data of Lensing, 1978). It was also
assumed that the digesffye and assimilafive efficiency of the wild
hyraces was the same as those of the animals in Trial 3, Further-
more, although the MEl was established experimentally dhiy in Trial 3,

| have assumed that the ME! 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 calculated MEI in Trial 1 and for the wild hyraces wes
probably an underestimate since the pretein intake in both cases

was tower than in Trial 3. However, the resulting ervor is Llikely
to be insignificant as the urinary and gaseous energy losses were so

small compared to the DEI,

For domestic cattle and sheep the daily digesiible energy requirement

for adult maintenance is normally calculat

®

d as 2,0 x BMR end 2,88
for pigs and rats (Lloyd 2% afl., 1978), The multiples for the hyraces
were within ihis range, though for Trial 1 it was lower at 1,60 x BMR

(Table 2.5).



TABLE 2.5 Digestible energy intake (Dt!l) and metabolizable energy
intake (MEIl) as muttipltes of basal metabolic rate (BMR)

for P. capensdis in three digestion trials, and in the wild.
TRIAL 1 TRIAL 2 TRIAL 3  wWiLo¥
Mass kg 2,92 2,12 2,38 2,26
BMR kdJ.day ! 380, 55 276,29 310, 18 204,41
DE! kJ.day™ 608,30~ - 741,81 667,00 600,40
-1 - + 4 + . N +
ME! kJ.day 545,717 665,48 598,37 538,62
DEl as a multi- o .
ble of BYR 1,60 2,68 2,15 2,04
MEl as a multi- '
ple of BIR 1,45 2,41 1,93 1,83

[

¥ Figures for the wild hyraces have bezen calculated from a dry

matter intake of 38,82 g.kg ©7’°.day” !, heat of combustion
of food of 16,33 ki.g |, and assuming DEI = 51,4% of GE! as

in Trial 3.

+ Assuming ME| = 89,71% of DEI as in Trial 3.
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- The MEI measured in the present three trials has also been termed
"existence metabolism" (Gessamen, 1973), and is considered as a
summafion of the energy expended in basal'ﬁefabolism, activity,
thermoregulation and the specific dynamic action (SDA). Of Thesé
four components, thaf associated with thermoregulation was zero in
Trials 2 and 3 siﬁce the experiments were conducted at temperatures
within the thermoneutral zone (secfién §). If SDA is calculated as
10 per cent of ME! (Lloyd et al., 1978), the energy spent in activity
can be calculated by difference. The partitioning ovaEI intfo these
three energy compcnente is showﬁ graphically in Fig. 2.3 for the three

trials and for the wild hyraces,

The cost of free’exisfence of an animal has been estimated as

3 x BMR, with a range cf energy expenditurs of 1,3 to 4 times BMR
(Brody, 1945, from Gessamen, 1973) depending on the level of activity,
production etc. Both the céged animals and the wild hyraces showed
MEl as multiples of BMR, wifhinAThis 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 wa; within the range of the multiples for the
caged aﬁimais. This }s unusual considering that the wild hyraces

wou Ld héve had to expend energy for Thefmoregulafion, produciion and
activity in the wild, whereas the former two factors were negligible
in the case of vhe caged animals; Furthermore the activity of the
caged animals must have been curtailed by the limited space. ndeed,

amples from wild hyraces, the calculated multiple

L

of the 33 monthly s
of BMR was higher than that in Trial 2 (2,41 x B¥YR) for only 5 months

/
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(Appendix A). These figures calculated for the wild hyracés by
extrapolation from laboratory studies, should be viewed with caufion
since they are based 6n se&eral assumptions as outlined previouély.
A major source of error in these calculations could be the assumption
that the moisture coﬁfenf of the sfoﬁach contents was 67 per cenft,
 since this value was derived from captive animals fed lucerne hay,
commercial pellets and water, HoweQer, 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, whf&h would still be within the range of the
values for the experimentat animéls. it should be noted too, ihat
fhe‘moisfufe content of the stomach samples included saliva which
wésllikely to be a substantial volume since the salivary glands are

" large in the hyrax (Grassé, 1956},

Wheh allowing for the above assumed scurces of error,‘ftom Fig. 2.3,
the energy uséd'by the wild hyraces for thermoregulation, production
.and activity was approximately 1,64 X BMR, Compariscn bdetween the
caged and wild hyraces suggests that in the wild either one or all
of these three factors demands a low energy expenditure, Since
producfion‘woutd occur in a viable population to different extents
throughout +He year in the form of pregnancy and grewth of young
animals this factor cannct be considered negligible in tarms of
energy utilization. The energy expended on thermoregulation would
depend on the ebility of the hyraces fo sun-bask, huddle or to select
ambient temperatures as near to thermoneutraliiy as possible, thus
minimising the cost of fhermoreguta+ion. This espect has been

investigated further in secfion 6. Finally .the generally inactive
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mode of Life described for the hyrax (Sale, 19653 & 1969; Turner &
Watson, 1965; Coe, 1962) would not demand a high level of energy

expenditure and fhis observation would support the above suggestion.

2.4,5 Food Selection

Although food selection per 4e. was not investigaied in the present
study, selection for young shoots and leaves, normaily 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 seiection by
the hyrax (Coe, 1962; Sale, 1965a; Turner & Watson, 1965; Hoeck,
1975; Lensing, 1978). Of these studies mosi are concerned With

the various species of hyrax-in Kenya and only lLensing (1978) has
undertaken a comprehensive study of the feeding ecology of P. capen-
A48, Nevertheless, there is general agreémenf that The rock

hyraces are opportunistic feeders iﬁcluding a diverce selection of
plants in their diet, of which 2 - 11 species form a major part of
‘their diet (Hoeck, 1975). While there is some dispute as to
whefﬁer several species of Piocavia are predominantly grazers or
browsers (Coe, 1962; Sale, 1965a; Turner & Watson, 19€5; Heoeck,
1975), Lensing (1978) found that P. capensis both grazed and browsed,
- depending on the relative availability and possibly, the nuiritive

guality of the herbage. ror all species, setection appears to be
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| depéndenf on the local and seasonal avaiLab}Lify, with preferences
for young shoots, leaves, twigs, flowers and fruits with high nutrient
and incidentally high moisture content, 'Under sevére drought con-
ditions, when these are not available, tess nutritious food is eaten,
such as dry grasse§ and even the bark of irees (Hanse, 1962; Sale,
1965a; Turner & Watson, 1965; Hoeck, 1975; Lensing, 1978),
together with an apparent preference for planfs,wifh a high moisture
content if available (Sale, 1965a). | During a severe drought in the
Robertson district of the Cape ProVince, P. capensis were observed
eating the latex-rich Euphoibia mawritanica, despite the ulcerated
state of their Lips. The droughf'had lasted for approximately four
yeérs and little vegetation was available besides these toxic piants

(G.N, Louw, personal communication).

From the present analyses of fhe sfoméch contents of the wild
hyraces (Tablé 2.6), the relatively consfanf composition over a
period of six months indicates either an efficient system of select-
ion, if not of plant species, then of plant parfs, or alternatively
that dufing these months, the composition of the herbage was
retatively constant and abundant. Unfortunately, the seasonal com-
position and phenology of plants in the Nieuwoudfville area is
unknown and also no data on stomach contents were available for the
winter months, when the small amount of rain for the year falls.
Thus it is né% possible to ascertain whether the composition of the
sicmach contents wés cons{anf throughout the vear and if this was
so, whether this constancy was influenced by the uniformity of

nutrient availabitity or seleciion by the hyraces,
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In terms of nutrient and energy intake, focd seteéfion is important
when viewed in conjunction with the gquantity eaten and the
efficiency with which it is digested - fabiors which change with

. seasonal changes in plant composition and phenologyl Selection for
nutrient-rich pLanTs has obvious advantages considering that a high
nutrient content fs usugfly associated with a high energy coﬁfenf
and furthermore, selection for food wifh a low fibre content minimises
losses due to poor digestibility., An additional advantage gained -
Through'selecfion of low fibre food is the possible conservation of
water, Withers (perscnal communicafio&) has shown in rodents, that
food with a low digestibility tends to increase faecal water Loés by
virtue of the greater quanfiiy of waste products which must be
voiced, carrying moiéfure with it, This would be‘parficularly
relevant io P. capensis whicn must be totally reliant on moisture in

the food during vhe frequent drougihts in the Cape Province.

While selection may noflbe of.gfeaf importance to an animal in a
nutrient-rich environménf; in nutrient-poor vegetation and under
drought conditions, selection may be a facfor determining whether
the nutrient, energy and water requirements of the animal are met or

not.

Thus returning tc the two hypotheses originally pcsed, it appears
that the hyrax, P. capensis, does not have a parf?cutarLy.efficienf
digesiive system and the setective féeding habits serve to augmenf
the energy assimilafed; by virtue cf the improved quality of herbage

eaten,  Although the food and energy intake of the hyrax is lower
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than predicted for "standard" eutherian mammals, this comparison is
deceptive since the deviation in the metabolic rate of the animals
from that predicted, is not itaken into account. When the energy
assimilated is expressed as a function of the metabolic rate, the
energy consumpfion:of The‘hyrax fails within the range foﬁnd for
other eutherian mammais. The Lower»?han predicted intake of energy
is thus largely due to The-low basal mefabotfc rate, The pﬁésen?
_sTudy also indicates Thgf in the wild the energy expenditure is
reduced further by energy conservation in thermoregulation and in a

censervative level of activity.



SECTION 3

FERMENTATION AND THE PRODUCTION OF VOLATILE
FATTY ACIDS IN THE ALIMENTARY TRACT OF

THévROCK HYRAX PROCAVIA CAPENSIS
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3 INTRODUCT I ON

fhe abundance of‘cellulose in the environment provides a rich scurce
of energy for animals that are able, either directly or indirecily,
to bréak the constituent 1-4, B—glﬁcoéidic 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. T has been suggested by Kinnear et af. (1979) that
the pre-gastric fermenféfion system of microbial digestion confers
an adVanfage on mammals by expanding their nutritional niche and |
enabling them to consume food poor in nutrients, or containing toxic
substances, thus avoiding'compefifion with other mahmals unable to
utilize such foods. This advantage is readily demonstrated by the
success of ruminants in nutrient poor environments,  Although pre-
gastric fermentation is usually associated Qifh a complex voluminous
stomach, a bacterial population may be able to reside in less com-
piex 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 mammatis is
divided into fwo distinct regions.v The proximal regior, termed the
oesophageal or cardiac regicn, is linéd by stratified squamous epi-
thelium and is separated from the normal glandular pyloric region

by & ridge, comparable to the margo-plicatus of the horse. The
simple stcmach of the hyrax has the same structure, the cardiac

region being a highly distensible sac, stightiy larger than the

A b e Sk Ak s e b e e



pYLorIc regioniand complefély covered with stratified squamoué épi—
thelium (Elias, 1946 and personal observaticns). The lack of qlanddlar
epithelium in this proximal region implies that it is a storage
organ, where stasis of contents could occur.  Thus deéending on THe
length of time of storage, fermentation of the contents would be
possible due ftfo Tﬁe accumulation of micro-organisms (Bauchop, 1971).
In the hyrax, feeding is restricted to TWO main periods of the day,
one in the mornlng and one in The evenlng, both of which are less
Sporadic feeding may ey w\mﬂ outbeday however,

" than 1 hr (Sale, 1965a; Millar, 1972).4k The plant material eaten is
stored between these periods, for 4 hr in the cardieac stomach with
some of the ingesta remaining in the whole stomach for 24 hr or more
(Clemens, 1977). in addi%ion, stasis of digesta and férmenfafion
occurs in the proximal and distal caeca (Clemens, 1977; Qon Enget-
hardt et af., 1978), the latter being an unusual feature of the

alimentary tract of the hyrax.

Unlike ruminants and ruminant-like herbivores where the major site
of microbial fermentation ic the fore- sfomﬂrh monogastric herbi-
vores rely more on the hind-gut for cellulose digestion. This has
been quantitatively established for the horse; pig, rabbii and rat
by Elsden et al. (1946). In the East African hyrax, Procavia
habessinica, fermentation with high concentrations of total volatile
fatty acids {YFA) occurs in the cardiac stomach, and the proximal
and distal caeca (Clemens, 1977; von Engelhardt e al., 1979).
Information on the concentrations and relative proportions of indi-
vfdual VFA along the length of the alimentary tract of any hyrax

“spacies is lacking, however,
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Since fore-siomach fermertation is considered to be a feafureAéf
ruminant-Like metabolism, it seems Likely that the hyrax would be
included in this group of.herbivores. lnYOrder To.esfablish
ruminant-Llike meTaboLismvin the hyrax, it is necessary to demonstrate
a high conTenT'og:sTearic rich, safufafed fatty acids in the depot fai
and a low gluco§e level in the blood, which are additicnal character-

istics 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 determine whether the rock

h?rax Procavia capensis has }uminanf—like metabolism. Since studies
on cellulose digestion in P. capensis have not been undertaken pre-
viously, the concentrations and propdrfions of VFA in the different
regions of the alimentary tract have been examined, as well as the
lactic acid content of the cardiac stomach, the composition of the .

depot fat and the glucose leve! in the plasma.

3.2 PROCEDURE e

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, removed and sfored at -20°C until analysis. These
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animals had been fed on lucerne hay and commerciel guinea pig pellets
with water ad £{b, Additional tracts were obtained from two hyraces
killed in the wild approximately 2 hr post merning feeding and one

approximately 10 hr post morning feeding.

3.2.1 Contents of the alimentary tract

In a preliminary sfudy:fhe alimentary tract of 10 hyraces was divided
into several regicns (Fig.2, 1 and the pH of fthe contents estimated
using.universal indicator prH paper. The contents of each region
were weighed and a represzentative porffon dried at 70°C and reweighed

. for dry matter estimation.

2,2.2 VFA determination

A sample of wet gut contents frém each region was homogenised w}%h
an appropriate volume of distilled water, AnbaLiquoT of the homo-
genate was weighéd and dried at 70°C.  The rest of fhe homogenate
was weighed and between 1 and 2 ml of iso-butyric acid added as an
internal stancdard since it had been established that iso-butyric

cid was not detectable in the gut with this method of extraction.
- The mixture was centrifuged at 1000 g for 20 min and fhe supernatant
again centrifuged at 65000g for i5 min. The final supernatant
was stcred, freozen, in sealed glass vials until used fbr column
chromatography.  The supernatant was injected directly onfc & glass

spiral column (2,6 m x 3 mm) containing Chromesorb 101 (80 -~ 100 mesh)



in'é Hewlett Packard 5750 Research Chromatograph with dual flame
ionization detectors. Nitrogen was used as the carrier Qas_

(40 ml/min). The signal was processed on an H,P. 3352A Labofafory
‘dafa system, The performanCG of fhe\column was menitored by regular
anéLysis of a standard mixture of volatile fatty acids. VFA con-
centrations were e?pressed as mg/g dry'maffer and converted to

mmol/g dry matter using the molecular weight of the individual acids.

3.2.3 Llactate analysis

Extracts of the cardiac stomach contents used for VFA analysié were
also analysed for Lacfafelusing the méfhod 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 Biigh

and Dyer (1959), The extracted tipid was converted to methyl

esters with 14 per ceni boron trifluoride in methanol (MefcaLfe.et al.,
1966; AOAC methods, 1975). The esters wefe anaiysed inaZmx 5mm

glass column packed with 5 per cent DEGS on 100 - 120 mesh Chromosorb

W. The signal was processed on an HP 3352 laboratory cata system.
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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 Werner et af. (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 (Fig. 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 1o the first and
separates the caecum from the colon. The colon (Co) however,'is
proximally distended and sacculated and'does not differ in abpear—
ance from the caecum itself, This proximal part of the colon

(PCo) has been referred fo as the distal sacculation by Clemens
(1977). A sphincter does not separate this expanded portion of the
colen from the narrower Tube—Lfke continuation and is thus referred

1o here as the prckimal colon, The ascending coton forms an expanded,

non-sacculated region, referred fo by several authors (George, 1874;






82

Grassé, 1956; " von Engelhardt et af., 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 o the body mass
are shown in Tab[é 3.1. The total stomach contenis constituted

3,9 per cent of the body mass with a range of 2,4 - 7,1 per cent.

The two portions of the stomach cénfenfs differed stighily in moisture
content, the cardiac stomach being dryer than the pyloric stomach
(épproximafely 80 per cent and 83 per cent moisture respeciively) but
this difference was not statistically significant (Table 3.2)., The
contents of the proximal caecum and proximal colon together also
constituted 4,1 per.cenf of the body mass with a mcisture conteni of
approximately 85 per cent, while the distal caecum and its appendices
contained 3,1 per éenf of the body mass with a moisiure content of

' approximafe(y 82 per cent. The digesta reaching the descending
colon and rectum were dryer with a moisture content of approximately

80 per cent (Table 3.2).

3.3.2 pH of qut contents

A

The pH of the cardiac stomach contents varied beitween 4 and 5. in
both of the wild hyraces killed about 2 hr after feeding, ithe cardiac
stomach contents had a pH of 5,5, The animal shot 10 hr post feeding

had a lower pH of 4,5,
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Lower pH values were found in the pyloric stomach (range 3 - 4),
while in the rest of the alimentary frect the contents were at a near

neutral pH (fable 3.2).

3.3.3 Concentrations of volatile fatty acids

The major sites of fermentation in the alimentary tract of P. capensis
were found to be the proximal caecum and proximal colon wiTh'mean VFA
concentrations of 39,2 and 32,6 mg/g dry matter content respectively
(Table 3.2). Both Thevcard{ac stomach and distal ceecum with its
appendices conTained’appﬁeciabLe 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 kitled 2 hr after feeding, the VFA concentra-
tion in the cardiac stomach was high (43 and 21 mg/g dry maffer) and
the stomachs were full. A lower concentration (14 mg/q dry matter)
occurred in the stomach of the animal shoi approximately i0 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 corcentration was found to be 5,3 ﬁg/g dry matter which is
significantly lower (P<0,01) than that in the cardiac stomach. The
contents of atl but one of the pyloric stomachs had ccncentrations

of approximaiely 6 mg/g dry matter or less, although there was one

rather high value of 22 mg/g dry matter. digh VFA concentrations



in the proximal caecum and.proximal colon were recorded with a smal
but significant (P<0,05) difference between them, the concentration
in the proximal colon being Lower, In fhe distal caecum and appen-
dices éoncenfrafions of 17,1 and 18,3 mg/g dry matter respecfivg[y,
were recorded, alfhough no significant difference was found between
these two regions: This was expected since the two compartments
are continuous. fhe ffnat region of the alimentary tract, the
descending colon and rectum, had a mean concentration of 7,9 mg/g -
dry maffer: Since +hé last region contained both pelleted and
uﬁpellefed material, variations in the concentration would be

expected,

C3.3.4 Proporfions of individual volatile fatty acids

The proportions of individual VFA in the alimentary tract of F. capen-
445 are shown in Table  3.3. In the cardiac stomach, acetic acid
was found to be predoﬁinanf constituting 87 per cent of the total

VFA with low proportions of propicnic and bQTyric acids (9 per cent .
and 3 per cent respectively). In the pyloric stomach, the only
detectable VFA was acetic acid, and this was in low concentrations.

The proportions of VFA in the proximal caecum and proximal colon

-were identicat, Acetic acid dominated but a higher proporticon 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 - 7€ per cent while the proportions of propionic 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 céncen%rafions

A high mean lactate concénfrafion 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, fheée
concentrations have beén converted to mmol/100 g dry matter in

Table 3.4,

3.3.6 Analysis of depot fat

The depot fat of P. capensis was found to have a high proporticn of
Linclenic and Llinoleic acids characteristic of non-~ruminant herbivores

(Table 3.5).

3.3.7 Blood glucose

A mean glucose level of 77,3 mg/100 ml Qas found in fhe.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 in blood sampliﬁg. Nevertheless they fatl within the range

established for non-ruminant herbivores (Moir, 1958).
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TABLE 3.5 Proportions of major fatty acids in the subcutaneous
" fat from the pelvic region of P. capensis (cds and
trans acids not distinguished) '

Fatty Acid - % of total fatty acids.
Myristic (C14:0) | 5,5
Palmitic (C16:0) | 22,3
Palmitoleic (C16:1) 4,5
Stearic (C18:0) ' 10,2
Oleic . (C18:1) ' 37,8
Linoleic (C18:2) | 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 ihis has been
targely lacking. The data presented here indicate that fhe digestive
system of the hyrax has features of boTH monogastric and eriman+—

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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simitér to the rumen epithelium, several monogastric herbivores

have a constricted stomach with a part bearing this type of epiihelium.
These include several rodents, the taepir, rhinoceros (Bensley, 1902)
and the horse (Siéson & Grossman, 1953). In addition, a reticular
groove, which Black and Sharkey (1970) have considered to be an obli-
gatory adapfafion:in ruminant-like herbivores, is absent in the stomach
of P. capensis. Although George (1874) has described a structure
resembling a rudimentary reticular grocve in the cardidc stomach of

P. capensis, | have not observed this feature and histologically the
~dorsal aspect of the cardiac pquch does not differ from the rest of
this region (unpublished data). NeverTheless,-consideriﬁg the close
proximity of the oesophageal entrance fto the glandular pyloric

stomach an oesophageal groove may not be riecessary to divert liquids
(eépecially milk) away from the fermentative region. The séme has
been described in the poiorire marsupiat, Bettongia penicillata

(Kinnear et al., 1979).

Whereas the contents of +he large, comparfmenféd stomach of ruminant-
Like 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 ahd 4 - 9 per cent respectively)
(Elsden et af., 1946), These percenfages, however, are higher than
those of other monogastric herbivores such as the horse and the rat
(approximately 2 per cent and 1 per cent respectively (Elsden et af.,
1946). Neverfhele?s,_wifhin the simple stomach of the hyrax,

fermentation of the ingssta occurs, &s 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 approximafe[y

101 mmol/L) are high when compared to other moncgastric herbivores
such as fhe'horse (0,45 g ecetic acid/100 g dry matter), pig (1,52 g
acetic acid/100 g.dry matter) and rabbit (0,3 g acefic acid/100 g
dry matter) (Elsden et al., 1946), and are sfmilar to those found in
the stomachs of ruminant-like herbivores, For example, Bauchop and
Martucci (1968) found fhe concentrations of VFA in the é}omach of
ruminant-Llike monkeys Presbytis eﬁteﬂﬂuA and Presbytis cristatus to
range from 0,5 - 1,4 mmol/g dry matter and in the Quokka, Setonix
brachywrus corcentrations of 18 - 147 mmol/l of ingesta have been
féund (Moir, 1965). ~ Although rumination in the hyrax has been de-
scribed by Hendrichs (1963), | have never observed hyraces tc rumin-
ate in fhé wild or in captivity, even when fed a high fibre diet.
Hyraces do,‘however, often grind their molar teeth, a behavicur that

gives the illusion of rumination.

The regions of'fhe alimenfary tract of P. capensis in which pH values
are higher éorrespond to those regions.of higher VFA ccncentrations.
The pH variation found in the cardiac stomach seems 1o indicate that
the low acidity normally required for efficien% cellutose fermentation
is not continuousiy maintained. Fermentation in the cardiac stomach
appears to be unustal in that acetic and lactic acids predominate.
This suggests the presence of fermentative micro-organisms which are
tolerant to relatively acid conditions. A pH of approximately 5,
however, would permit fﬁe growth of lactic acid producing bacteria

as shown by Bauchop (1971) in the rhesus monkey. Lactic acid also
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occurs in high concenfréfions in the stomach of the rabbit (Griffiths
ana Davies, 1963), but the production of lactic acid is dependent on
the ingesticn of faecal pét[efs, Since no‘hyrax stomachs have been
found to contain faecal pellets and coprophagy is a rare occurrence
in The.hyrax, the production of Lacffc acid in this animal differs

from that in the rabbit.

Barnett (1952) and Barnett and Duncan (1953) found that both acefic
and lactic acids tend Té predominate in the anaerobic fermentation of
grass/water mixtures, analogous to silage fermentation, In the
cardiac sfémach of P. capensis, the anaercbic condition, the pH,
Témperafure and moisture content of the ingesta, as well as the pre-
dominance of acetic and lactic acids, incicate fhat silage~like fer-
menTaTion'occurs. It cannot be determined from the present sfudy‘
whether a résidénf microbial population or bacteria Eﬁges%ed wWith

the vegetation are responsible for this fermentation,

Fermentation does not take place to any appreciabte exfent in fne
pyloric stomach as is evident -from the Low concentrations of VFA.
This is consistent with the low pH and the secretion of preteclytic
enzymes'by-fhe glandular spithelium which wouldbbe detrimental to
bacterial survival, The concentration of acetic acid found in the
pyloric stomach was low enough to assume that this acid wss not com-

pletely absorbed in the cardiac stomach and was carried with the

ingesta infc the pytorus,

The proportions of individual VFA found in the proximal caecum and
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proximal colon are similar to those found in the stomachs of most
fuminanTS'and ruminant-like herbivores (Moir, 1968). They are atlso
similar to those found in the colon of the horse and the caecum of

the pig (Elsden e¢f al., 1946), In this region the pH remains near
neutral and probably a more sfable'ahd diverse microbial pepulation
exisfs than in the cardiac stomach. In the more distal fermentation
regions the propcrtions of propionic and bufYric acids_decreased

while acetic acid increased. This may indicate either a preferential
absorption of propionie‘and butyric acids along the cclon and in‘fhe
distal caecum or a greater production of acetic acid in the disTél
caecum aﬁdnappendices. | in the absence of data on relative production
and absorption rates-of these acids an explanation for this obser-
vation is not pessitle.,

The nutritional importance of the products of stomach fermentdtion to
the hyrax.remaiﬁs speculative, Fermentation could aid later enzy-
matic digestion by initiating vhe breakdown of carbohydrates as well
‘as providfng a protein source in the microbiatl poputafioﬁ carried
through to the pyloric stomach. In view of the hich concentrations
of VFA found in the proximal caecum and proximal colon, these regions
~are probébly responsible for the major pari of carbohydrafe diges%ion.
The function of the dfsfal cascum and appendices in relation to fer-
mentation remains uncertain., It seems probable, however, that micro—
organfsms are carried with the dfgesfa from the proximal caecum and
proximal colcn and continue their fermentative activity in the distal
caecum and eppendices, Since the cdncenfrafions of VFA and the

moisture content of the digeste decreased in this disiel expanded
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'region, absorption of the end products of fermentation together wiith
some water probably takes place here and in the distal colon and
rectum.

f a definite category of ruminant-like herbivores is to be used, then
the hyrax P. capeﬁéiA must be excluded from the group of truly
ruminant-like herbivores since the hindgut, barficularly the proximal
caecum and proximal colon, appears to be the major site of fermen-
tation, with concenfrafions of VFA higher than in the cardiac stomach.
Furfhérmore the concentrations of plasma gLucosevare similar tc those
found in monogastric herbivores, and the high proportions of unsatu-
rated linoleic and linolenic acids in the depot fat indicate That the
hyrax does not have & ruminani-like metabolism, Kinnear et af.
£1979) have expressed the futility of describing animals as "more or
Less ruminant-like", since the variability in digestive systems
precludes categorization of this kind., With this, | am in total

accord, the hyrax being an example of such variation.

Compared with ruminants, however, the épecialized digestive system of
the hyraxvappears to have several advénfages.’ The possession of both
a pregastric and & cascal farmentation system allcws them to exploit
the benefits of both. The abitity of fhe stomach bacteria tc use
non-protein nitrogen in the form of recycled urea (Hume ¢t af., 1980)
for fhé subsequent production and use by the host of high duali%y
microbial protein is clearly advantageous, parficularly when éoup[ed
with Tﬁe tow nitrogen requiremenfs of the hyrax (Hume et af., 1980).

rurthermore, 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 fo ruminants in
exploiting an energy source otherwise unavailable. However, one of
the disadvanfages.of this pathway of carbohydrate digestion for the
ruminant is that The amount of glucose available for the animal is
curtailed, and of:fhe volatile fatty acids, only propionate acts as

a gluconeogenic precursor, another source being amino acids. Yet
glucose is necessary in ruminénfs for the production of NA.DPH2 for.
Lipogenesis from acefafe and butyrate (Lindsay, 1970; Annison & Arm-
s+rong, 19701, 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 étucose levetls. Glugose
- could then be considered as important a source of energy for the
hyrax as +he fatty acids and the carbohydrate metabolism rather more

stable than in the ruminant,

Caecal fermentation in the hyrak would further reduce the fibrous

food which escaped digesiion in the stomach due to the shof*er time
exposed tfo 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 par+fcle size
of the waste material would reduce the abrasive effect of the faecal
pellets on the gut Lining, At the same Tfme,.however, micrcobial
protein lost through the lack of subsequent enzymatic digestion weuld

-be an unavoidable disadvantage of caecal fermentatior,



SECTION 4

CALCIUM, MAGNESIUM AND PHOSPHORUS EXCRETION

IN THE ROCK HYRAX PROCAVIA CAPENSIS
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4.1 INTROCUCTION

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 et al. (1973) noted Thaf»fhe "klipsweet" occurred when the
“communal urinating sites were sheltered from %he rain, usually
beneath an overhang, whereas The white precipf+afe, sometimes forming
stalagmites, occurrea whén the urinating sffes were on a steep rock
face, in the tatter 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 precipitate, mainly calcium cafbonafe and the supernatant,
which often turns a dark rust colcur on exposure to air. Urine

taken directly from the bladder contains the calcium carbonate in

suspension, a precipitate forming after exposure to air.

Urinary excretion of calcium carbonate has been observed in several
other animals such as rabbits (Cheeke and Amberg, 1973) and pack rafts
(Shirley and Schmidt-Nielsen, 1967) - both these animals excreie a

rust coloured urine, Shirley. and Schmidt-Nielsen {(1967) reporied



that the urine of hamsters was "thick and creamy", a descripticn that
accords with our own observations of guinea pig urine. The creami-
ness in the urine cf the éuinea pig is also due to a calcium carbon-
ate precipitate, White encrustations -on rocks, assumed to be the

urinating sites of Petromus Lypictis .(Pefromyidae) (Jarvis & Withers,

personal communication), were found to contain calcium carbonate.

Since calcium excretion takes place mainly via the gastro-intestinal
tract in most mammals,'{f is remarkable that such apparently large
gquantities of undissolQed calcium cerbonate appear in the urine of the
above—menffoned animals, The present investigation was therefore
uhderfaken fo 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 have been
examined, The experimenis were not designed to determine the intfer-
relationships between the elements though some speculations in this

respect have bheen made.

in addition, the levels of the three elements in bocdy tissues and
plasma have been determined to establish whether they occur at
similar tevels to those found fn 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 fibre, crude protein, hexane
extract and ash, Prior to the balance trials, the two groups of
experimentat animals were each kepf in out-door pens for ahout a
month, durirng which time they received the ration fo be used in that
trial. Thereafter, they were kept indcors in individual cages,

for seven days, to become accustomed to the experimental procedure.

A balance trial was then conducted over five days in fhe first

experiment dnd over ten days in the second.

During the course of the balance frials, the following regime.was
employaed.  All data were collected in the morning at 080Ch,  On

the morning cf day 2 the food anc water intake and the urine produced
during day 1 {(the first experimental day) wés measured, Faecal
collection was started only on day 4, i.e. that produced during day 3,

thus allowing for a two day rate of passage (sectiion 2),

4.2.1.1 Expetdment 1 ' - .

[¢)

Nine adu't male hyreaces of average mass 2,3 kg were used. Each cag
was placed on a stainless steel fine-mesh tray, beneath which was a

PVC. funnel leading into a glass measuring cylinder. Faeces were



160

retained on the mesh tray and urine was collected in the measuring

cylinder.,

Each an{mal was given a pfedefermined amount cof food daily and.a

known volume of wgfer. The ration given consisted of commercially
prepared pellefedgfood Confaining 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 teft from the previousg daylwas
rémoved, dried and weighed to determine the intake. Water intake

was recorded.

Each day fthe volume of urine excreted was recorded, the PVC funnel
rinsed wITh.diLufe hydrochloricvacid and distilled water and the urine
sample and washings retained in a sealed plastic container and frozen.
Af the end of the experimental pericd, fhe daily urine samples from
individual animals were pooled,.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 pLasch containers

in a freezer until the end of the experfmenf 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 ccliection period of only three days wes possible

for one animal. The results for this animal haye been included with

the rest. At the end of the experimental pericd, the animals were
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anaesthetised wiih an intra-peritcneal injectionof pentobarbitone 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 sTofed in vials and frozen. After death, the kidneys, Lliver;
seft semimembranosus muscle and the nineteenth left rib were removed,

placed in plastic bags and frozen for later analysis,

4,2.1.2 Expendment 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, .lf was coarsely ground in an
attempt to prevent selection of leaves and not stems. Analysis
showed Thié ration to contain 1,41 per cenT.caLcjum,.O,ZO per'cenf

- 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'cenf

ash on a moisture free basis,.

The procedure used in the first experiment was repeated, but The
collection pericd was extended to ten days. No tissue or biood

samples were taken.

On completion of this balance trial it wes discovered that one animal
was in severe negative calcium and magnesium balance. The resulis
. from this animal have not been included and the results chown are

those obtained from only four animals.
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4;2.2 Field specimens

Samp{es of stomach contents were aQailable 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,
milied and analyséd for calcium, phosphorus and magnesium content,
Six pooled monthly samples were analysed for crude fibre, crude

protein, hexare extract and ash.

4,2.3 Chemical analyses

Aa aliquoT cof feed, refused feed, faeces and body tissue was dried,
milled:and then again dried to a constant mass at 103°C. A2g
sample of each was ashed at 540°C for five hours. 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 ahd magnes ium
determinations by atomic absorption spectrophotometry. A nitrous
oxide flame and potassium for ionization suppression was used

(Varian Techtron, i972). Phosphorus was determined using the photo-
‘metric method of Hanson (1958).  Standard A.0.A.C. (1960) methods

| were used for the proximal analyses except in the case of fat ex-

traction where hexane was substituted for ether. -

Urine and serum samples were analysed for calcium and magnesium by
atomic absorption (Varian Techtron, 1972) while inorganic phosphates

were determinad using the photometric method of Delsal and Manhouri

(1958).
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Total plasma protein was determined using the biuret method of Weich-

‘selbaum (1946).

4.3 RESULTS AND DISCUSSION

4.3.1 Calcium

4.3.1.1 Babance trials

On the pelleted ration, 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 G - 4,4 per cent).

Table 4.1 shows a net negative bélance for calcium on the pelleted
diet, the excess excreted represenfing 20,7 per cent of the caicium
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 between the urine and faeces did rot
closely follow the patiern found in most other mammals. More calcium
was found in the urine then in the fzeces in both experiments,

although differences between the two experiments were apparent in

9]

the percentage of ingested calcium appearing in urine and faece
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For example, Table 4,2 shows that on the petleted ration with & calcium
coritent of 0,88 per 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 raf%oﬁ 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 cénf in the faeces. This is even more marked if
expréssed as a fraction-of total output with 90,3 per cent: appearing

in the urine and only 9,7 per cent in the faeces.

From the two balance‘frials, it is clear that the renalbpafhwayvis the
major roufe for calcium excretion in the hyrax. From absolute figures,
(Table 4,2), it is evident that the dietary intake affects urinary
calcium levels. This substantiates the findings of .Louw eZ af..

- (1973). They noted, during the course of dehydration experiments on
hyraces, theat the urinary precipitate disappeared.when feed intake was
reduced to negligible amounts, but reappeared when normal feed intake

was resumed.

The renal pafhway.as'fhe major pathway for calcium excretion is a
remarkable feature of the hyrax. However, they are not atone in

this respect. Cheeke and Amberg (1973) have shown that rabbits on

a high calcium diet (4,44 per cent calcium) ekcrefed about 60 per

ceny bf that irigested, in the urine. On a diet of 0,69 per cent
calcium, only 23 per cent of The calcium intake appeared in fhe.urine.

indicates a dietary dependent response, but is not as

-This tco,
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marked as the response of the nyrax. Shirtey.and Schmidt-Nielsen
(1967) noted that the urine of pack rats (Neotoma albigula) and
hamsters appeared creamy from a calcium cérbonafe precipitate when

fed calcium oxalate. The calcium levels in the urine of these
animals represented only about 13 per cent (pack rats) and about 8

per cent (hamsferé) of the average intake., The calcium of the feed
in their experiments was predominantly in the form of calcium oxalate
and thus these results may not reflect the true péffern of calcium
excretion. Our own pré[iminary 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 excretfion gives some indi-
cation of the superflucus amount absorbéd by the digestive fract |
then these experiments suggest that the hyfax has an efficient calcium
absorpfive'mechanism operating in the alimentary tract with any

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 fﬁe major differences in
organic matter content of the rations were the fibre and protein
centent, with the lucerne hay having a much hiéher fibre conteni but
slightly lewer nreotein confenT fhan the pellets. Ef'may be of sig-
nificance in this respect that proper feecal pellets wefe.nof formed

on the commercial pelleted ration but were on the lucerne hay ration.
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‘Fbr 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 fhe stomach contents of field animals

(Table 4.3). An additional difference between the two diets was

that the pellefed.fafion had been around before pelleting while the
tucerre 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 thess two

factors contributed to the decreased calcium absorption of the-

animals on the pelleted diet.

Apart from differenées in organic content and physical properties of
the feeds used in the two experiments the inorganic composifion
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 cenfiphosphorus content of the Lucerne hay,
the high phosphorus levels of the pelleted diet may have inhibited
calcium absorption by forming insoluble calcium triphosphate. This
wouid result in a higher faecal calcium content. The negative
‘calcium balance in the first experimenfi(TabLe 4.1) is unexpected
wﬁen the calcium content of the diet fed is compared with the calcium
levels of stcmach contents from wild hyraces (Table 4.2). Since it
is unlikely that the wild hyraces were in negative calcium balance,
if-would be expecied that an uptake greater than 0,69 per cent

calcium would resuli in a positive balance, unless part of the intake
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was unavailable for abscrption., This would result in a higher calcium

level in the feeces and possibly a negative calcium balance.

4.3.1.2 Field samples

The calcium leveté of the samples of stomach contents (TabLe 4,3) may
not be a frue reflection of dietary intake since salivary ca(cium
may have been included. Although these values vary considerably
~they are lower than those of the different feeds used in the two
experiments., One would éxpecf tc find, therefcre, Thaf.hyraces in
the field have a lower urinary calcium content than found in the two
balance trials. Neyerfheless, 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. Thés fact re-emphasizes the efficient calcium absorpticn.
mechanism in fhe.aiimenfary tract, with large amounts appearing in

the urine,

4.%,2 Phosphorus

4.3,.2.1 Balance trnials

‘Positive phosphorus balances were shown in both experiments, repre-
senting 5,6 per cent and 1,3 per cent of the phosphorus intake in

experimenis 1 and 2 respectively (Table 4,1).

Urinary phosphorus levels in the hyraces, measured in the two experi-

ments, ftended to be low. With an invake of 0,88 per cent phosphorus
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in the feed, approximately 16 per cent of that ingested appeared in
(fhe urine, but this Latter value fell to about 1,5 per cent with a
diet confaininglO,ZO per cent phosphorus-(Table 4.2). As with calcium,
urinary phosphorus appears io be dietary dependenf. This is clearly
shown when absoluie intake is compared with the urinary output

(Table 4.2). As;expecfed, the urinary phosphorus content is much
lower than the calcium content, In their experiments on rabbits,
Cheeke and Amberg (1973) found a low urinary phosphorus.output.
However, the dietary levels did not seem to influence the urinary
levels with approximately 6 per cenfiof the ingested phosphorus
appearing in the urine on diefs'confaining either 0,36 per cent or

0,72 per cent phosphprus.

A low urinary phosphorus excretion is a common feature of many hérbi—_
Qorous animalg. " Sheep, on a pgllefed grass diet excrete less then
8 per cent of the phosphorus intake in the urine and similar levels
have been found in the ufine of young calves and red'deer. Steers
on a roughage diet have been found to excrete only 2 - 4 per cent of

the phosphorus intzke in the urine (quotec by Scott, 1972),

The major pafhwéy for phosphorus excretion in the hyrax appears to

be through the gastrointestinal fracf4wffh apﬁroximafely 78 per cent
of the ingested phosphorug-appeariqg in the Taeces 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 ceni in the urine, On the Lower
phosphorus content diet (0,20 per cent) almost 98 per cent of fﬁaf

ingested appeared in the faeces (Table 4.2}, in this case 98,3 per



'cénf of fotal output appeared in the faeces and only 1,7 per cent in
the urine, When absolute amounts excreted. are considered, although
more phosphorus is absorbed and excreted in the urine on a high
phosphbrus inTake; it appears that absprpfion is timited 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 fo 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 ihe pelleted ration. Although other
factors, such as a fapid 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 the stomach contents of the wild

animals. The lowest ratio found was 2,4:1 and fthe highest 7,0:1;

4.3.2.2 Field samples

From the field samples, a range of 0,09 per cent to C,19 per cent
phosphorus was recorded in the stomach contents (Table 4.3). Al though
sativa may have contributed in part fo these values, they are much
lower‘fhan-fhe 0,88 per cent phosphcrus contents of the commercial
pelieted ration. The 0,26 per ceﬁf phosphorus content of the ltucerne
hay feed was closer to the phosphorus content of the stomach contents
and it is probable, therefore, that the urinary phosphorus excretion

is tow under field conditions. The low phosphorus content of much
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of the South African herbage is well known and phosphorus deficiency
symptoms are common in demestic animals that do not have supplementary

' feeds (Theiler et al., 1928 ot seq). . .

4.3.3 Magnesium 7

4.3.3.1 Balance trials

Similar to the calcium balances, a net negstive magnesium balance of
8;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 fouﬁd on the
Lucerne hay diet (6,36 per cenf 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 considerabty,
with 50,3 per cent ingested magnesium appearing iﬁ the urine and 58,5
per cent in the faeces ih 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 experimehf and 69,0 per cent in the urine and 31,0 per
cent in jhe facces 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 0,271 per cent magnesium intake (with
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4,4 per cent calcium and 0,36 per cent phosphorus) 55,2 per cent of
ingested magnesium appeared in the urine and 17,2 per cent in the
faeces. On a 0,16 per cent magnesium intake (with 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
both the hyrax and racbit i1 appears that the patftern of magnesium
excretion is linked with that of calcium. When absolute values

are considered, it is seen that although the hyraces had é higher
magnesium intake on the lucerne hay diet, approximately the same
aﬁounf'appeared in the faeées in both experiments (Table 4.2). It
is possible, that, as with calcium, the higher phosphorus levels of
the peL[eTed diet inhibited magnesium absorption. When the magne-
sium 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 Field samples

The stomach contents from field animals showed a range of magnesium
content from 0,13 per cent to 0,20 per cent. Again the experimental
rations were higher than the natural diet (Table 4,3). From the
present sfud? it is expected that an almost equal distribution of mag-

nesium in the urine and faeces would cccur in the witd,

J
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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 difference; from sheep (TabLe’4.4).
The values for bone were higher in the hyrax, but since these animals'
were fed on a diet with higher content of the ?bree elements, the

differences in 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 tissues fall within the normal range expected

for mammals.

The levels of the three elements in the plasma did not show any
deviation from those normaliy found in mamma[s (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

it

patterns of calcium excretion between the hyrax and the rabbif,

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 commoh feature of the animals known to excrete or that

possibly excrete unusually large aﬁounfs of calcium in the urine viz.
hyraces, rabbi%s, pack rats, hamsters, guihea pigs and the dassie-rat

(Petrnomus typicus) is that they are small herbivores. Other than

v
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the hamsters and pack rats which belong to the same subfamily
(Cricetinae) (Shirley & Schmidt-Nielsen, 1967) there is no ftaxonomic
similarity., . Urfnary excretion of calcium may be of no adaptive sig-
nificance, buf'rafher an obligatory process arising from the mechan-
ism of calcium absorpticn in the digestive system,  Shirley and
Schmidf-Nielsen (}967) have stggesied that efficienf caitcium absorp-
tion in the pack rat may be an adaptation to a low calcium, high
oxalate diet. While hamsfers too can absorb and excrete calcium
from calcium oxalate (Shirley & Schmidf-Nielsen, 1967), the rabbit
cannot (Cheeke & Amberg, 1973). .In this respécf it should be noted
that on oécasion, a layered stone, composed predominantly of calcium
and magnecium oxatate wffh a trace of phosphate, has bean found in
the stomach of wild.hyraces (pergonal observation), This suggests
that a diet containing oxalic acid (presumably with a high concenira-
tion) may have a detrimental effect on the .absorption of calcium
magnesium and phosphorus, Beyond this, however, the oxalate meta-
bolism of hyraeés, guinea pigs and dassie-rafs is not known buf an
efficient absorption of calcium under any conditions of lew calcium
availability would certainly be'advanfageous, particularly for young
growing animals and taciating females. It is difficult to accept
that the calcium metabolism of ihe above animals has no acaptive cig-
nificance and Thaf rione of them can regQLaTe their calcium absorption

(Trout, 1954 from Shirley & Schmidt-Nielsen, 1967).

Whether the availability of calcium in the natural diets of these
animals is low is difficult to asses, since the diet may vary con-

siderably in the various regions the animals inhabif, Hyraces inhabit



areas with widely differing vegetation types but are reputed fo feed
frequently on plants high in oxalic acid in certain habitats within
their distribution, From the 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 noct occurred.

Whatever the advantage may be of this abilify to absorb calcium, the
resulting calcium toad presented to the kidneys is certainly potentially
hazardous, since the risk of renal calculi is increased. Although

the cachum finally appears in the urine as a catcium carbonafe pre-
cipifafe.if is unlikely'fhaf this forms in the kidqey itself but

probably in the ureter or bladder where it is kept in suspension,

The ability of the renal system of the hyrax 1o cope with a high
calcium load presumably with no malfunction is of medical interest

and deserves further investiigation,



SECTION 5

WATER METABOLISM IN THE

ROCK HYRAX PROCAVIA CAPENSIS
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5.1 INTRODUCT iON

The rock hyrax Procavia capensis, being of an intermediate boay size,
employs.behaQioural and physiological means similar fo those used by
both small and largé 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 envirorment
(secfion-é; Turner & Watson, 1G65; Bartholomew & Rainy, 1971). In
addition they are atble fd use evaporative cooling for heat dissipation.-
Barfhbtomew and Rainy (1971) have observed sweat dropleis on the sbles
of the feet in Het@&ohgnax bruced under heat sfress,band Taylor and

Sale (1969) have described panting, salivating and grooming in hyraces

‘exposed to high temperatures.

Irrespective of the body size, however, a mammal Lliving in arid areas

must have an economic water expenditure, The most common lines of

research related to water aconomy have been investigations of water

turnover, water balance and renal function of an animal under normal,

heat-stressed or water-deprived conditions. Usually, these have been
done in conjunction with metabolism studies. The hyrax has received
some attention in this respect. The renal functicn of P. capensis in
the laboratory has been examined by Louw et al. (1973) and that of

P. syriacus by Meltzer (1G76), with a comparison between the two
reported by Maloiv and Sale (19756}, Extensive studies on the water
turnover and water balence of P. habessinica in the laboratory have

been reported (Rubsamen 2L af., 1579; Rubsanmen & Kettembeil, 19807

Tfogether with the urea kinetics ¢f this species (Hume et af., 1980).
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The water turnover of P. capensis, however, has nct been sfudiéd éifher
in ?he Laborafory or in the field. In view of the known influence of
differen% élima:ic conditions on the physiélogy of species Lliving in
different geographical regions, the present work was undertaken to
examine The water Tgrnover of P. capen#ié uncer simulated field con-
ditions and to compare this sifua#ion‘wifh the laboratory studies

reported for other species.

5.2 PROCEDURE

52.1 'Field' studies

Ten hyraces (4 males, 6 females) were Trappéd 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 Tén hyraces was

1,14 * 0,31 kqg. The dimensions of the cage were 5 mx 6 m x 3 m

(L x B x H) and it contained a stone shelter .into which the animals could
retreat. They were thus subject to nafural sunlight, temperature and
humidity fLucfuafions with a moderate amouni of space in which to move,
For a month prior to initiating the experimenf,-fhey were fed chopped

Ltucerne hay and given drinking water ad Zib.



5.2.2 MWater turnover rates using tritiated water (TOH)

Two estimates of the water furnover rate (WIR) were made, one with drink-
ing water provided ad Zib. (hereafter termed 'hydrated' animals), and
‘the ofﬁer with no drinking water (hereafter termed 'dehydrated' aﬁimals).
The animals were we}ghed and injected (! ,P.} with tritiated water
(approximately 40 uCi/kg) diluted in sfefile saline; An equilibration
time of 18 hours was allowed before the first blood samplé was taken

by heart puncture. Owihg to The risk of frauma involved in this

method of sampling, only one other blood sample was taken after 9 days
when the animals were weighed again. Water was then removed from the
cage and the animals dehydfafed_for a further five days. Only four of
~the animals cculd be used in the dehydration experiment and it was
logistically impossible o repeat it using more animals, Affer five
days the fcur remaining hyraces were weighéd_again and-a finai bilood

sample taken. _ " . -

During.fhe fwc.periods of experimentation, daily maximum and minimum
ambient temperatures were recorded, as well as the relative humidity af‘
13.00 h. Althcucgh the experiments were conducted during the winter
months of June-duly, no rain fell during the two experimental periods
though heavy dew falls were common. To assess the increased moisture
content of the féod after a dew fall, a known mass of lucerns hay with
known water ccntent was lefi ouiside in a mesh conTéiner, ovérnighf.
‘The hexf morning just after sunrise, it was reweighed, dried at 7C°C

and the gain in water content calculated.
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5.2.3 Treatment of blood samples

ALl bléod samples were processed immediately, A 25 fo 50 microlitre
sample was firsf'faken 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 pl of plasma
added fo 400.ul trichloroacetic 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 radioactivity

The'radioacfiyify of all the processed blood samples and the original
TOH solution was assessed at the same time. 100 pl of the sclution
to be counted was added to 10 ml Packard Ins%agei scintillation céckfail
and the radidacTiVify measured using a Packard liquid scianLlaTion
counter (model 3385). A Wang 700 bench top computer, programmed to
correct for guenching was used to convert CPM to DPM. The DPM values
were conveffed to pCi/ml correcting for all ditufionsiand the final
values for each animal plotted on semilogarithmic graph paper against
fime.as the abscissa, The rate constant {k), biological half-life
(t3) total bbdy water (TBW) and water turnover rate (WTR) were calcu-
Lated according to the meihod ouflinéd by Yousef et alf. (1274). | To
@alculafe the WTR of a dehydrated animal, TBW was assumed fo be the
same as that when hydrafed. This assumption would be true only at
the beginning of the dehydration period and thus the WIR presenfed is
probably an overestimation. WTR has been expfessed per kgo’8 fo

eliminate the variations due to body size {(Richmond ef al., 1962),
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5.2.5, Urine and plasma analysis; kidney morphology

To assess the effect of dehydration on the plasma and urine electrolytes,
urea content and osmolalify, 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 m5n+h and we}e maintained in an outdoor cage wah a sheltered
section. During The_period'Of captivity they were fed lucerne hay,
commercial rabbit pellets and occasional fresh greens. Water was
provfded ad £ib. Four of these animals, presumably normally hydrated,
wefe killed with an I.P..injecfion of Euthabarb (pentobarbitone sodium, Len-
non Leboratories) a blood semple from the heart was withdrawn while

under deep anaesfhesia'and‘affer death, a sample of urine was wifhdrawn
from the bladder by sYringe. The kidneys were removed and their
individual masses recorded. The other four hyréces 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 centrifugsd fo obtain the plasma and,
in the case of the urine, to remove the calcium carbonate precipitate.
The osmolality of all samples was determined immédiafély using a Wescor
microosmometer and the sodium and potassium content wés deTefmined

using a flame photcmeter (Instrumentation Laboratory, model 243).

Urea and chloride concentrations were measured in a Beckman Astra 8

automated Stat/Routine analyser.

The dimensicons of fthe 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

Meah valués for atl measUremenTs were calcﬁlafed with the estimate of
.error expressed as Thé standard deviation, unless otherwise stated.
Whenever appropriate a.StudeﬁT% "t' test was performed to determine '
fhe,siénificance of différences (Zer, 1974). Occasional[y it was
necessary to perform a paired 't' test (Zar, 1974) when the variation
between individual animals was targé. This has been noted whenéver it
was uséd.' The minjmum level of sighificance considered acceptable

throughout was p <0,05 (95%5.

5.3 RESULTS

5.3.1 Total body water (TBW) and ‘tritiated water turnover rate (WTR)

The TBW, biological half-life (t3) and WTR recorded in the hydrated and
dehydrated animals are shown in Table 5.1, . During both experimznts,

the variations in temperature and relative humidffy of the air. were
similar and have been summarized in Table 5.2. The TBW-of the hydrated
animals (70,7%)was wifﬁin the range expécfed for mammals (Richmond e% al.,
1962; Hulbert & Gordon, 1972; Holleman & Dieterich, 1973; Yousef 2%

al., 1974). Tne values given for TBW of the dehydraféd animals
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(Table 5.were estimated at the beginning of the pefiod of dehydration
and thus do not reflect the effect of water restriction on this para-

meter. | | |

As would be expected, THe WTR of the Hydrafed hyraces was significantly
higher (p<,001) than those of the dehydrated hyracés, the mean

value for each being 85,1 * 7,2 and 27,7 i_12;5 ml.day—1.kg_o’8

respectively. The turnover rate for the hYdraTed animals was 69,5 per

cent of Thaf predicted according to body mass, using the equation:

WIR (ml.day” ') = 0,4894 (mass g.)"®

(Richmord et af., 1952)

A similar comparison with predicted values was not made for the dehy-
drated animals as they were in negative water balance. The values for -

t3 shown in Table 5.1 are a reflection of the WIR, a high t} reflecfing

a Low WIR.

5.3.2 Hezematocrits

The mean haematocrii value for *the eight hyraces with water provided
ad £ib. was 31,3 * 7,3 per cent. COf these animals, the four that
were dehydrated subsequently, had a mean haemetocrit value cf

32,3 £ 8,7 per cent which increased +o 40,3 * 5,7 per cent when dehy-
drated. This increase was significanf (p=<0,02) when fested with a
paired 't' test and the mean of the differehces between the velues 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. capensis.

Max i mum Minimum Relative
Temperature Temperature Humidity
oC oC ' %:'
Mean range Mean range Mean range
Hydfafion period 19,6 15425 5,6 1-8 €2,8 37-82
Dehydration period 21,4 16-24+ 5,1 v2—10 60,6 48-91




_—
SO
~d

5.3.3 Composition of plasma and urine

The different concentrations of sodium (Na') potassium (k+), chloriae
(CL7) and ufea, as Qetl as the osmolaLiT? of plasma and urine in the
four hydrated andrfour dehydrated hyraces are shown in Table 5, 3. The
mean mass of the foﬁr hydrated animals'was 2,56 £ 0,74 kg and that of
the dehydrated arimals was initially 2,27 % O,Bé kg. After five days
without water the mean mass of the latter group was reduced by

Ai7,7 * 0,73 per cent. Although the actual amounts of focd ingested,
faecal matter voided and:urine volumes-excreTed over the period of
water deprivation were not measured, the small quantity of faecal
matter in the cage and.?he.appareni 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 significanfly a!fer the Na* and K' concentrations
in the pLasmq (p>0,1) although both chlorice and urea concentrations
increased significantly (p=0,05 and p=< 0,01 respectively). Despite
the almost doubled concentration of the plasmé urea, dehvdration did
not cause a statistically significan% increase in the ptasma.osmo[ati?y
(p=0,10). While the concentrations of the measured ccmponents of
the plasma did not show a marked individual variation {shown by the

Low sfandard deviations in Table 5.3? the urinary concentraiions did.
In general, the concéntrations of the urine electrolytes in the dehy-
dreted hyraces decreased when compared with those of i{he hydrated

hyraces, but only the K" concentration was significanily lower (p<0,05).
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Urinary urea concentrations increased significantly (p=<0,005) when
the animals were dehydrated. Although the osmolality of the urine
increased after dehydration, it is unlikely that the maximum osmolality
recorded (1823 mosm.kg_1f represented the maximum attainable, sincé the
animals had reduced their food intake. These results will be discussed
later in conjunction with those of Louw et af. (1973) and Maloiy ard

Sale (1976).

The urine:plasma ratio for each of the above constituents have been
compared in Table 5.3, The ratio for K* and CL™ was significantly
lower in the dehydrated animals (p<(C,005 and p<0,05 resbecfively),

but no difference was shown in the ratios for Na , urea or osmolality

(all p=0,05).

5.3.4 Relative medullary thickness of the kidneys

. The relative medullary thickness of the kidneys of an animal gives an
indication of the maximum‘concenfrafion of the urine fthat can be pro-
duced (Schmidt-Nielsen & O'Dell, 1961). The mean relative medultary
thickness for P. capensdis measured in 16 kidneys (mean mass 7,37 Z

1,96 g). was 6,64 X 0,73 and the highest ratio obtained was 7,90. This
corresponds>fo a haximum urine concentrating sbility of between 3000
and 4000 mosm.kg—1 when compared wifh other mammals (Yaakobi & Shkolnik,

1974).



5.4 DISCUSSION

5.4.1 VWater turnover rate

. 5.4.1.1 Hydrated hyroces

The water turnover rate (WTR) of an animal undér controlled conditions
in the taboratory can be_expecfed to differ from that of an animal in
fhe wild. This is because the laiter measuremen+ is subject fo the
influences of the animal’s_activify, social behaviour, the gvailabiiify
of food and water and changing climafjc conditions such as tfemperature
and humidity. In Thelpresenf experiments, the conditions under which
the outdoor hyraces were sTudied approximated ha?urat conditions in
winter as the animals were subjected to the daily changes in tempera-
ture and humidity, Méreover, their acfivify was only partly curtailed
and because a whole colony was sfudied,.fhe effécfs of a gregarious
Life-style were oparative. | expected therefore to find that the

méan WTR for the outdoor animals would be higher ihan those values
found in the Laboratory for other species of hyrax. For example.
Rubsamen et al. (1979) found the WTR of Procavia habessinica tc be

© -0,82

61,4 44,1 and 55,1 ml.kq ‘

.day ' at laboratcry temgeratures of
20, 27 and 35°C respectively with food and water provided ad £4b. Rub-

samen and Kettembeil (1980) working with the same species, found a

-0,82 -1 . . .
*7".day  with laboratcry temperatures varving

similar WIR of &1 ml.kg
between 20 and 30°C. The thermoneutral zone of P. habessinica extends
from 27 to 35°C ard the relative humidities in these two experimenis

“ varied but were tower fthan in the present study. Air temperatures in



Thé present study never éxceeded the thermoneutral zone of P. capensdis
(19 to ca. 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 Thaf P. capensdis
would haQe a similar WTR to P. habessdinica under the same conditions,
an assumption fhaftmay‘be justified gonsiderihg that their basal

" metabolic rates are the same (0,27 rr'1l()2.g—i.h-1 - section 6, and
Rubsamen et af., 1979). Thus the ratio between the WTR cf P. capensis
‘outdoors, and thcse of P; habessinica in the laboratery would be

ca. 1,4, relatively low considering that the outdoor animals were

sub ject fp more~variablevclimafic conditions and their acfiyify was not
as’resfrfcfed as the laborafory'animéls. | A closer exéminafion of the

possible avenues of water loss in the outdoor animals does explain

the low ratio, however.

In.The present study, since air temperatures did not exceed fhérmo—
neutrality, there was Little or no ﬁecessify to use water for heai
dissipaticn. Evaporative water loss (EWL) for metabolic heat dissi-
pation would then depend on the level of activity, but it is untikely
that a large votume of wafer would have to be used fcr cocling as heat
would be lost passively from the body to the cooler air at these
femperatures, At night, however, Temperéfures were low, reaching .1°C,
At low ambient temperatures, metabolism and therefore heaf’prcduc?ioh
increases in order to maintain a stable body temperature (seciion 6).
This pfocess involvés the catabolism of the energy stores in the body
producing was?e>producfs which must bé eliminated via the urine,

- thereby losing water. Thus the higher the metabolic rate, the more

A}



water would be lost in the Qrine. Since the metabolic rate is
dependent on the ambient temperatures and on the behaviour of the
animals with respecf to air femperatures, }n an outdoor or wild situa~
tion, behaviour is of critical significance in tha assessment of the

water demands of the hyrax.

Here the effects of utilizing environmental conditions such as solar
heat or creating a favourable microclimate by huddling in the crevices
to minimise metabolic heéf producticn are operative (see section 63,

In }he present context it would seem that the hyraces expended
relatively Little ehergy in activiiy and particularly at nighf whén
Temperé%ures were so low and the metabolic rate would be expected to

be high, huddling in the crevices created an ambient temperaiure and
humidity such that water losses and heat production were minimised.

The Low Llevel of gcfivify and energy expenditure in Thé wild, as
suggésfed in section 2 by comparison of the food intake in The.wild aﬁd

in the laboratory are therefore supportfed here.

5.4.1.2 Dehydrated hyraces .

O’S.day—]) but

The WTR of the dehydrated hyraces was low (27,7 ml.kg
was accompanied by a large reduction in mass (25% cof initial mass).
Thié value, although similar, is not directly comparable to the WiR of
P. habessindca, found by Rubsamen ané Keftembeil (168Q) or Rubsaﬁen ei
al. (1979),.on a reduced Qafer infake, In the former study, the
animats initially lost 15 per ceni of their body mass but thereafter

-O’Sz.day_].

maintained a stable mass with a WTR of 37 ml.ka The latter



133

0,82 =1

laufhors found a lower WTR of 25,8 ml.kg .day ' alsc on a reduced
water intake and a reduced body mass. Possibly, the low WTR found

in the present sfudyvcould.have been maintained and the body mass
stabilized ot the reduced level, if ca. 28 ml.kg "% .day™! of drinking

water had been provided'affer the dehydraticn period.

Since the water component of the body mass lost in The bresenf experiment
is not known, it is difficult to correct the WTR, Howevér, the wafer‘
content of the mass losfjprobably lies.befweeh 71 and 100 per cent.

The former per cent is the value for the TBW in hydrated animals, and

the use of this value.assumes that the TBW'to_body mass ratio remains
cohsfanf during dehydration. Huiberf and Dawson (1974) found that

. during wafer restriction, the bcdy water pool size in relation o the
body mass was not changed in bandiéoofs, but this would depend on the

- fat content of the enimals. In acute water resfricfibn, it is
probable that the loss in mass would involve a greater loss in water
initially, however, and the use of 71 per cent would {herefore give an
underestimate.,  Assuming Théf all the mass lost was in the form of
water (i.e. 100%) would obvicusly give aﬁ overestimate of WTR, Thus,
using both these values, the corrected WiR, without a loss in mass

would Lie'befween 50,0 and 60,4 ml.kg"O’S.day_ , and is lower than

found in the hydrated hyraces in the present study.

It is clear, therefore, that water losses in P. capensis can be reduced
when water is resiricted ¢r unavailable. Reductions in metebolism,
EWL, urine volume and faecal water are the possible avenues through

which this could be achieved, but from other studies, it appears that



acute and chronic dehydration have different effecfé on some of the
above avenues of water loss. For example, in the jackrabbit Lepus
californicus (Resse & Hainés,v1978) and Sinai goats Capra hircus
Shkolnik et af., 1972) acute dehydration did not result in a reduction
in oxygen consﬁmpf?on although EWL inlfhe»LaTTer species was reduced.
Apparently the reduction of metabolism in response to dehydration

takes several days to develop in The‘jackrabbff (Reese & Haines, 1978).
Chronic dehydrafion.in the jackrabbit, however, caused a dscrease in
both metabolic rate and:EWL. A reduction in EWL with acute dehydfaiion
“appears to be common in different mammals (the camel —.SchmidT—Nielsen
et ak., 1956; African goats and sheep - Maloiy & Taylor, 1971;
bandicoots - Hulbert & Dawson, 1974; Antechinus stuarfii, a dasyurid
marsupial - Nagy et af., 1978) and this probably occurred in P. capenéié
too.  Althcugh chronically dehydrated, P. habessinica also showed &
reduction in EWL (Rubsamen & Kettembeil, 1980). of barficulaﬁ
interest in The'}affer study was the increased Labiiffy in the body
temperature of P. habessinica in response to water restriction. A%
high ambient femperatures the %Hermotabilify was mediated, in part at
LeasT, through a reduction in EWL so that the animals became h?per¥
thermic but were tolerani of the higher body iemperaiure. At Low
ambient Témperafures, the hyraces became hypothermic with a decrease

in metabolic rate and in EWL, Rubsamen and Keffembeit.(1980) have
suggested fhat the increased thermolability may be explained by fhe
shifting apart of the threshold levels for evaporaTiQe heat loss and
for activation of heat production, as outlined by Bligh (1972}. In
view of the stability cf body temperature in P. capersis over a wice

range (6 to 28°C ~ section 6) which is not shown by P. habessdiniod
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ve}y low electrolyte intake in the food. Even though plant matter is
tow in Na' and CL, it does provide animals with a source fof the
replenishment of these essential eLecTroL&Tes. Thus the overall
response To_dehydrafion was the maintenance of osmotic equilibrium

and stable eLecTro}yTe concenfrafioné in the plasma, an>essenfial
response for the survival and normal functioning of an animal in un-

favourable conditions.

- The hqemafocrif'of P. capensis, however, increased by 25 per cent in
response to dehydration. Tﬁfs does not necessari[y mean that of the
body fluid compartments, the plasma was the major source of water loss,
sfnce_fhere may have been an equal reducfion in all fluid compart-
ments, as was shown in acutely dehydrated. jackrabbits (Reese & Haines,
1 1978).  Further work is needed to establish whether the hyrax responds
_to dehydration by maintaining plasma volume constant as in the camel
(Macfarlane et al., 1963), desert kangaroos (Denny & Dawson, 1875),
jackrabbits (Reese & Haines, 1978) and the burro (Yousef et af., 1970)
or follow the pattern of Merino sheep (Maéfarlaﬁe et ak., 1961) and

the Guanaco (Rosenﬁann & Morrison, 1963) where the plasma volume is

reduced by 40 +to 50 per cent with a ZO'per cent loss in body mass.

Any alteration in the fluid volumes of an animal necessitates an
adjustment in the electrclyte distribution and concentration in order
to re~establish osmotic equilibrium. Louw et al. (1973) have shown
that in response 1o dehydration, the urine osmoLaLiTy_and urinary
concentrations of Na® and K* in P. capensis initially increased for the

first two cays and subsequently dropped as feed intake dropped.



Chloride concentrations in the urine decreased with dehydration while
urea concentration increased reaching a peak, five days after water
was first withheld. The;e changes were aécombanied by a reduction

of urine volume from ca. 45 mL.day—1 to fhe»Lowesf volume of ca.

15 ml.day"1 after a;wéek without wa?ér; in the presénf study only
one urine sahp[e was taken from each animat after five days of. dehydra-
tion and thus ?ﬁese values can be compared onfy with those of Louw ef
al. (1973) on the same day of dehydration since the pattern of urinary
'cohponen+s 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 ioné Na+, K* and
CL—'mus+ have been reduced as urine volumes declined (Louw et ak.,
19%3; Maloiy & Sale, 1976). In the present study, this was most
marked in #he case of Na~ where three of the four dehydrated animals
had urinary concentrations of 2,2 and 9 meq.t—1. The éing[e animal
that was still feeding and had a calcium carbonafe precipitate in the
urine had a far higher value of 54 meq.t~1. This latter value was
probab[y‘fhe cause of the insignificant sfaf}s?iéal difference vetween
the hydrated and dehydrated hyraces with respect to Na' excre*ion.

The extremely low concentration of Na® and reduéed cL concentration
in the urine is indicative of an efficient countercurrent system in
the kidney whereby Na" and CL™ ions are efficien*tylrecycled, reabsorp-
tion of Qafer following passively (Schmid*—Nielsen,v1975). The
_efficiency of Na® refention by the body or reduction in ifts exérefion
would presumably also be advantageous for hyraces faced with a lack of
sodium.in the diet. Extremely low levels of sodium in the urine have

. : ) . , -1
also been found in the camel and sheep when dehydrated (below ! meq.dsy
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'—.Mécfarlane, 1964) and in the gro&nd squirrel Xerus {nawris where
levels as Llow as 1 and 6 meq.L_1 have been found in the field (Marsh
et al., 1978), Maloiy and Sale (1976) have shown that Na+ excretion
increased on dehydration in P. capensis, though they did not specify
the length of the dehydration period when this was measured, Com-
parison with the sfgdy of Louw et akf. (1973) would suggest that the
period was two to three days since Na* inifially increases and wifh it
the highest osmolality is uéually recorded (Louw e¢f al., 1973),

The higher concentration of K* than Na' in the urine of P. capersis is
indicative of an increased secreffon of adrero-corticosteroids and
their effect on renal function. Potassium, however, is more.abundanf
in plant matter than sodium, and the need therefcre to conserve this.
ion is less critical. Macfarlane (1964) found that sﬁeep excreted
ﬁore Na' than K* in the urine and noted an increased disparity befﬁeen
the excretion of the two ions Qifh more rapid dehydration and & high
heéf load. He related this disparity to the prdducfion_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 Repf stable by-fhe
elimination of Na' in the urine. It would be interesting to determine
the predominanf ions 'in hyrax sweat in view of THe targe amcunt of

carbonate ions which are incorporaied into the urinary precipitaie.

Judging from the relative medullary thickness of the kidneys of P.
capensis an osmolality of 3000 mosm.kg—] would be expected, a value
which was recorded by Louw ef al. ¢1973) and Maltoiy 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.lf] -
Maloiy & Sale, 1976). However, the preseﬁf urine osmolality was in
keeping with that of the hyraces in the study of Louw eZ af. (1973) on
the fiffh‘day.of dehydrafion and suppdrfs the view of these authors
that the electrolyie conient of the urine was the major factor deter-

. mining osmolality.

With the increase in urinary urea concentration on dehydraticn, the
plasma urea of P. capensis increased by 100 per ;enf (from 7 to

14 mmol .'L—1). Both the hydrated and dehydrated plasma urea concen-
frafions were higher in the present éfudy than the highest levels found
in P. habessinica (6 mol . L' - Hume et af., 1980). in both studies
fhé highest concentrations of plasma urea occurred during dehydration
with a'loﬁ energy intake and therefore the body fissues-wére probably
catabolised resulting in the production of high levels of Qrea. From
these results, if‘appears that P. capensis may be more tolerant of
plasma urea loading than P. habessinica. A.ma}ginat advantage in

terms of water economy and nitrogen conservation would result, assuming

that P. capensis recycles urea in the same way as P. habessinica.

-5.4.3 Ecological considerations

The tow basat metabolic rate, the gregarious, semi-fossorial existence
and the mechanisms of behavicural thermoreculation of P. capensis are

advantageous in terms of energy utilization and have manifold effects on



140

other aspects of the physiology of this animal. One of these is a

’low turnover rate of water. Even though the WIR of P. capensis was
measured under free-living conditions, it was still below the predicted
rate for eutherian placentals of comparable size, Although the Llow
WTR may be a secondary effect of the %rugal energy expenditure and

fhe Low BMR, common'%o the order Hyracoidea, rather than an ecolo-
gjca[[y determined character, as suggesfed by‘Rubsamen et al. (1979),

it still has beneficial_survival value, 'Thé low WTR would be an
obvious advénfage for fhis species living in.an arid environment where -

free water is scarce and the main source of water is in the food eatfen.

It is generally believed that the hyrax can exist without free drink-
ing water in the wild and the calculations of Meltzer (1976) show
this fo be true of P. syrdacus. A similar calculation can be made

for P. capensis, assuming the minimum water requiremeﬁf, on &
relatively high protein diet, fo bs 50 fo 60 ml.kg *’8.day™" with no
change>in body mass (calculated from the WTR of the dehydreted hyraces
in the preéenf study). For & 2,3 kg animal, the water intake wcutid
have to be 97 1o 117 ml.day_1,vless approximately 20 ml of water
produced bty the oxidafion of the food. From the data on sfémach'
conTenfsAof P. capensis (Lensing, 1978) the wet food intake of a

2,3 kg hyrax would be roughly 216 g wet mass.dayi}, a slight over-
estimate since this figure includes moisture from digestive and
salivary secretions. Nevertheless omifing the oxidative water from

" the food and the moisiure of the digestive secretions, 216 g of wet
food would provide 97 fo 117 ml of water if the moisture content was

45 to 54 per cent,
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Lensing (1978) has compiled a list of ihe seasonal meisture contents
of selected planf.species which occurred in the habitat of P. capensis
in two areas in Namibia during 1975 and 1976, These have been con-
densed in Table 5.4 TQ give 3 mean moisture confeﬁf 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 forlfhe hyraces without
additional drinking wafer, assuming the Namibian hyraces and Cape
hyraces have the same miﬁimum water requireménfs; in the drier
seasons, hqwever, only thse plants with the highest moisfﬁre content
would supply the animals with enough water. . Thus, the hyraces wculd
héve to feed selectively oﬁ plants with the hfghesf moisture cénfenf.
Alternatively, fthe water turnover could be reduced together with a
loss in mass so that the water demands were kept in line with fhat

available in the food.

It is recognised that the g%mbers of animals used in Tﬁis study were
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 acceptance.



acute and chronic dehydration have different effects on some of the
above avenues of water loss, For example, in the jeckrabbit Lepus
californicus (Resse & Hainés,.1978) and Sinai goats Capia hircus
Shkolnik et al., 1972) acute dehydration did not result in a reduction
in oxygen consﬁmpf?on although EWL inlfhevlaffer species was reduced.
Apparently the reduction of metabolism in response to dehydration

takes several days to develop in fhe‘jackrabbif (Reese & Haines, 1978).
Chronic dehydration in the jackrabbit, however, caused & dscrease in
both metabolic raie and;EWL. A reduction in EWL with acute dehydration
“appears to be common in different mammais (the camel - Schmidt-Nielsen
et al., 1956; African goats. and sheep - Malciy & Taylor, 197];
bandicoots - Hulbert & Dawson, 1974; Antechinuws stuartil, a dasyurid
marsupial - Nagy et af., 1978) and this probably occurred in P. capenéié
too.  Althcugh chronically dehydrated, P. habessindica also showed &

| reducT}on in EWL (Rubsamen & Kettembeil, }980); Of parficulaf
interest in fhe'}affer study was the increased Labiiffy in the body
temperature of F. habessinica in response to water restriction. At-
high ambient iemperatures the fhermolabitify was mediated, in part at
least, through a reduction in EWL so that the animals became h?peré
thermic but were tolerani of the higher body temperarure. At low
ambient Témperafures, the hyraces became hypotiermic with a decrease

in metabolic rate and in EWL. Rubsamen and Keffembeiln(1980) have
suggested that the increased thermolabiliiy may be explained py the
shifting apart of the threshold levels for evaporative heat loss and
for activation of heat production, as outlined by 8ligh (1972). In
view of the stability of body temperature in P. capensis over a wide

range (6 to 28°C - section 6) which is not shown by P. habessdinice



(Rﬁbsamen & Kettenbeil, 1980; Taylor & Sele, 1969), and since the
mechanism is clearty adaptive in terms of energy and water conservation,
v'i? would be of interest to test if P. capenALA\responded similarly

to chronic dehydration, |

Water loss through the urine'and faeces is definitely reduced when

P. capensis is dehydrated (Louw et al., 1973;  Malciy & Sale, 1976).

In the study of.Louw et ak. (1973), acute dehydration caused P. capensis
‘to decrease its food inféke with a consequent reduction in faecatl
output. The water content of the faecal pellets was alzo lower than
when hydrated. Urine volumes_éecreased by approximately half (Louw

et al., 1973; Maloiy & Sale, 1969).

k)

5.4.2 Blood and urine analyses

The water lost from mammels in response tc dehydration can be derived
from any of the fluid compar?meﬁ?s within fhe body, the blood being
_one. | Removal of water from the blood can tead 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 ClU" and urea concenfrations on dehydration, Consiaering 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 fodd. Even though plant matter is
tow 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 csmotic 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. capensis, however, increased by 25 per cent in
response to dehydration. Tﬁis does not necessarily mean that of the
body fluid compariments, the pLasmé was the major source of water loss,
sihce there may have been an equal reducfion in all fLuid compart-
ments, as was shown in acutely dehydrated. jackrabbits (Reese & Haines,
1 1978).  Further work is needed to establish whether the hyrax responds
_to dehydration by maintaining plasma volume constant as in the camel
(Macfarlane et al., 1963), desert kangaroos (Denny & Dawson, 1875),
jackrabbits (Reese & Haines, 1978) and the burro (Yousef et af., 1970)
or follow the pattern of Merino sheep (Maéfarlahe et akl., 1961) and

the Guanaco (Rosenﬁann & Morrison, 1963) where the plasma volume is

reduced by 40 1o 50 per cent with a ZO'per cent loss in body mass.

Any alteration in the fluid volumes of ah animal necessitates an
adjustment in the electrolyte distribution and concentration in order
to re-establish csmotic equilibrium. Louw et af. (1973) have shown
that in response %o dehydration, the urine osmolalifyvand urinary
concentrations of Na* and K* in P, capensis initially increased for fhe

first two dsys and subseauently dropped as feed intake dreopped.



Chloride concentrations in the urine decressed with dehydration while
urea concenfrafion'increased reaching a peak, fTive days after water
was first withheld, These changes were aécombanied by a reduction

of urine volume from ca. 45 ml.day—1 to Thellowesf volume of ca.

15 ml.day_1 after a:week without wafér; In the presénf study only
one urine sample was taken from each animat after five days of dehydra-
tion and thus These values can be compared onfy with those of Louw et
al. (1973) on the same day of dehydration since the pafiefn of urinary
'cohponenfs 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 ioné Na+, K" and
CL—.musT have been reduced as urine volumes declined (Louw et ak.,
19%3; Maloiy & Sale, 1976). In the present study, this was most
marked in the case of Na' where three of the four dehydrated animals
had urinary concentrations of 2,2 and 9 meq.l_l. The single animal
that was still feeding and had a calcium carbonafe precipitate in the
urine had a far higher value of 54 meq.tﬂi. This latter vailue was
probably the cause of the insignificant 5TaT}s?iéal difference vetween
the hydrated and dehydrated hyraces wiih respect to Na" excretrion,

The extremely LoQ 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 efficienfly.recycled, reabsorp-
tion of Qafer follewing passively (Schmidt~Nielsen, 1975). The
_efficiency of Na® retention by the body or reduction in its exérefion
would presumably also be advantageous for hyraces faced with a lack of
éodium irn the diet. Extremely low levels of sodium in the urine have

4 -1
also been found in the camel and shesp when dehydrated (below ! meq.dsy '
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'—AMécfarlane, 1964) and in the ground squirrel Xeaus Lnaurds where
levels as low as 1 and 6 meq.L—1 have been found in the field (Marsh
et al., 1978). Maloiy and Sale (1976) have shown that Na+ excretrion
increased on dehydration in P, capensis, though they did not specify
the length of the dehydration period when this was measured. Com-
~parison with the sfgdy of Louw et ak. (1973) would suggest that the
period was two to fhreé days since Na” inifially increasés and wifh it
the highest osmolality is uéually recorded (Louw ef al., 1973).

The higher concentration of K* than Na* in the urine of P. capersis is
indicative of an increased secretion of adreno-corticosteroids and
their effect on renal function. Potassium, however, is more’abundanf
in plant matter than sodium, and the need therefcre 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 befﬁeen
the excretion of the two ions with more rapid dehydration and @ high
heat load. He related this disparity to the prdducfion_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 Repf stable by-The
elimination of Na' in the urine. It would be interesting tc determine
the predominanf ions 'in hyrax sweat in view of THe large amcunt of

carbonate ions which are incorporaied into the urinary precipitate.

Judging from the relative medullary thickness of the kidneys of P.
. . -1 ,

capensis an osmolality of 3000 mosm.kg = would be expected, & value

which was recorded by Louw ef al. (1973) and Maloiy and Sale (1976).

The lower urine osmolality in the present dehydrated hyraces occurred
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despite the higher urea ccncentration when compared with the two pre-
vious studies mentioned - (1018 mmoL.L—1 - present vs. 836 mmol.l—] -
Maloiy & Sale, 1976). However, the preseﬁf urine osmoLaLjTy was in
keeping with that of the hyraces in the study of Louw ef af. (1973) on
the fiffh‘dayvof debydrafion and supports the view of these authors

that the electrolyie content of the urine was the major factor deter-

mining osmolality,

With the ingrease in urinary urea concentration on dehydraticn, the
plasma urea of P. capensis increased by 100 per cent (from_7 to

14 mmol . l~]), Both the hydrated and dehydrated plasma urea concen-
frafions were higher in the present study than the highest levels found
in P. habessinica (6 mmol . L' - Hume et af., 1980). in both studies
Thé highest concentrations of plasma urea occurred during dehydration
with avlow energy intake and therefore the body fissueS‘wére probably
catabolised resulting in the production of high levels of Qrea. From
these resulfé, if.appears that P. capensis may be more tolerant of
plasma urea loading than P. habessinica. A mafginal advantage in

terms of water economy and nitrogen conservation would result, assuming

that P. capensis recycles urea in the same way as P. habessinica.

‘5.4.3 Ecological considerations

The low basat metabolic rate, the gregarious, semi-fossorial existfence
and the mechanisms of behavicural thermoreculation of P. capensis 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 jhe WIR of P. capensis was
measured under free-living conditions, it was still below the predicted.
rate for eutherian placentals of comparatle size. Alfthough the Llow
WTR may be a secondary effect of the %rugal energy expendifure and

The low BVR, common'fo the order Hyracoidea, rather than an ecolo-
gfcaLLy determined character, as suggesfed by‘Rubsamen et al. (1979),

it still has beneficial.survival value. 'Thé low WTR would be an
obvious advénfage for +hfs 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 believed that the hyrax can exist without free drink-
ing water in the wild and the calculations of Meltzer (197€) show
this to be frue of P. Ayriacus. A similar calculaticn can be made

for P. capensis, assuming the minimum wafer'requiremeﬁf, on &
relatively high protein diet, to bz 50 to 60 ml.kg—0’8.day_]'wifh no
changevin body mass (calculated from the WIR of the dehydrated hyraces
in the preéenf study). For 2 2,3 kg animal, the water irnteke woculd
have to be 97 to 117 ml.day—1,_Less approximately 20 ml of water
produced by the oxidation of the food. From the data on s+§mach;
confenfs.of P. capensis (Lensing, 1978) the wet food intake of a

2,3 kg hyrax would be roughly 216 g wet mass.dayiﬂ, a slight over-
estimate since this figure includes moisture from digestive and
salivary secretions. Nevertheless omiting the oxidative wafer ffom
“the food and the moisiure of the digestive secretions, 216 g of wet
food would provide 97 to 117 mi of water if the moisture content wes

45 1o 54 per cent.
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Lensing (1978) has compiled a list of fhe seasonal meisture contents
of selected planf'species which occurred in the habitat of P. capensis
in two areas in Namibia during 1975 and 1976, These have been con-
densed in Table 5.4 fQ give a mean moisture confeﬁf of the plants
available to the hyrax as food, alfhdugh not all would have been
caten. It can be seen fhat during the wet season, the available
plants would readily supply enough water for}fhe hyraces without
addifional drinking wafer, assuming the Namibian hyraces and Cape
hyraces have the same mfﬁimum water requireménfs. in the drier
seasons, hqwever, only thse pLanfs with the highest moisture content
would supply the animais with enough water. . Thus, the hyraces would
héve to feed selectively on plants with the hfghesf mojs?ure cénfenf.
Alternatively, the water furnover could be reduced ftogether with a
loss ih mass so that the water demands were kept in Lline Qi%h that

available in the food.

1t is recognised that the ;%mbers of animals used in Tﬁis study were
small, particularly in the dehydration and renal function experiments,
and Therefore the results shculd 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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SECTICN 6

THE ROLE OF THERMOREGULATION'IN THE ENERGY

METABOLISM OF THE ROCK HYRAX PROCAVIA CAPENSIS
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6.1 INTRODUCT ION

The survival and success of an animal in any environment is dependehf
on a number of factors, one of the mos} imporiant being the degree to
which the energy demands of the animal are met, commensurate with the
varying environmental conditions. .Thus a reasonable balance must be
achieved between, energy expenditure and energy cohservafion. The

mechénisms employed by mémmals to achieve this balance invoLve both

behavioural and physiological adjustments such as in activity, body

temperature, insulation and metabolic rate. In homeofhermé a Lafge
parf of energy expenditure-is involved in the hainfenance of avsfable
body temperature and consequently regulation of energy expenditure is

intimately associated with thermoregulation,

The behavioural cémponenf of thermoregulation involves the modification
of the thermal environment while fhe physiological componénf involves
predominantly, auToanic responses within the animal. They are,
however, complimentary in the maintenance of a stable body temperature
(Cabanéc, 19725, The importance of thermoregulatory behavicur to
ectotherms has long been recoénised 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 conditicns, physiologfcat reactions alone would not prevent
a mamnal from dying. The complimentary rSles of these two aspects’

of thermoregulation are therefore evident, and it zppears that the
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neuronal mechanisms controlling the two types of response may be
identical (Cabanac, 1972). It has been proposed Théf two levels of
fhermoregu[éfory control ex}sf, a 'broad band' and & finer level
(Bligh, 1966), and some evidence suggests that behaviour constitutes
the former and physjological resporises the latter (Ingrem & Legge, 1970).
Cabanac ef af. (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 fhermorégulafidn, such as
shivering in the cold andbpanfing in>+he heat. Thus, Cabariac (1572)
sUgges*ed that both behavicural and physiological mechanisms of
femperafurelconfrot are equally important and the use of either depends
on the particular situation.

»The rock'hyrax P. capensis is extremely successful in southern Africa;
despite the harsh climatic conditicns prevalent in the arid a%eés They

pecies may be

123

inhabift, A factor contfiributing to the success of the
an efficient use of energy, particularly with respect tc thermoregula-
tion. Indeed, much of its behaviour appears to be determinad by the
environmental tfemperature, viz. basking at moderate temperatures,
avoiding infense.solar rediation by retreating to the shade, shuff[ing'
between the sun and shade, and finally huddling in a rock crevice when
Tgmperafures are low or conditions are urifavourable. However, limited
information on 1he energy metabolism of P. capensis is available and
those studies concerried with physiological fhermofegutafion are con-
flicfing»(Louw el al., 1973; McNairn & Fairalt, 1579; Taylor & Sale,
1969). At best, the rcle of behaviour in thermeregulation and energy

metabclism for any Procavia cpecies is speculative, though Bartholomew
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and Rainy'(1971) have included thermoregulatory behaviour in their study
on the more tropical species of hyrax, Heterohyrax brucei. Differences
in environment, however, have éignif%canf éffecfs.on energy metabol ism.
Thus, the present investigation was conducted to évaluafe the rbie of
some aspects of behaviourat and physiologica[ thermoregulaticn ?oéefher

with a study of energy metabolism in the arid-adepted hyrax, P. capensis.

6.2 PROCEDURE

The.nine hyraces (5 ma{es,l4 females, mean mass 2,94 % 0,43 kg) used

for this study had been in captivity for at least six months préor to
experimentation. They were housed in an outdoor run with access to

an adjoining small indoor shelter and thus sdbjecfed to natural tempera-
tures and lighting. During the period of éxperimenfafion the animals
wére-housed indoors with three animals per cage. VWater and food
consisting of commercial rabbit pellets, lucerne hay and fresh leaves
were provided ad ££b. No artificial heating or Lighting was imposed.

Experiments were performed from March to June (autumn to winter).

6.2.1 Oxygen consumption

Experiments on oxygen consumption were performed in a temperature con-
trolled room (accuracy 1°C). A flow-through respiromefry system was

used. At least five hours aftfer feeding, animals were placed either
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individually or in groups of three (huddled) in a sealed Qooden meta-
bolic chamber with a clear pefspex front. Room air was drawn through
a large tube of silica gel before entering the metabolic chamber,
thereby maintaining the inflowing air at a constant hUmidify at
different room.Temperafures. Rir flow was maintained at 2 L/min for
single animats and é l/min for three animals. Oufflowing air was
dried over silica gel before passing through a calibrated flow-meter
(G.E.C. Eiliott Rotameter) and then on to the vacuum pump. An ﬁour
was allowed fqr equitibré%ion éf the animal within the system and
thereafter samples of outflowing air were drawn into 50 cm® syringes
every five ﬁinufes for a duration of three tc six hours. The animals
wéré watched confinuously'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 polarographic oxygen analyser.
Carbon dioxide and water were first removed by injeéfihg the éaMple
through ascarite and drierite. The oxygen analyser was calibrated

every 30 min using room air,

Oxygen cénsumpfion fbr six single and six groups of three hyraces was
 measured at différenf air temperatures ranging from 5°C to 28°C. A
copper-constantan thermocouple, connected to a3 Bailey Bat 4 thermo-
couple meter, placed in the femperature controlled room measured the
temperature of the inflowing air (Tr). A second thermocouple sealed
into the outflow port of the chamber measured the temperature of the out-
flowing air (Tch) (eccuracy 1°C), Basal metabolic rates were calcu-

lated and converted to S.7.P. Oxyger consumption (VOZ) expressed as

mlO2 per gram body mass per hour, was plotted against Tr and 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 femperature. The four regressién Lines
were compared using a two-tailed 't' test for differences between

slopes and intercepts (Zar, 1974).

7

6.2.2 Temperature Telemetry

/o o
The deep body temperatures (TB) of hyraces were recorded using radio

telemetry, both in the Labora?ory and in an oufdoér enclcsure, simula-
ting field condifions. Prior to implantation in the peritonesal
cavity of each hyrax Qsed,.%he fransmitters were sealed using beeswex
and an outer coating of silicone rubber, soaked in an antiseptic
solution and calibrated. Animals were anaesthetized with an I.P,
injection of pentobarbitone sodium (Nembutal, Abbot Laboratories), and
penicillin introduced at the siie of implantation. A week recovery

period was allowed after the operation.

6.2.2.1 Laboratory experimenis

Four adult, non-gravid female hyraces of mean mass 2,73 % 0,33 kg were
~used in the laboratcry experiments. They were captured in November
from Montague (Robertson district, Cape), and transferred to individual
cages in a {emperafure controlled room at 22°C with a 12 hour Llight:dark
photoperiod. Each cege was fitted with an antenna which extended to
the receiver ovtside the room, thus causingvno disturbance to the

animals, After three weeks a transmitter was implanted i1n each animal,
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and during the recovery period of one week, body femperatures (TB)
were monitfored to ensure that they wére stable before continuing with
recordings at different ambienT temperatures. = Thereafier, 24, hourly
measurements of the deep body temperature of individual animals were
recorded to esfabl}sh the circadian péffern of temperature fluctua-
.Tions and to establish the times when further recordings could be

made without Tﬁe inferferehce of normat fempefafure fluctuations.
Ambient temperatures were then varied between 4° and 39°C and body
temperatures recorded af%er exposure tfo fhe‘barficular semperafuré for
at Léésf four hours. An exposure time of only two hours was allowed
at the ambient Temperafure of 345C and one hour at 39°C. Finatly,
the four animals were allowed to huddle together in a ventilated
wooden box, overnight at 4°C and body temperatures recorded fo monitor

the effect of huddling in the cold.

6.2.2.2 '"FielLd' experiments

Prior to implantation of the transmitiers all of the four male hyraces
(A, B, C & D, mean mass 2,50 * 0,856 kg) used in this study were main-

tained in an outdoor run with other hyfaces. The temperature record-
ings for animals A, B and C weré run concurrenily during September,

and those for D, during December under diffferent conditions.

Atter recovering from the cperation, the body iemperatures of the
hyraces were recorded at room temperature (22°C) and animals A, B and

C were then introduced into an ouidoor run with a stone shetter
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(approximate dimensions, 1,0 x 0,5 x 0,3 m’ with three entrances) at
Vrolijkheid Nature Conservation Research Station in the Robertson
.disfricT, Cape. Since this run was occupied by an established colony
of seven hyraces, the fthree experimental animals were allowed TLO

days fo infegrafe._ One experimental animal (C) was not accepted by
the colony and Thu;, was. isolated in a separate small cage, exposed

to fluctuating environmental conditions, with no shetter. Deep

body temperatures of the three experimental animals were recorded at

15 min to one hour intervals for 51 hours, with concurrent hourl
’

measurements of the following environmental parameters:

Air and crevice temperature (Thermisfor prbbes cecnnected to & Y.5.1., -
telethermometer); soiar radiation (Middleton sclarimeter, sensitivity
0,223 mV.mW—1.cm—2, connected to a microvolimeter. Readings were

- converted to W.m_z); air humidity (whirlihg hygrometer); wind

speed (Wallac-thermo-anemometer); cloud cover (estimated as a fraction

of 8).

After recovering from the operation, hyrax D was returned fo its

original coldny of five animals in a run at the University of Cape

Town; The shelter consisted of a wooden comparimentalized box (approxi-
mately 0,9 x 0,6 x 0,4 m> with two entrances), insulated with poly-
styrene and covered with héavy duty tar impregnated paper. This atso
served as a surface on which the anfméts basked. Deep body fempera-
ture of hyrax D was recorded hourly for various periods of time over

six days. Only air temperature was recorded concurrenily, and activify

noted.



6.3 RESULTS

6.3.1 Oxygen consumption

The lowest value of:oxygen consumption for both solitary and huddied
hyraces was 0,27 * S,D. 0,03 ml()z.g]—1.h~'1 within the fthermoneutral zone
 (Fig. 6.1, -The_Lower critical fémperafure for single animéLs was

18,7°C but 16,9°C for huddled animals. These temperatures, however,
were of the inflowing ai; (Tr), chamber temperature (Tch) being 1°C higher
for single animals and 3°C higherrfor huddled animals. Thus, the

actual lower critical fempgréfures for both isolated and huddled animals
would be 19,7 and 19,9°C, respectively. Oxygen consumption, at Tr

below thermeoneutrality, increased according to the regression equations:.

y = -0,0137 x (x0,0019) + 0,5260 (* 0,0228)
' for single hyraces (r = 0,802)
y =. -0,0120 x (*0,0014) + 0,4730 (* 0,0161)

for huddled hyraces (r = 0,856}

This is shown graphicatly in Fig. 6.1.

Comparison of the two regression equations showéd no statisticel differ-
ence in slooe, but a significant difference in the intercept vaLQes

(ts = 3,49, p«<0,001 with 57 degrees of fre=domj. Extrapotation of

the regression line for single hyraces intercepted fhe x-axis at 38,4°C

which was higher than TB recorded in the laboratory at thermoneulrality,

but was within the range of deep body temperafures found telemeirically
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in P. capensis under free Living conditions (see femperature telemetry,
this section). Comparison of the regression equations for single
and huddled hyraces using chamber femperatures rather than Tr showed

no statistical difference in slope or intercept (p=0,05).

6.3.2 Thermal cconductance

At ambient femperafures'betow thermoneutrality, the minimal wet thermal

.conducfance (0,0137 mlOz.g;1.h"1.°C.+1— the spre of the regression

line) was 21 per cent lower than predicted for an animal of mass 2,94 kg
(MacMitlen & 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 &
value equal to the body temperature, when metabolism is zero (McNab,

1980). Using the correction factor given by McNab (1980) the méan

1,1 -1

minimal thermal conductance would be O,O147-ml02.g_ .h'.ecC. Within

the thermoneutral zone at 22°C, with a body femperafuré between 37 and
38°C and oxygen consumption 0,27 mi02.9~1.h_1,47he calculated value of

mass specific, wet, conductance lies betwsen 0,018 and

0,017 mL02.9—1.h~1.°Cf—1 which is similar to the predicted value of

1 .- -1

0,0173 mtoz'.g" .h h.ec.

6.3.3 Temperature telemetry

6.3.3.1 Laboratory study

A cleerly defined, diurnal rhythm was not apparent in the body temperaiures



(T,) of the four female hyraces when ambient temperatfure was kept con-

B
stant, but & small rise in TB could be detected & few hours prior to
each change in lighving (Fig. €.2). The maximum individual variations

recorded over 24 hours were 0,95, 0,8, 0,8 and O;6°C; witTh a maximum

inter-animal variation of 1,90°C.

From Fig. 6.3, ?. qapenéié was shown to have a remarkably stabls body
temperature (mean of 37,23 * SD. 0,12°C) ai ambient ?emperafures between
5 agd 28°C. Below 5°C,':TB dropped slightly and increased above 28°C;
TB could not be maintained below ambient at high air temperatures.

After ah hour at 39°C, two animals lay prostrate but no nasal secretion
or moisture droptefs 5n the feet were observed. When huddled at 4°C,
despite the wooden box befng ventilated, the ?emperafuré around the

animals rose to 10°C, and thus the mean TB was higher (37,24 £5E.0,36 °C)

than found for solitary animals at 4°C.

6.3.3.2 'Fiedd? atudy

The deep body temperatures (TB> of hyraces A, B, C and D recorded at

room temperature and at rest were 37,68 % 0,10, 37,53 = 0,24,

36,82 £ 0,14 and 37;20 * 0,15 respectively. in The outdoor colony

(see Figs 6.4 and 6.5), with air temperature (TA‘ fluctuations of

7,6 to 32,7°C (for hyraces A and B) and 12,0 to 25,0°C (hyrax D) the

max imum ranges of TB recorded were 37,3 Té 39,4°C (A), 37,6 tc 39,2°C (B)
and 37,0 to 38,7°C (D). The mean TBs during daylight hours (06h00 -
19h00) were 38,50 * 0,44°C (n=65, A) and 38,37 % 0,34°C (n=66, B} with
temperatures at night being stigﬁfly ltower = 37,74 1 0,43°C (n=45, A)

and 38,03 1 0,2i°C (n=49, #), though not statisticatly different.
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(p>0,05). The highest T.s were recorded when the animals were either

B
basking or were extremely active (running) and lowest in the early
morning while huddled in the shelter (Fig. 6.4). The isolated animatl
(C) whose movement was restricted showed an overall lower range of bcdy

temperatures, the minimum being 36,40°C and a maximum, without any sigri

of distress, of 38,5°C (Fig. 6.5).

6.3.4 Factors affecting body temperature

6.3.4.1 Crevice and ambient temperaifure

The-general pattern shown in the results was that of a relatively High
TB dqring déytighf hours Thus correlating with the highgr ambient
temperatures (TA) and a nocturnal decline in TB when TA:was Low. The
temperature of the shelter did not show as marked fluctuations as did

the T,, being cooler in the day and warmer at night, Thus it was used

A!
as a retreat during extremes of TA and periods of infenﬁe sclar

radiation (Fig. 6.4).

6.3.4.2 Sofan nadiation

High levels of solar radiation recorded under a full suﬁ with low wind
speed (0,5 m.secwl) caused an increase in TB‘ This was shown in hyrax C
~when escape from intense solar ratiation (717 W.m-z) waé preventied

(Fig. 6.5, 1Gth - 13h00, day 2). 5uring this time TBJand breathing
rate increased exponentially over a period of an hour. he first siagn

of distress was apparent when T, reached 38,4°C, 2°C higher then the

{



minimum recorded over 24 hcurs, The animal drank wafer‘and struggled
to get under cover of the food dish. At a TB of 39,4°C? breathing
lrafe had increased from 48 to 172 breaths pér min., the hyrax lay
prostrate in ithe cage, but neither sweat droplets on fhe;feef nor a
nasal secretion were observed and muscle tonus was sfill‘mainfained.

The. animal was then placed in a cool environment (TP

i)

19°C).  Hyraces

A, B and D tended to avoid intense solar radiafion, parf%cularty after
midday, remaining in the shelter or in the shade (Fig. 6;5, 12h00 - 15h00).
Mainfenanée of the fairly:consfanf body ?emperanres durﬁng the day was
achieved by alternately basking in the sun and then retreating fto the
shade or the cooler shelter when TB approaghed,2°0 above?fhe minimum
recorded for each particular animal, | |

Control of T, by behavioural means, hcwever, is clearly dependent on the

B
complex interrelations befween the various meteorologicalparameters and

cannot be elucidated further from these rasults.

6.3.4.3 Actlvity

Activiiy, such as running (which took place as a resulf pf intraspecific
vaggression) and rolling, caused an ihcréase in body Tempérafure. This

was particularly apparent before feeding périods (Fig. €.4, 17h00 fo
19h30). The bedy temperature of one experimenfal animal that was

‘chased by another rose to 39,4°C despife the decreasing ambient fempera-
ture and solar radiation and the high wind speed (1C,0 j i9,0 m.sec—]). -
A similér increase in body temperature, while ambient temperature

dropped and solar radiation was minimal, was recorded ié the early

morning (04h00 - 07h00, Fig. 6.4) after approximately four hours of



lowered body temperature during the night. The body temperatures of
animafs A and B began To'rise while still in the shelferiand rose to a
max imum between 06h00 and 07h00. ALl animals briefly emerged with the
first Light at 06h00 and feeding began at approximately 68h00, In-
creased activity on waking and emerging may have caused this rise in

|
temperature. E

6.3.4.4 Huddling

For differing periods dur}ng the night, body Temperafurés of all the
experimental animals dropped approximately 1°C, the decléne béginning
after the evening feed at around sunset.  The advantage of huddling

and interacting with other hyraces in a sheltered crevicé became

apparent when examining body temperatures first in the e?rly hours of

the morping while still dark and later in The.dayiunder éloudy condifioﬁs.
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)

rcse and from 05h30 on were maintained befween.1 - 2°C a&ove the mini-
mum nocturnal body tfemperature. During this period both animals emerged
from the shelter for only approximately 5 minutes. Desbife the rising
ambient temperature and low wind speed the body temperature of the
solitary animat (C) droppedvbelow the previously recorded minimum,
thereafter rising-stighfly, but reached 1°C above the mi%imum 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 varicus species of hyrax

The highly inacfive;nafure of the rock hyrax beﬁaviour has prompted the
curiosity of several scientists over the past decade infp examining the
energy metabolism and thermoregulation of this animal (T;ylor & Sale,
1969; Sale, 1970a; Bartholomew & Rainy, 1971; Mel?zer,§197!; Louw et
al., 1973; Rubsamen Qt’aﬁ., 1979; McNairn & Fairall, 1979; Rubsamen
& Kettembeil, 19803. These sfudies, however, have been of several
different species of hyraxvliving in different climafies énd ofter no
mention of the season is made in which the animals were ;Tudied. More-
over, the different methods of study have led to an array of conflict-
ing results, summarized in Table 6.1 with respecf.fd temperatures and
metabolic rates. One physiological feature that appea;s 1o be frue
for all species ié that of a lower mefabclic rafe than predicted
according to body size (Schmidf-Nielsen, 1975). It hasfbeen shown
that some arid-adapted animals have lower metesbolic rates than the more
temperate counterparts (Harft, 1971; Hudson ef afl., 1975; Borut &
Shkolnik, 1974; Shkolnik & Schmidt-Nielsen, 1976). Eﬁ an arid regicn
where both water and food may be scarce, annually or seésonal[y, 3 Llow
metabolic rate reduces evaporaftive wafer loss as well as reducing the

need for food.

In the present study, the basal metabolic rate (BMR) of P. capensis was

40 per cent lower than predicted for eutherian mammals (MacMitlen &
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Nelson, 1969) and lower than found in all other sTudies?on hyraces
except that of Rubsamen et af. (1979) on P. habeéééniéa. The metabolic
rate of P. syrdacus has beén reported to be Léwer than bred!cfed but
no actual figures were quoted (Meltzer, 1971). It mayjbe suggested
that the lower mefqbolic rate of P. capensis is an adaptation to the
arid areas in which they Llive, typified by hot dry summers and cold
winters, often with the occurrence of snow. This sfafémenf is
suspect, however, since P. habessinica, which dces not experience the
same exTreﬁes'has as low;é metabolic rate (Table 6.1). Furthermore,
the comparative study of Taylor and Sale (1969) showed H. bruceil a
more Tropicél species, to have a lower metabolic rate than PnrcapenAiA
and P. habessinica, with the alpine species P. johnstoni having the
highest metabolic rate.  In their study, and as can beéseen from
Table 6.1, the lower crifical femperature of the different specieé

can be correlated with their different habitats.

As there is no clear correlation between habitat and fhé metabolic
rates of the varicus species from the Lliterature cublished after Tayior
and Sale's (1969) study, the validity of the apparent differences in
metabolic rates in reflecting the habitat of each parfigutar species,
must be qdesfioned. It is unlikelyifhaf the large disérepancies shown
in the various studies are due solely to differences in the technical
methods employed in the measurement of the metabolic rates. They may

. also be due to differences in the animals themselves &t the particular -
time of measurement. Factors such as seasonal differences, whether
the animals were under basal or resting conditions, Theéiliuminafioh

during measurements, the activity or quiescence of ths sexual organs

P
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and whether males or females were used, could have had %arked effects
on the metabolic rates at the Time of measurement. | f more than one
of these factors were operéfive and if they all had an gddifive effect
on metabolism, then disparate results would bé expected. UnforTunaTely
many of these fachrs were not nofed in the several sfuéies quoted in
Table 6.1 and it i; therefore difficult fo draw a final%conclusién.

Some of the above-meniioned factcrs, however, are discu;sed below in
relation tc the disparate results of oxygen consumpiion presented in

" Table 6.1 | |

1. In the bresenf study and thecse of Rubsamen et al. (ﬁ979), Rubsamen

& Kettembeil (1980).on.P; habessindica and Bartholomew aﬁd Rainy (1971)
on H. bruced, basal metabolic rates were reccrded. Taylor and Sale
(1969) did not specify the nuTriTionai state of the var%ou; Species
used. The fiéures of the latter authcrs may have been resting meta-
bolic rates and therefore would have been higher. Thig is not
applicable to H..b&ucei as the value found by Taylor and Sale (1569)

was lower than that of Bar%hotomew and Rainy (1971} andfofher factors
(outlined below) may have caused this discrepancy. |

2. The marked variations in body temperaiure befween individual animals
have been shown in the present study and +he general fﬂermolabitify of
the hyrax has been described by several of the afore—ménfioned

authors. Since a correlation betweern body %emperafuré and metabotic
rate in P. habessini{ca nas been shown by Rubsamen and Kettembeil (1980),
it is highly likely that the metabolic rete also showsiinfra~specif!c

variations. With this in view, it is essenfial that many animals are
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used to assess the BMR for it 1o be representative of the species.
Some of the studies in Table 6.1 used only two or three animals and
therefore may not be representative. This facter may apply parficu-
larly to P. habessdindica, H. bﬁuczé and possibly P. syrdacus, species
which seem to be more thermolabile than P. capensis or P. joanstond
(Table 6.1). Furthermore, the diurnal cycle in body temperature
described for Procavia (spacies uncertain - SéLe,1970a) may also mean
that a similar cycle exists for the méfabotic rate,  Although al
diurnal éyc[e in body Teﬁperafure was not well defined in P. capensis,
it may exist in the other species and shqutd have been considered

when measurements cf oxygen consumption were taken.

3, Seasonal fluctuations in either metabolic rate or body temperaiure
have not yet been investigated in any species of hyrax. However,
some small mammals increase their basal metabolism as a response fo
cold winter femperafures or on exposure to continuous cold in the
laboratory (Hart, 1957; Wunder eX af., 1977). Other seasonal
increases in metabolic rete may be asscciated with the seasonél growth
of the testes in the male Hyrax or during the mating season, It
would be preferable therefore, to measure metfatolic rates in sexually
quiescent male hyraces, Pregnant or lactating females must obviousty
be exé[uded for this type of measurement. As it iz sometimes diffi-

Ce

cult to assess the sexual condition of both male and female hyr s,
other than from the knowledge of seasonal sexual activity reported in
the literature, some of the animals used in the various siudies may

have been sexually active which would have given errconeous evaluations

of BMR, Those males used in the present study were in a aguiescent
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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 pregnant as no young were produced lafer in the year.

4. Meltzer (1971).has reported a dffference in body temperatures of
male and female #. Ayniaaué; with these of the Latter being signifi-
cantly higHer. If this difference is due foAa higher metabolic rate
in the females,lfhen sexpal differences in other studies may have
caused some of the variability. A higher body femperature méy atso

~

be due to better insuléfion, however .

6.4.2 Bodyfémperafure

- 6.4.2.1  Laboratory

- Among the variocus species of rock hyrax studied, only P. johnstoni

(Tayler & Sale, 1969) showed the same stability -of body temperature
found for P. capensis in the present sfudy. | Other reports on the
physiological control of body temperature in P. capénAiA are conflict-
ing. Both Louw et af. (1973) and McNairn and Fairall (1979) have
described a decline in body Temperature with decreasing ambient
temperatures below thermoneutrality (ttough the range of body tempera-
tures reported differ markedly), while Taylor and Sale (1969) found a
remarkably stable body temperature (ca. 38°C) at ambient femperatures

from 5 to 30°C. MNone of these studies are directly comparable *o

the present because of the different experimental conditions and

methods of recording the body temperatures. Louw ef af., (1973)
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measured infra-abdominal temperetures, but these were recorded ontiy
five hours after recovering from an anaesthetic. Thus the extremely
low temperafures they have reported were prcbably an after-effect

of fhe anaesthetic which is known fo inhibit thermoregulation.

McNairn and Fairall (1979) measured rectal temperatures with a clinical
thermometer in hyrSces that had been acclimated fto each émbienf_
temperature for three weeks. Since the effect of acclimation on body
temperature in these animals is not known, their results cannot Ee
compared with the present. Furfhermore, I have found that several
consecutive méasuremenfs of rec+al temperatures in individual hyraces
to vary considerably depending oﬁ the depth of insertion of the
recorging dévice and on fhe excitability of the animals. Although
the response of rectal temperature to ambient temperature in P. capensis
from the results of Taylor and Sale (1969) was similag-fo the present
findings, their values Were higher. They used only fwo animals, |
however, and in view of the variation in body temperature frcem indi-
vidual to indiviéual, these authors may have biased resulfs. Oiher
species of hyrax, except P. johnstonl, showed decreasing body tempera-
tures below thermoneutrality, Thcugh again, the ranges of body tempera-
tures feporfed 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 Field

in order to separate the influence of benhavioural thermoreaulation from

physiological in the maintenance of body temperature, it is necessary
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to compare laboratory datae with those in the field. The deep body
temperatures of 'free'-living P. capensis were maintained within the
Limits (38 % 2°C) normally found in eufherianrmémmals (Schmidt-Nielsen,
1975). As for most diurnal mammals, highest temperatures were
recorded during fhe.déy and lowesf at highf'wifh a maximum range of
2°C, The limited field dats in the present study ghowed that at night,
with Lower ambient temperatures (7,6°C), P. capensis was able to main-
tain body temperature at a constant though slightly lower level than

in the day. The-nocfurﬁal drop in body temperature occurred in all
experimental ffield' animals, irrespecfive of whether they were -
huddled or not. This does not appear to be part of the endogenous

temperature cycle as has been described for Procavia sp. (Sale, 1970a)

~since a similar pattern was not shown in the laboratory. Rather, the

decrease in temperature was due fo a low embient femperature or the
absence of solar radiation as an external heat source which maintained
the body temperature at a higher tevel during the day. Free-lLiving

H. bruced showed a similar diurnal fluctuation of body temperature {2°C)

- though over a lower range (35 - 37°C) with a small decline at night when

huddled (Bartholomew & Rainy, 1971).

6.4.2.3 Huddling and basking

The interaction between hyraces in a shelter at night, whether in the
form of huddling, low-key aggression or some form of activity, appeared
to be important in stimulating an increase in body temperature prior to
emergéncé with first Light. Since the laboratery animafs also showed
a slight increase in body temperature prior fo a chénge in Lighting a

part of the increase observed in the field may have been due to an



endogenous Teméerafure cycle. However, withcut the social facili-
Tafiov, body temperature rose only slightly as was seen in the solitary
animal in the fieldh Thié animal relied on solar radiation and the
rising ambient femperafure‘for the increase in body temperature 1o
ca..38°C normally'mainfained duriné the day. Moreover, since the body
temperatures of fhé individuatly caged 'field’ animals, recorded
indoors at approximately midday and at air Temperafures within the
thermoneutral zone, were near the lowest Llimits of the respective ranges
recorded when‘fhe animatg were free, it is clear that interaction
between hyracés was important in increasing bcdy femperature to the
daytime ranée. Thefeaffer, however, the exploitation of externai hea¥
serces maintained the Témperafure at a relatively higher levél and

its stability (within 1°C) was achieved by shuttling between sun and

shade.

6.4.3 Thermal conductance

1 6.4.3.1 Single animals

The thermal conducfénce of an animal is a measure of the balarce between
heat prodUcfion and heat loss and is inversely related to the fotfal
insulation of the animal. At fempera?ufes below thermoneutratity the
lower than predicted thermal conductance of P?. capensis indicates that
these animals were relafivety‘wetl insulated. Besides the insulative
properties of fur and subcutanecus fat in reducing heat loss, various
other factors have been observed in single animais which would have

a similar effect. fn the celd these include piloerection and the
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assumption of & rounded posture, particularty obvicus when the animals
first emerge from the crevice in the merning. Further, peripherzal
cooling, particularly in the feet, which.has heen describéd in

H. bruced (Bartholomew & Rainy, 1971) also occurs in P. capensis, the
Tempérafure of the:-feet being approximately 11°C lower than the rectat
temperature at low ambient femperatures (personal observations),

This is brought about by the existence of alTérnaTive routes of venous
flow; a deeper system of closely applied parallel bundles of arteries
and veins in the limbs ééd an alfernative suﬁerficia[ system of veins
lying just beneath the skin (Leon, 1972; King, 1973). In addition

an arterio-venous shunt exists in the proximal part éf the hind-limb
wh%ch would reduce blocd flow to the éxfremifies, therefore reducing
heat loss from the body (Leon, 1972). The low conductance found in
this study is supported by the comparative data of Taylor and Sale
(1969) which, atthough not quantified showed that bOTH P. capeﬁééé and
P. johnstond had, lower ccnductances than the more-tropical species

P. habessindice and H. brucei. Bartholomew and Rainy (1971) found fhe
latter species to have a conductance value 39 per cent higher than
predicted. Meltzer (1971) hes recordedvfhaf conductance in P. Ayrdacus
rose as ambien! temperatures dropped below thermoneutrality. He con-
cluded THaf the thermal insulation of this animal was poorly developed
~to the extent that endogencus heai producticn could not compensete for
the heat losses at tow ambient temperatures and resulted in a drop in
rectal Tempera%ure. The opposffe seems to be true of P. capensis as
the calculated conductance at the lower critical temperature was higher
than at lower ambient femperatures. Thus *the mechanisms used by

P. capensis to reduce heat losses must have been well developed -and



aLLowed ihis species to maintain a constant body femperéfure even at low
ambient temperaiures, The differerices in conduciance between poth

P. capensis and P. johnAicﬁi, and P. habessinica and H. biuced would be
expected as the former two experience lower Temperafure% in the field
and therefcre it fg clearly advanfageéus o be better iﬁsutafed, at
least in the cold season. Judging from fthe high conductance and the
high lower critical temperature (28°C) P. Ay&iacué doesgno% experience
the same low temperatures as P. capensis or P. jonnston{ and should
therefore be similar to P. habessinica and H. baucei in respect to

other physiological responses.

 6.4.3.2 fHuddling i
|

Most authors have described mass-specific thermal conductance in huddled
animals to be consistentty lower than in single animals (Withers &
Jarvis, 1980; Glaser & Lustik, 1975; Baudinette, 1972?. it was
unexpected, Theréfore, to find similar slopes for the régression Lines
in single and huddled P. capensis. However, fheleffec+ of huddling in
a crevice may merely affect the ambient femperature of jhe micro- |
envircnment, thereby delaying The‘onsef ot shivering be?ow the thermo-
neutral zone. A reduction in conductance would be expected because of
the smaller surface area exposed to radiénf and conductive heat loss.

In the present experiment the former effect may have ma%ked the Latter
effect. Also, the variations in oxygen consumb%ion afflow ambient
temperatures without simulteneous measurements cf body temperature

may have led to erronecus values of conductance since T%e stope of the

regression line does not make &lliowances for alieraticns in body
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temperature.  Thus further experimentation is necessary to clarify

these results.

j

6.4.4 Energy considerations

Both basking and huddling or heaping behaviour in P. capensis are
significant in terms of energy conservation. Using én external heat
source as a means of hnéﬁeasing body femﬁerafure even 1°C, rather than
increasing metabolic heat ptoducfion has obvious advantages in energy
conservafidn. Using the same method 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 o 0,171 ml O2 per gram

of animal and ca. 63 per cen? of the heat produced ir one hour at thes
lowest metabolic rate cf P. capensis, At ambient temperatures below
thermoneutrality, basking would have the effect of reaising the peri-
pheral body temperature, reducing the femperature gradient between
core and periphery, thereby minimising metabolic heat {css to the
environment. An increase in heat production may therefore be avoided.
This same principle explains the advantage of piloerecfion for heat

and therefore energy conservation (Moen, 1973).

Huddling or heaping has advantages in the retenticn of body heat

within the group, through the direct contact between 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 minimal, the femperature of the crevice



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 oécupied by fhree animals,
increased 2°C abovg that when occupiéd by a single hyrax and conferred
an energy.saving of 10 per cent on the huddled animals. Higher
reducfions in oxygen consumpfion 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, revertheless, the éx?enf to which air
femperafuré in @ crevice is increased and the consequent energy

séving would be dependent on the crevice volume, the number of animals
per unit volume; air flow through the crevice and the thermal con-

ductivity of the rock.

In conclusion Theré appears to be a graded change in body temperaiure,
lower critical temperature, thermal conductance and possibly metabelic
‘rate in the several species 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 alpine P. johnstoni has physio-
logical features predominantly geared to allow this animal to tolerate
cotd conditions commensurate with its alpine habitat. These take the
form of a comparatively high metabolic rate, low lower critical
temperature, tow thermal conductance or good insutation and a stable
body temperature over a wide range of ambieni temperaiures. P. capeniié

must tolerate & wider range of ambient temperatures as well as an arid
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environment, Thus,.in a simitar fashion to P, johnétoni,:fhe Lower
critical temperaiure is retatively low, body Témperafure is stable over
a wide rahge of émbienf temperatures and fhermal conductance is low,

In the hoft, dry summers, however, the low BMR Qoutd be advanfageous
when water must bg conserved. Thus; relatively less water weculd be

required to dissipate the metabolic heat produced.

The heat gained from the environment would be regulated by behavioural
thermoregulation demanding- less water to be used than by the more
expensive physioclogical méfhod of evaporatfive cocling. This latter
statement applies to the rest of the species of hyrax, mentioned below.
The differences between P. habessinica and H. bruced are not easily
explained ;ince they are sympatric over parts of their distribufion
and the animals used in the sfudies described above atl came from

Kenya. Neither of these two species appears to have any marked

- physiological adapfation to tow ambient temperatures in keeping with

the fairly moderafe climate they experience. Both do show features
which can be considered as adaptations to high ambient temperatures,
however, assuming the lowest yalues recorded to be valid. Thus a low -
BMR is common’ to bofh, but while P. habessinica has a relatively high
lower critical temperature with a normal.fhermat conductance, the

Lower crificai temperature of H. bruced is lower but thermal conduct-

ance is higher. The thermolability and range of body temperafures

-are similar, however.  Although the data for P. Ayrdacus are not com-

plete, this speciss appears to be at the opposite exfreme to P. john-

Py

stceni, with adaptations ¥or a het, dry climate. These include the

lowest range cof body ‘emperatures of all the species described, a low
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BMR and high lower critical femperature and thermal conductance or

poor insulation,

In all species. of hyrax, however, the behavioural use of solar energy
to maintain a eutherian level of body temperature, huddl%né in the
cold and overall selection of a favourable thermal envir&nmenf are
indicative of a life geared fowards the conservation of energy. This
is manifested further in The short feeding periods whichzaltow the
hyraces to speﬁd most of the day in a state of relative ?nacf%vi#y or

rest,



SECTION 7

‘"THE EFFECT OF NOR-ADRENALINE
(NON-SHIVERING THERMOGENESIS) ON THE
ROCK HYRAX PROCAVIA CAPENSIS AND THE

ELEPHANT SHREW ELEPHANTULUS EDWARDI
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7.1 INTRODUCT { ON

Seasonal changes in climate and temperature place sfres§es on free living
animals; the more extreme the changes, the greater are the physiological
ad justments required by an ahimal to tolerate and surQiye them. Adapt-
ation to cold in endotherms involves both behavioural and physiological
ad justments which decrease heat loss and/cr increase heat preduction.
Physiologically, decreased heat loss can be achieved through vasomotor
changes, peripheral hefe;ofhermy and Llowering of the body temperature,
and morphologically by increased fat and fur insulaiion. Behavioural
adjustments include postural changes, huddling or selection of a favour-
able microclimate. Exercfse, shivering and non-shivering thermogenesis
are mechanisms by which heat i; produced, Mosi mammals use some or
all of these mechanisms when cold éTressed, but the sizé of the animal
has an important influence on the externt to which any of ithese can be
employed. The greaferlsurface area to volume ratio in small mammal s
results in a relatively faster rate of heat loss compared to large
mammals. Moreover, in small mammals there ié a physical limitation to
which fur insulation can be increased, without augme%fing heat production,
in order to maintain a constant body temperature. Tﬁe same is not ‘true
of larger mammals where, due to the relatively small surface area fo
volume ratio, small increases in heat preduction or insulation are
sufficient to maintain homecthermy iﬁ the cola. Thus smaller mammals

have to increase heat production to a greater extent than large memmals.

{t hes been found that cold-adapted small mammals (< Z kg) increase
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heat production mainly by non-shivering thermogenesis (NST) at ambient
Temperafureé below thermoneutrality (Heldmaier, 1371), Shivering contri-
butes a smaller amoupf 16 the totel heat production but at much Llower
temperatures the heat produced by both mechanisms sumnate (Jénsky, 1973).
NST is defined as "a heat producing‘mechaniém Liberating chemical energy
dueto processes which do not involve muscular contraction” (Jansky,

1973).  Although several chemicals are known fo have thermogenic
properTiés, e.g. fhyroxing, ACTH, corticosterone, glucagon and insulin,
heat production by NST hés bean affribufed primaEiLy o the action of
catecholamines and in particular noradrenatine (NA) from the sympathetic
nervous system {Jansky, 1973). Some cf the recorded effects of NA-
mediated NST are an inéreaée in cxygen consumpfion, desp body and
interscapular temperatures, heart rate and respiratory freguercy. The
magnitude of these effects in cold-adapted animals, however, decreases
Wifh increasing body size and are negLigiblelin mammals o&er IO'kg

(Heldmaier, 1971).

Since cold adaptation facilitates the onset of NST, it can be
assumed that the cold air temperatures during winter months act as an
environmenfai stimulus for the development of NST in smatl mammals.
Recently, physiological effects similar to those induced by NA admini-
_stration to cold-adapted animals, hav; been observed in rodents and .
birds adapted to a long scotophase without a previous pericd of cold-
adaptation (West, 1972; Haim el al., 19792 & b; Haim & Fourie, 1980).
These dark-adapted rodents also responced to NA adminigfrafion shoving

an increased oxygen consumption, rectal and interscapular temperatures

(Haim & Fourie, 1280), implying that cold—adapfa?ion'and dark-adaptation
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have similar effects on the thermoreguletory system. ‘Melatonin has
atso been shown fo have a thermogenic effect on rodents (Lynch &
Epstein, 1976; Haim & Boru*, 1978; Haim & Fourie, 198%) and in view
of the known influénce of phofbperiod on the producTion‘of melatonin
by the pineal (Figkg et al., 1960; Wurtman et af., 196é), the thermo-

genic effects of a long scotophase and melatonin may be;connecfed.>

The hyrax P. capensis and the elephant shrew E. deandi;are similar in -
several respects. Wifhiﬁ the Cape Province,‘bofh inhabit mountainous
regions énd utilize réck crevices for shelier and protection. _Bofh
also bask ia the sun for some part of-fhe day and show péaks of

acffvify in the evening and early mornfng, though the latter has not
been firmly esfabtished.for the eLephanfbshrew (see section 1}

They differ, however, in their social organisation and food habits, the
hyrax being gregarious and herbivorous while the elephénf shrew'is
solitary and pri@arity insectivorous though they have beén known to eef
fruit and seeds (J. Breytenbach, personal communication),  Within the
southernmost ranges of both of their distributions, seasqnal changes

are marked by hot dry summers and cold wet winters. lnécerfain areas,
winter temperatures drop f; freezing at night, often with the occurrence
of snow; In the Cepe Province, the cold season lasts fér five to six
months and it would seem ressonsble to assume ‘hat durind this time both
the hyraces and elephant shrews would adapt fo the cold. One possible
way would be to develop NST, As in all mammals, both fhése mammals
increase their oxygen consumption and therefore heat prod?cfion, at
temperatures beiow thermoneutrality (sections 6 and 8). :The mechanism

of increased heat prcducticn is not known, Fowever, and may be due to
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NST.  The hyrax is of particular interest in this respect as, in many
ways, its physiclogy is similar fo that of a lerger mammal, e.g. low
metabolic rate, heart rate, relative food consumption (shown in previous

sections of this thesis). Also, the fossil evidence

19}]

uggests that

the small size of the hyrax is a reta%ively recent evolutionary develop—
ment (Kitching, 1966). It is fhérefore possible that ihe hyrax may

not react to NA administration. However, no’fnformafion on the
metabolism and Temperafuré regulation of E. edward{ has been published
and only that presenfed'fn section 8 is known, Thus apart from con-
Trfbufing further to the knowledge of the physiciogy of this insecti-
vorous mammal, it was of inferest ‘to examine whether elephant shfews
showed the same response to NA as other cold-adapted small mammals.
Furthermore, althcugh the habitats and climate experienced by P. capensis
and E. edwardi 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 invesfigaTion therefore, was to establish
whether the capacity for NST was present in P. dapenéié, a medium-sized
mammat , and E. edward<, a small mamma[.‘ The effect of NA administra—
tion on the oxygen consumption, rectal and interscepular temperatures
and heart rate were recorded in cold-adapted P. capensis and compared

to the effect of NA on the rectal and inferscapu[ar temperatures in the

cold-adapied elephant shrew.
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7.2  METHODS

7.2;1 The hyrax

Eleven hyraces (6 females, 5 mates, mean mass 2,54 £ S.D. 0,57 kg)
which had been in captivity for at least six months wefe used in the
experiments, Nine were acclimated to 6°C for at Leasf four weeks
after being exposed to a.gradual decline in temperature for two weeks.
A constant pHofoperiod of 12 hburs Light ; 12 hours da?k was maintained
throughout the acclimation period. The animals were kept in large
cages, with two or three animals per cage, in a femperéfure controllied
room. As only two Large.cages were available, the exﬁerimenfs were
not concurrent, and four animais were used in the first experiment, five
in the second. During acclimation commercial rabbif,gellefs,‘lucerne
hay and-occasionally fresh green leéves were provided as food on an

ad Lib. basis. ' Water was always available. Two animals were not
acclimated and wererkepf in an outdcor run with food‘aﬁd water atwayé

13 . t

available,

7.2.1.1 Non-shivering thermogenesis i

Each animal was anaesthetised with 40 mg/kg scdium pentobarbitone
(Nembutal, Abbott Laboratories) at the start of the exﬁerimenf. Rectal
(TREC., 11 cm desp) and interscaputar (TISC) femperafur%s were Then
recorded using calibrated, copper-constantan Thermocouplgs. Oxygen
consumption (VGZ) was measured using a flow-through sys&em. Air was

drawn through a tightly fitting mask arcund the animal's head, a tube




containing silica gel, a calibrated flowmeter (Rotameter) and again
through Qa?er and carbon dioxide ebsorbanis (siltica gel and carbosorb,
respectively) before passing through the okygen analyser (either Beckman,
© OM14 or Applied Electrochemistry, S5-3A). The oxygen analysers were
calibrated at the beginning and e;d of each experiment, The thermo-
couples and oxygen:anatyser were connected to a data-logger (Esferline
Angus PD2064) which recorded respective measurements every two minutes.
Heart rate (HR) was monitored in some animals, at two minute intervals,
using an ECG transducer énd Gilson polygraph. ECG leads were

coﬁnec?ed 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 V02, TREC., TISC and HR weré recorded for
approximately 10 min and thereafter the hyrax was injeéfed with pyrogen-
free saline sotufjon (amount as for the noradrenaLine injectiion) and

the same parameters recorded for iO to 15 min. FinéLLy noradrenaline
hydrochlbride (NA), discolvec in pyrogen-free saline, was injected
inframuchLarLy (dose equivalent to 200 ug 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 grems.

The above measuremenis were recorded again until the animal recovered

from anaestnesia.



7.2.1.1.1 Expesdiment 1

For four cold-adapted hyraces (3 females, | male, mean mass 2,85 £ 0,33
Vo,
and the effects of NA on these parameters recorded. During the course
of the experiment, one animal died an hour after the administration of

NA, apparently from respiratory arrest. The results from this animatl

were therefore excluded.

7.2.1.1.2 Experiment 2 g

Five coLd—adapTed hyraces (3 females, 2 males) with a mean mass of

| 2,10 £ 0,60 kg were used. The effect of NA on V02, TREC and TISC was
reéorded as described above at an ambient temperature of 22°C, which is

within the thermoneutral zone.
7.2.1.1.3 Experiment 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 thermcneutrality (22°C).

7.2.2 The elephant shrew

Six adult elephant shrews (3 females, 3 males, mean mass 51,7 X 3,3 qg)

were trapped at the beginning of October near Ceres, in the Cape

TISC, TREC and HR were recorded at an ambieni temperature of €°C,

Province. They were brought to the University of Cape Town and housed -

in individual cages in the laboratory for twe months prior to fthe

experiment. During this time, atl were fed daily with Pronutro (see

section 7) mixed with water, as well as meal worms once & week. For six



weeks thereafter the elephant shrews were accl imated fo_$°C in a tfempera-
ture controlled room with a 12 hour Llight : 12 hour darkipho?operioa.

Additional food was provided at this iow temperature.
p p

7.2.2.1 Non—éhiv@iing thermogenesis

|
i
!
;
|
|

Each animal was anaesthetised with 1,2 mg pentobarbitone: sodium (Nembu-

tal, Abbott Laboratories) at the start of the experimenfi Rectal
. |
(TREC, 2,5 cm deep) and interscapular (TISC) +emperafure% were recorded

using calibrated copper-constantan thermocouples, affach%d to & cata

Ltogger (Esterline Angus PD2064). After approximafe[y.f%n minutes the

elephant shrews were injected with pyrogen-free saline sélufion (amount
|

‘ ' ‘ !
as for NA injection) and TREC and TISC recorced for e furfher 15
minutes. . Noradrenalire hydrochloride dissolved in pyroéen—free saline
was then administered subcutaneously (dose 1,3 pg/g body%mass calculated

according to Heldmaier, 1971) and the above parameters récorded until
|

the animals awocke from anaesthesia. The experiments wefe run at an
|

ambient temperaiure of 12°C and three animals were run concurrently.

As some of the animals awoke before the full effect of the NA was seen,
i ,

it was thought that the increase in temperatures may no?ihave been due
|

to the NA but to recovery from the anaesthetic. Therefére, the effect

C \ , e i .
of the anaesthetic atone on the two temperatures was recorded in one
|

animal.
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7.3  RESULTS i

7.3.1 Cold-adapted hyraces

7.3.1.1 Expendment 1 : Ta = 6°C

During the acclimation period this group of animals Losfjon average
15 per cent of the initial body mass, despite food and wéfer being pro-
i

vided ad £4b. They also moulted and exhibited pilosrection whenever

observed.

7.3.1.1.1 Rectal and 4interscupular temperatures

In the Three animals, TREC declined when the anaes%hefis%d aniﬁals were
exposed .to 6°C and conffnued 1o decrease atter the saLiné injecticn,
Adminisfrafion of NA appafenfty induced or coincided wffh the onset of
shivering in two animals and consequenfly, TREC and TlSC;sfabiLised or
decreased at a slower rate Thah previously. No increasé in either of
these temperatures was apparent (Fig. 7.1). - In all three animals

TISC followed chénges in TREC almost identically though fISC was always
{ower than TREC. Shivering began in the two animals whén TREC was
33;5°C. The animal that died during Theiexperimehf did not shiver

and showed respiratory distress after the NA injection wjfh a fall in

TREC below 30°C. ' : : ?

7.3.1.1.2  Oxygen consumption

In three animals, administration of saline caused a sligﬁf rise in VO2
' i

of roughly four minutes duration, but had no effect in one. With the

onset of shivering after the NA injection in two animals, VO2 increased
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continually until the animals recovered from tne anaesthetic (Fig. 7.1).
The one animal that survived without shivering showed an increase in
VO2 of 0,033 mLOZ.g*I.h_l afier NA administration which is 19,6 per

cent above the increased level recorded after the saline injection

(Fig. 7.15. 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 Heant rate

NA administration caused an increase in heart fafe of 20 to 25 per cent
above the resting level iﬁ.all three animals, The oﬁsef’of this rise,
affer the NA injecfion;Avafied from one to twelve minutes and the
duration of the increased heart rate was only four'minufes.i In the
animals that shivered, HR either returned to basal level or stabilised
at a rate higher than recorded before the NA»inJec%ion. A tower heart
rate was recorded, af%er the NA'peak,bin the animal that did not

shiver (Fig. 7.1).

7.3.1.2 Experdment 2: Ta = 22°

This group of five cotd-adapted hyraces mainféined'a steady body mass
throughout the acclimafion period, unltike those in experiment 1.
Although they did appear fc shed some fur over the acciimation pericd,

there was no obvious change in their coats as there was in experiment 1.

7.3.1.2.1 Rectal and interscapular tempenatuaéa

Both these temperatures decreased when the animals were under anaesthetic
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but never fell to the low levels recerded in experiment 1, This was
undoubtedly a function of the different ambient temperatures. The
administration of saline héd no marked effect on either tfemperatures,
and any small rise was within the variation recorded before the
administration ofAﬁhe satine (Fig. 7.2). NA affected TREC in fwo of
. the five animals causing it fo increase maximally by 0,05°C above the
rise caused by the saline injection. The significance of this Was
doubtful since the normal variation recorded ih TREC was of the same
order. TISC increased in two animals after NA administration with a
max i mum rise of 0,1°C above the saline effect. Again the significance

of this is doubiful.

'7.3;1.2.2 Oxygen éonAumpiLon

The saline injeciion had a small but unimportant augmenfafivé effect on
the VO2 of three of the fivevhyraces. This occurred frém two to five
minutes after the injection and lasted for roughly four minutes. In
three animals NA administration also increased the VO2 but only one

of these rises appeared fo be noteworthy in view of ithe normal variation
(Fig. 7.2). This increase was approximately 5 per ceni of the base-
Line level Takiﬁg the saline rise into account. in each animal, just
prior fo Waking, VO2 increased erraTicaLLy, but this was probably due
19 the increased oxygen required for the limb movement as the animals
came out of anaesthesia and the greater heat production necessary to

re-establish the normal body temperature (Fig. 7.2).



7.3.2 Non-acclimated hyraces

7.3.2.1 Experdment 3: Ta = 22°C

These two animals maintained a steady body mass while iﬁ captivity,
The response in TREC, TISC and HR to NA administration ﬁas similar to

that following fhetsaline injection (Fig. 7.3) in both ahimals.

Nevertheless, some differences were apparent. In one animal, hoth

‘\
the saline and NA injection caused an increase in TREC and T1SC of
0,2°C and 0,4°C, respectively, with a decrease in HR aff%r NA admini-
. : |
stration (Fig. 7.3). The other ahimal responded to both saline and

l

|
' change in

NA anechons w1Th a small increase in HR and no obvious

l

TREC or TISC. = None of Thesp changes were of any importance.

7.3.3 Elephant shrews

I
\
\
|
|
\
i
|
i
?

The elephant shrews remainec healthy during the period of acclimation

at Ta = 6°C and their body masses remained anrly CTacle‘ The mean

\
i
change in mass was a gdin of 2,3 per cent with ranges for individuals

|

of -12,3 10 +11, 8 per cent. No changes irn the fur were zpparent.
When anaesfheflsed, and at an ambient temperaiure of 12°C TREC was
higher than TISC in all six animals and boTh Temporafures ceclined

sTeadlly with time (Fig, 7.4). The saline injection hag ro effect on
| :
these temperatures unlike the NA injection. With the Latter, a
1

. . , : L L ;
dramatic,rise was recorded and a typical example of this! response is
shown in Fig, 7.4. In all cases, TISC responded 1o The}NA before TREC

and superseded the rectal temperature initially, The tims taken for
»

i
the onset of the NA effect, the maximum increase in temperatures and
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the time from the onset of the temperature increase to the peak, were
variable and the respeciive ranges are shown in Table 7.1.  The

max i mum temperature increése was 15,8°C in TREC. The rectal tempera-
ture of the anaesthetised animal fhéf was not given NA, coniinued to
drop and after 100 minutes reaéhed 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. ‘ . N

7;4 DISCUSSION AND "CONCLUSICNS

Prolonged exposure to low temperatures was apparently siressful for

the one group of hyraces and resulted in é'significaﬁ? loss in mass.

It is difficult to understand why the seccnd 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.fhe first group was not' in 85 good a nufriticonal condition

as the second, having been exposed tc cotd, wet qondifions prior to the |
experiment, while the second group had been eprsed to the warmer and
drier climate of spring and summer. That winter conditions are stressful
to hyraces has been noted by Mendelssohn (1965) and Millar (1972) since
in captivity under natural ctimatic conditions, most deaths occur

during this season. Considering that the two environmental factors



TABLE 7.1 The effect of noradrenatiine (NA) administration on
rectal (TREC) and interscapular (TISC) temperatures in
six elephant shrews, E. edwardi.  (Mean mass 52,5 % 2,3 qg)

n - TREC range - TISC range
Time for onset of NST :
after NA injection (min) 6 9-31 3-19
Max imum iﬁcrease in

temperature (°C) ' ' 4 11,9-15,8 - 13,3-15,0

Duration of NST effect '
from onset to peak (min) 4 52-86 58-86




which are known fo induce Theidevelopmenf of NST are cold temperatures
andia long scotophase (Haim & Fourie, 1980), it would be expected that
the first group of animals; exposad to winter conditions prior to the
experiment, would have developed NST with possible changes in the
pelage and consequent increaséd resjsfance to cold. It may be argued
that in the field, cold-acclimation in winter is a slow process since
air temperatures are not consistently Llow. ' ff, however,a long scoto-
phase induced NST in fhe.hyraces, it would be expected that the first
group of animals would héve developed a greafér resisfance to cold
than the second'group. This was nbf apparent in the present experiments,
since the first group lost weight during cold-acclimation and the
petages of all the animals appeared to be in a similar condition prior
to the experiments. Cohdi?ions of acclimation in the labcratory were
more severe than would be encounferéd in the field, as the animals in
the laboratory had no respite from the consistently Low temperature.
The initial resppnses'fo cold in both exﬁerimenTaL 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 ofrdifferenf texture and length.
It is unlikely that a marked decrease in body‘mass would also occur in
the wild,vconsidering that the animals wquld have an opportunity to

sunbask, even in winter, thus giving intermittent relief from the cold.

Physiologically, cold~adaptaticn resulted in an increased sensitivity
to NA in the hyraces exposed to a Ta of 6°C since an increase in hearf
rate was observed, contrary to the pattern shown in the non-acclimated

animals. This B~adrenergic response did not- appear to have & tharmo--

s
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genic effect however. Unfortunately heart rate could not be récorded
in the cold-adapted animals measured at Ta of 22°C ahd therefore, it is
not knocwn whether the increase in heart ra;e, 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 VOZ’ Tﬁ C 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 sﬁivering and nof NA,

caused the rise fn VO2 and sfabiliéed TREC and TISC in the former group.
The increase in VO2 in_fhe single, non-shivering animal prchably occurred
as a result of the increased contraction of the hearimuscle after the
NA'injecTioh. Nevertheless this had na pronounced thermogenic effect
on }he overall body temperature. A similar increase in heart rate
with a slight but insignificanf rise in VO2 and TREC has also been

found in neonatal catves (Jenkinson et af., 1968) and these authors

have concluded that NA-induced NST does not occur.

In contrast, there can be no doubt as to The'Thermogenic e%fecf of NA in
the cold-adapted elephant shrew and the implication of NA-mediated NST
in the tolerance to cold stress is therefore evident. As the elephant
_shrews were not tested in the thermoneuiral zone the maximal fthermogenic
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 demonsirated by comparison of the increase in metabolism of
cold-adapted mammais, after NA administration in the thermoneutral zone
and at tower ambient iemperatures, Significance is shown by a higher
response at the thermoneuiral femperature than at the lower temperature.

A difference in response arises because there is a maximum ceiling for
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heat producflon in a mammal and therefore a similar max:mum for tne
effect of NA-induced NST. Thus the augmentation of mefabollsm due to en-
dogenous and exogenous NA are additive only until this max imum level of

y

metabolism is reached. Since the increased metabolism ef low ambient
{
1 .
temperatures is near the maximum level and is probably dqe to endo-

genous NA secrefion; the effect of exogenous NA adminisf%afion will be
small. At Thermoreu?rallfy, however, administration of‘an optimal dose

of exogenous NA should cause metabolism to rise to the maX|mum level and
\

a large increase will be observed, unmasked by the effecv of endogenous
NA secretion. This has been graphically illustrated by}Jansky (1973)

t
and is repeated here inFig. 7.5. Therefore, if a-difference in res-

|

ponse to NA at the fwo Tempera?ures is shown, the mechanism of therme-
\

genesis in the cold and Tha+ due to exogenous NA appllea#uon can be con-
J
sidered to be interchangeable and NA-induced 1hermogeneSJs has signifi-

f

- |
cance. |f the responses are similar, the same conclusion would not be
true and may indicate the presence of an alternative 1hérmogenic mech-

anism (Jansky, 1973). However, with anaesfheeia the @echanisms of

heat production are partially inhibited. This was shown in the anaes-

thetised hyraces where the lowest metabolic rates recorqed were _
. . _ _ . . l .
(0,17 mlOZ.g 1.h 1 + 0,07) lower than the basal me?abolic rate in unan—

-1 =1
aesthesised hyraces (0,27 mlOz.g 1.h ", section 6}. Thus in the experi-

ments with the cold adapted hyraces, the lack of a well}derinea thermo-
!

genic respense at exposure to both 22°C and 6°C, despite the anassthesia

and according to Jansky's (1973) rationale, indicates Tha+ NA-induced

\
NST was of no significance. , s
|

. : !
In the case of the elephant shrews, ?he anaesthetic woukn have the same

effecf as in the hyraces and therefore one cen assume 1haT the metabolic

\
\
‘
|
J
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rate, prior fo'fhe NA injection was near the basal level and similar to
that at thermoneutratlity. Thus, with the partial supprecsion of the
normal mechanisms of heai production af'Low ambient temperatures, the
}ncrease in metabolism which caused TREC to rise ca. 15°C, can be
considered to be near fhe max imal rate attainable, and generated by

the NA. A rough estimate of the heat required to increase the body
temperature of a 52 g elephant shrew by 15,8°C in 74 minufés'(acfual
figures for one anfmal in the present experiment) can be calculated

1

assuming the specific heat of protoplasm to be 3,43 J.g~ oc”! (from

Schmidt-Nielsen, 1975). his amounts to a heat producticn of 2,818 kd
in 74 minutes or an incremeni in metabclic rate of Z,19 mLOz.gh1.h~1,
aséuming near perfecf'insutafion.' When the latter figure is added to
an assumed basal metabolic rate of 1,09 mlOz.g—1.h—1 (section 8), the
metabolic rate of the elephant shrew at 12°C at the peak of the NA

T -1

effect would be roughly 3,28 mLOZ.g" .h . .~ Applying the same calcu-

lation to the results from the other elephant shrews, the range of
metabolic rates would be 2,99 to 3,44 mLOz.g~1.h—1. The actual
metabolic rate at 12°C found in section 8 was'3,17 mL02.9—1.h—}. The
similarity of fhé 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 fhe responses of T!SC end
TREC to NA can be explained in terms of the location of. the interscapular
area and the rectum in relation to the major tissues involved in heat

production during NST. Situated in the interscapular arsa is a large



proportion of the brown adipcse tissue of the body. This Tisgue has
a large thermogenic potential and is probably a major source of heat
for animals acutely exposed to cold (Smifh;.196l; Smith & Horwitz,
1969). Thus, in the presehf experimenfrfhe temperature probe in the
interscapular position would have recérded 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; -

henﬁe the time lag in the temperature increases between the two areas.

The extent of the confribufioh of heat by brown adipose tissue to the
Tofal heat generated during NST has not beén firmly established.

Values of 6 to 15 per cent have been giveh by Jansky (1973}, while
Foster (1976) estimated the confribuffon to be approximately 60 per cent.
_NeverTheleés, with cold acclimation brown fat in the rat undefgoes
changes such as hyperplasia, hyperfrophy, an increase in metabelic
activity and vascularisation (Horwitz & Smith, 1971). These changes
together with its rich sUppLy of sympathetic ner?és and high conéenfra—
tions of catecholamines, suggest an imgortant involvement of this
tissue in NST (Flattery & Setlers, i971). Although brown adipose
tissue may not contribute extensively to the Téfalﬂheaf produced in

NST it influences the thermosensitive area in the cervicat spinal cord,
a parf.of the nervous sysiem network which indﬁces either shivering or
non-shivering thermogenesis (Bruck & Wunnenterqg, 1966). Cther areas
which form part of this network are sensors in the sKin, anterior
hypothalamus and a coniroller in the posterior hypoihalamus (Bruck et

al., 1971). Since the interscapular brown fat adjoins the cervical
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spinal cord and vascular connections exist between the two areas, the-

heat produced by this tissue, in response to acute cold, is distri-
buted to the adjoining Thefmosensifive area, The sfim@tus for
shivering is suppressed, in part at least, by warming T&is area, fheref
fore allowing for‘qon—shivering heat ﬁroducfion. Only;af very low

temperatures when the heat from the brown fat is insufchienf to warm
the cervical spinal cord, does shivering beginl(Jansky,;1973).

;
Alfhough NA does not indUEe the same Thermogehic responLe in large
mammals as in.small mammals, clearly seen in the preseﬁf study, the

increased metabolism at low ambient temperatures in the former cannot

be assumed to be due to shivering alone. The abilifyfof sheep to

increase their basal metabolic rate after cold achimafion, without

. |
shivering (Webster et al., 1969 from Chaffee & Roberts, 1971) and

i

withcut showing a thermogenic response to NA (Webster ét al., 1969)
|

indicates that other mechanisms are involved in cold-adaptation. The
same may be true of the hyrax and other mammals such a% miniature pigs
(Bruck et al., 1969) that do not show NA-mediated NST.; With the data
available at present, however, it may be concluded Théf although some
B-adrenergié respense was evident, NA-mediated NST wag insignificanf

in the adQLT, cold-adapted hyrax, P. capanéia. Shivéring appeared to
be a more important form of heat produéfion at low améienf temperatures.
The possibility, however, that NST occurs in neo~na.ai hyraces or in
hyraces with reduced insulation, as has been found ingrabbifs shaved of

their fur (Heroux, 1967), cannot be excluded. In ifs response ic cold,
P. capensis behaves as a large mammal, relying on increased fur



inéuta*ion, piloerecticn, shivering and behavioural mechaqisms such as
huddling and the selection of a favourable microclimate for the main-
tenance of homeothermy. hus in the evolution of the hyrax from a
large size some 30 million years ago (Bond, 1964; Brain & Meester,

1964; Cooke, 1964) to the smaller présenf day form, it is apparent

that amongst ofher.physiologicat factors, the response‘fo cold,
characteristic of a larger size, has been retained. The elephant shrew
E. edwanddL on the other hand responds to cold adaptation in a way that
is typical of small mammé[s. With the restrictions imposed on
insulation by its small size and its sof?Tary existence, the elephant
shrew has-recourse o 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 anofhe;, common to
'many.smatl.mammals, is hibernaffon. While 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 aﬁd probably shivering at lower ambient fempera*ufes for

the maintenance. of homeothermy.



SECTION 8

]

 TEMPERATURE REGULATION AND WATER METABOLISM

IN THE ELEPHANT SHREW ELEPHANTULUS EDWARDI
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8.1 INTRODUCT ! ON

-

Despite the common occurrence of the genus Eﬁaphaniufué in sdufhern
Africa and the general interest in an animal of unusual Lineage end
affinities, the phyﬁiology of any species within the genus, with respect
to energy, water metabolism and temperature regula?ion, are unknown.,
Systematically, the traditional placement of the family of elephant
shrews, Macrosce{ididae,iwifhin the Insectivora and iis controversial
association with the Tupaiidae gives rise to speculation about the
above physiclogical parameters. Does the elephant shrew have the high
metabolic rate and high body temperatures characteristic of shrews of
the family Soricidae (Mbrrison & Pearson, 1946; Fearson, 1947, 1948;
Morrison, 1948; Gebczynski, 1965; Platt, 1974)7 Does it have a low
body temperature and low metabolic rate as do hedgehogs of the family
Erinaceidae (Shkolnik & Schmidt-Nielsen, 1976; Hildwein & Malan, i970;
McNab, 1978) or is the body temperature low and labile with mefabolic
rates near or stightly lower than predicted for eutherian mammals, as is
shown by the Tupaiidae or tree shrews (Nelson & Asling, 1962; Yousef
et al., 1971; Bradley & Hudson, 1974; Whittow & Gould, 1976)7
Furthermore, in view of the semi-arid to earid distribution of the
species ELephantulus edwardi, what physiological adaptations exis? to
.enable it to tolerate these conditions? The general paffern‘of
adaptation to arid environmerts as seen, for example, in hedgehogs and
heteromyid rodents is a low metabolic rate and high renal efficiency
(Shkolnik & Schmidt-Nielsen, 1876; McNab,197955. Does the elephant

shrew follow this trend? -
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in The.presenf study, | have examined the femperature regulation,
energy and water metabolism of ELephantufus edweid(, the Cape elephani
shrew, in an-affempf to anéwer some of the questions posed above and
to giQe further information which may help to clarify the systematic

position of the Macroscelididae.

8.2 METHODS AND MATERIALS

Seven adulfhEZephaniuﬁuA edwardi X Four females, three males, mean mass
49,8 * 3,1 g ) trapped in the Clanwilliam district (32°11'S, 18°52'F)
and the Rocoiberg Mounfains (33°28'S, 21°15'E) of the Cape Province,
South Africa, were used in this study. Animals were housed individ-
ually in glass tanks in a terperature-controlled room é; 27°C with a
12-hour light period. They were fed ad £ib. cn a commercially manu-
factured cereal mixture (Pronutro), mixed with water (539% carbohydrate,
22% protein, 6% fat on a dry basis —~ manufacturer's analysis). Vita-
mins and minerals were added to provide é balanced diet for human
nutrition and this ration was fed every evening while mealworms were
provided once a week. - Drinking water was always available. At
least three weeks were allowed for the an{mals to become accustomed to
captivity before any experiments were initiated. The four animals

from Clanwiliiam had been in captivity fcr three months.,

X Animals were identified according to the criteria given
by Corbet & Hanks (1968).



8.2.1 Body temperature

Deep body femperéfure (TB) was measured at ambient iemperatures (TA)
ranging from 10°C to 40°C using a copper-constanian thermocouple in-
serfed 2,5 cm info_fhe rectum, At each new TA the animals were

allowed four hours:(excepf at TA of 40°C, when three hours were allowed)

to become thermally equilibrated before TB was recorded.

8.2.2 Oxygen consumption

Non-fasting, resting mefabolic fafe was measured at ambient fempera-
fures ranging from 10 - 39°C usfng a flow-through system. ~ During
oxygen consumﬁfion measurements the animal was housed in a water-tight
perspex chamber., This was fitted with a grid, on which fthe animal
rested, above a container of liquid paraffin to cover any faecesAQr
urine voided during the experiment, Chamber temperature (TA) was
recorded by meané of & Thermocoupte-sea{ed info the chamber. The
housing was submerged into a Temperafure—confrolted water bath and

dry air at the same temperature as the bath passed through the chamber
at a flow rate of 300-mL.min_1. Air leaving the chamber passed
through a tube of fine silica gel and soda asbestcs to remove moisiure
and carbon dicxide 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-
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of the outflowing air every iwo minutes. At each new WA’ an hour was
! .

- . : i
allowed for ecuitibration of the system before anvy meaguremenfs were

|
|
or at least one

taken and thereafter oxygen consumption was recorded f

. : !
hour. The mean oxygen consumption at each TA was calculated and
. i

corrected to standard temperature and pressure. Readings tasken while
i 1
’ i

the animal was active were discarded. On completion of measurements

at a particular TA the animal was removed from the chamber and rectal
f
|

|
|

r

temperature (2,5 cm deep) was recorded immediately.

' 8.2,3  Evaporative water loss

Evaporative water loss (EWL) was measured while measuring oxygen con-
N I : -~

sumption. A preweighed capsule containing fine sitica gel was incor-

. porated into the air flow system immediately after THe metabolic
) 1

I
chamber, !t was removed after half an hour and reweighed. The in-
I

crease in mass was assumed ic represent EWL, Twec measurements were
- |

taken at each temperature, Recovery was tested and: found o be 90%
; .
|
|
t
|

8.2.4 Thermal conductance i

Thermal conductance at each T, was calculated using the formula

D — 1
He = BHL (pawsen and Schmidt-Nielsen, 1966)
Tx S

cC =

\
I
i
|
i

i
i
|
I

|
|
1
|

L
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1
|
{
1
|
L



206

Where C = conductance, J/cm?.hi. °C
HP = metabolic heat production, J/hr (assuming 1 ml 02 =
20, 1J)
EHL = evaporafiveAheaf loss, J/hr (aséuming‘f mg Hy0 =

2,34 J)
T = temperature difference between ambient and body, °C

S = surface area, cm?, where S 5'10 x Mass (9)0’67.

r

8.2.5 Water turnover rate

- Water turnover rate (WTR) was measured using the isotopic dilution
feChnique.(Richmond'et aﬁ., 1962; Holieman & Dieterich, 1973; Yousef
et al., 1974}, Six animals of mean mass 48,971 5,7 é weré kept |
individually in stainless steel cages at 25°C with 1Z hours Light.

They were fed on Pronutro.which initially contained 80% water but afier
24 hours under expefimenfal conditions this evaporated to 45%. No

free water was provided. Body mass was recorded daily.

Each animal was injected intraperitoneally with 25 pCi tritiated water
(TOH) made up in saline. 25 pCi TOH were also added tc a flask cen-
taining 50 ml wafer.. The flask was sezled until the end of the

- experiment when ihe radioacfivi?y‘of fhe.solufion was measured, and

the value obtained used as a standard to calculate fhe total .body water
of the animals. WTR was calculated from changes in TOH concentraiion
in consecutive urine sampies; When uvine was voidéd, it was collected
imnediately from fthe surface of a sheet of parafilm;beneafh each cage,
the time of urination noted and the urine stored frozen in sealed

capillary tubes for analysis at the end of the experiment. - Cne
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sample of urine was collected each day for at least four days. At the
end of the experiment 20 ul urine were added to 5 ml Packard insta Gel
scintillation cocktail andlfhe radiocactivity measured using a Packard
liquid scintillation counter (Model 3385)., A Wang 700 bench top
computer, programmed to corfecf for quenching, was used fo convert CPM
to DPM.,  The DPM values for the urine of all animals were plofted as a
fuhcfion of time on a single graph using semiiogarifhmic paper. A
least squares regressioh.ana[ysis was used\;o determine the equation

which best described the data. Total bedy Wafer (TBW) was calculated

using the prepared standard as follows:

TBW = 'b b
DPM
ao
where Vb" = volume of standard
DPMb = radioactivity of standard . ’ '
‘DPMao= intercept value of the regression equation.

Absolute water turnover rate and biotogicel half-time were calculated

using the method of Yousef et af. (1974),

After this initial experimehf two animals were placed on the same cereal
diet, but with less water (70% inifially‘which was reduced to 43% after
24 hours at 25°C), for an additional five days. Urine was collected
és above and body mass recorded daily. WTR was calculated assuming

TBW to be the same as in the first experiment.
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8.2.6 Renal function

Each animal was housed in & metabolism caée placed ovér a sheet of
pérafilm and constant conditions of 25°C and 12 hours' Lighting main-
tained. In order to assess the maximum éoncenfrafing capacity of the
kidneys, the animais were initially fed ad Lib. cereal contzining 80%
water which was reduced to 45% water content after 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 was
recorded daily., After feeding, the first urine voided by each anima(
was’immediafely collected from the parafilm-and the osmolality deter-

mined. The rest was stored frozen in sealed vials for lafer analysis.

8.2.7 Urine analyses

Osmolality was determined Using a vapour pressure micrc-osmomeier (Wescor,
model 5100B) and urea concentration using the spectrophotometric meihod
cf Chaney and Marbach (1962). Chloride‘concen+rafion was determined

by & mbdificafion of Asper and Shales titration with mercuric nitrate

for micro-amounts (Smith, 19%6) and sodium and potassium concentration

using a flame photometer (instrumentation Laboratcry, model 243).

8.2.8 Relative medullary thickness of the kidneys

At the end of the above experiments all animals were killed with pento-

4
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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

kidneys. Relative medullary thickness was calculated according to

Sperber (1944).

8.3. RESULTS

8.3.1 Body temperature

Thé elephant shrews were able fo maintain a stable bbdy temperature at
TA between 10 - 35°C (Fig. 8.1). Below 35°C a mean T, of 37,6 * 0,38°C
was recorded. At TA above 36°C the animals became hyperthermic, TB

. rising with T,, but TB remaining above TA even at 40°C. At the highest

A’
experimental temperature (40°C), the shrews lay prostrate with bellies
against the ground and exhibited open-mouthed panting. No fur-
lLicking behaviour.fook place, but the animals occasionally Licked their
noses which twitched excessively. Blooa vessels in the ears zppearea

more prominant, No fluid loss through the nose or mouth was observed,

The lowest experimental temperature (10°C) did not induce hypothermia.

8.3.2 Okygen consumption

During measurements of oxygen consumption (VO?) the elephant shrews

were inactive for Llong periods, thus facilitating measurement of resting
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metabolic rates. At the thermoneutral zone between about 32,5°C

and 36,0°C (Fig. 8.2) the lowest mean metabolic rate of 1,09 20,13 ml O

-1 _
g .hr ] was reccrded. This is 76% of the predicted eutherian

2

rate according to Kleiber's (1961) equation. As TA decreased below the

lower critical temperature, metabolic rate increased. The regression

T -1

equation which described this relaticnship was VO2 (mL.g— .hr 7Y =

4,330 - 0,097 TA (°C) (r2 = 0,825). Extrapoletion of this line
intercepts the x-axis at a TA of 44,6°C which is much higher than:the

normal Ty of E. edwardi. The intercept yatde of 4,330 ml.g"].hr_l at

T, = 0°C is approximately four times as high as the minimum metabolic rate.

A

Mztabolic rate also increased above 356°C.

8.3.3 Evaporative water loss

At TA between 10 and 30°C, the rate of evaporative water loss (EWL)

' -1 -
remained fairly stable at e mean value of 2,02 * 0,35 mg HZO.g " hr 1

(Fig. 8.3). Within *he thermonsutral zone, EWL began to increase and

reached a maximum of 5,89 mg HZO;g—]

. at 38,3°C the highest
experimental temperature. EWL per unit of oxygen consumed (VOZ) and
the proportion of metabolic heat lost through evaporation as functions

of T, are shown in Fig, 8.4. Values of.2,34 J/mg H,0 and 20,1 J/mt 0,

A
were used 7o convert EWL and oxvgen consumption to thermal units.
At TA of 30°C, EWL per VO2 was high (1,99 % 0,48 mg H20/mL 02) and

the heat lost through evaporation at this temperature represented
approximately 20% of the metabolic heat produced. The maximum amount

of heat lLost 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 T, of 10°C to 35°C surface-speciftic, sensible thermal

>

conductarice increaéed from approximately 0,84 to 1,13 J/cm?.hr,°C

(Fig. 8.5). Af.higher TA’ a more marked increase was shown, conductance
reaching a maximum:of 4,64 J/cm? . hr.°C at 38,3°C. Thus effective
vasomqfor control is indicated by the increased conductance (reduction

. in tfotal ihsuLTafion) above the thermoneutral zone and the small

decrease below the lower ‘critical temperature.

For comparative purposes, the miﬁimal thermal conductance was calculated
using the slope of ihe line relating metabclism to air temperature at

' TA below thermoneutrality (0,097 ml O2 /g.hr.°C). Since the line
did not exfrapo[afe to a temperafure; on the abscissa; equal to the
body temperature, and therefore the value of the slope is an uncer-

estimate of minimal thermal conductance (McNab, 1980Q), *the correction

“equation below was appliéd:

CM/cc = 0,060 (§T3 + 1,0 (McNab, 1980

where Cp

= corrected minimal conductance
C¢ = fitted slope using the least squares method
§T = overestimate of T

Thus the corrected minimal conductance was 0,138 ml. 0,/g.nhr.°C which is
as predicted (97,2%) by the equation relating minimal conductance to
body mass:

0,50

Cm (ml 0,/g.hr.°C) = 1,0 x mass (g) °’ (McNab & Morrison, 1963).
2’ 502
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8.3.5 Wafef turnover rate

On the diet initially containing 80 per cent watfer, the iregression
equation which described the TOH activity in the urine of E. edward{i as

=0,020de () (12 - 5, 9265).

a function of time was TCH (DPM) = 41454 t
The total body water (TBW), biological half Time (t%) and daily water
turnover rafes of the animals, calculated froh 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 énimals showed a slightly positive Qafer
baiance, gaining approximately 3 per cent of the initial body mass
after four days. In tfhe second experimenf, on a lower water intake

~ both animals lost weigh* (approximately 3 per cent and 8 per cent)
(Table 8.1). A 3 per cent gain or loss in mass may be considered
negligible as WIR is affected by only about 0,3 ml/day. The WTR of
the two animals on the lowér Qa*er intake, when corrected for loss in
mass were 7,51 and 6,35 ml/day. The WTR of fhé animals on the higher
water intake was double that on the lower and therefore the diet
initially containing 80 per cent water must have provided water in
excess of that required by tne animals, resulting in water diuresis
and consequent elevation of WTR. Thus the diet initially containing
70 per cent water would seem tc be nearer the actual water requirement
oif E. edwardi with a WTR of epproximately 7 ml/day. From the equation
relating WTR 1o lean body mass (L.BM) (Hollemar & Dieterich, 1973} the
pfedicfed WTR of approximately 9 ml/day is slightly higher than the

actual rate of E. edward4{ at moderate ambient femperatures.
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8.3.6 Renal function

Alfhough the iniTiaL_cereaL diet provided was different in composition
fromrThe natural insectivorous diet, the elephant shrews remained
healthy with a mean change in mass of 1,9 per cent over the experimenta
period. Over the period of water restriction the meah loss "in mass
was 16,6 per cent, with only one death which occurred bn the fifth day
of this period, the animal‘havingnlosf 22,5 per cent cf its initial

body mass.

On the initial diet a mean urine osmolality of 1265 = 347 mosm.kg-1 was
recoéded,‘buf it cannot be assumed that this value reflects the normal
hydrafed condition since excessive water was contained in the food (see
WTR). Osmolality, however, increased progressively o?er the period

of water restriction reaching a mean maximum of 3118 % 267 mosm.kg”]

on the last day of the experiment when water was wifhhéld (Fig.‘8.6).
The mean urine urea concentraticn which was initially 1024 = 346 mmol.1
rose concomitantly with increased osmdlatify‘and reached a mean maximum
concentration of 2446 % 211 mmol.1 ' on the last day of water
‘resfricfion (Fig. 8.6). Clearly urea exerts a major influence on the
~osmolality of the urine. The initial concentrations of urinary
eLecTroly%es, sodium (71 * 31 mmol.1"1), potassium (172 £ 32 mmoL.1"]
and chloride (103 * 26 mmoL.1—1) increased when water was.reduced,
becoming approximately twice as high as.fhe initial concentrations
(Fig. 8.7). The mean maximum concentrations over the period of dehy-

draticn were sodium 150 £ 50 mmol. 1 ], potassium 337 ¥ 52 mmol.1 ° and

chloride 217 %t 24 mmol.f-1 (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 thioughout

both expérimenfs.

~

8.3.7 Relative medullary thickness of the kidney

-

In the freshly dissected kidney of E. edwardi & single renal papilla

was present which exTend?d into the ureter to the outer limits of the
Juxtaposed renal cortex. The mean kidney mass was (0,266 * 0,033 g

"~ and relafive medullary thickness inclusive of the papilla was 6,61 £ 0,84
(n'= 14)., From the relationship between relative medullary Thickhess
and maximum urine concentraticon in other mammals reported by Yaakcbi

and Shkolnik (1974), the kidney of E. edwardi should be capable of
préducing a more concentrated urine than the maximum conceniration

actually found.

8.4 DISCUSSION

8.4.1 Bedy temperature and oxygen consumption

In the natural environment of EﬂephdniuﬂuA edward{ the temperature con-
ditions and water avai{abitify in suhmer are Typicaf of semi-arid tc
arid areas. Climatological data from the Clanwitliam area show mean
mon?hLy max imum shade temperatfures of 32,3 énd 31,2°C for Januery ano

February, the hotfest months, respectively and mean monthly rainfalls of



3,2 and 8,6 sm for these months. Whereas heat and aridity are the
major climatological stresses auring summer, in winter water may oe
abundant and daily_fempera?ures more moderate, Nocturnal tfemperatures,
however, fall from approximately 14°C in summér to around 5°C in winter
with occasional freezing temperatures and snow. The thermal stebitity
shown by E. edward{ in the laboratory implies a fhermoregﬁlafory
capacity adequafe for these conditions, Howéver, 24 hourly measure-
ments were néf taken and it is not known if fhese animats show forpQr.
Nevertheless, the recorded stable body temperature of 37,6°C lies
within the range of 326 ~ 38°C expected fo; typical eutherian mammals
(Schmidt-Nielsen, 1975), morphologically "primitive" mammals usually
ha?ing bocy temperatures that are labile or maintained at a lower level
than that shown by E. edwardL (Dawson, 1973).  Amongst the Insectivora
there is a tendency towards low body temperatures as in the family
Erinaceidae\or hedgehogs with body temperatures of 34 to 35°C (Shkolnik
& Schmidt-Nielsen, 1976) and the Tenrecidae or tenrecs wffh a body
temperature of 33°C (Hildwein, 1970). The tree shrews (Tubaiidae),
however, have low body Témperafures during the day (ca. 35°C) but
nocturnal temperatures, when active, aréund 37°C (Bradley & Hudson,
1974; Whittow & Gould, 1976). Sﬁrews of the family Soricidae appear
to be exceptions with high body fempera?qres, bu+ measuremen+ of
resting or basal temperatures in these highly active animals Isrdiffi—

cult and the validify_qf these data has been questioned (Dawson, 1973},

Although &. edwardi has a high body temperature compared to other
insectivores, resting mevabolic rate is below that predicted for

placental mammals cof their body mass. in Table 8.2 the body tempera-
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tures and metabolic fafes of various spscies within the Inseciivora

are shown, Within each family there appears fo be & large variation

in the metabolic rate ranging from beLow.fhe predicted to fthe predicied
value, with only the Scricidae having higher metabclic rates. The
value for the elephant shrew fails wffhin the ranges shown for the
Tupaiidae,.buf in view of the wide variation in metabolic rates shown
for the latter family and the lack of furfhef data for ihe Macrosceli-
didae any cénclusion made concerning the relationship beiween-fhe fwo
families would be preméiure. - Although E. deaidi appears to be closer
to the Tupaiidae in its méfébolic rate and temperature regutation, i+
differ§ from the free shrews in maintaining a stable, high body
fémperafure a’r_TA below fhermoéeufrati?y. Nocfufnal body femperatures
were not recorded in the elephant shrews, but since they appeared aéfive
during_parf of the night it seems unlikely that body femperature would
drob, as it does in the Tupaiidee during the day‘whennfhe animals are

inactive,

-In fact, the vé[ues forvbody temperafture and méfabo[ic rate 'recorded

in the elephant shrew should not be used to show taxonomic effinities
since they are similar to many fnorma[” eutherian placentals. It is
acknowledged that the lower than predicted metabolic rate of E. edward4
could be considered "abnormal" circe a similar situation haé'been
associated with "primitive" mammals such as fhe monotremes, marsupials,
tenrecs and hedgehegs (Dawson, 19733, This is not necessarity a
primiffve condition, however, as it is well documented thal resting or
basal mefabotism is correlated with the overall environmental

-

condifions an animal experiences {(Shkolnik & Boru+, 1969; Hart, 197%1;
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Hudson ef ak., 1972; Shkolnik & Schmidt-Nielsen, 1976), In particuler
‘a low metabolic rate is found in many 'advanced' mammals inhabiting
areas with hot, dry climates, examples being several desert roden+s
(Shkolnik & Borut, 1969; Hart, 1971). Thus the low metabolic rate

of £. edward{ can.be corsidered as a possible adaptation to the arid
conditions of itfs 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. edwarddi employs the same physiological mechanisms normally used by
mémma[s for the maintenance of hcmecthermy both at low and high
“ambient Temperafures. At Llow ambienf-femperafures-heaf'producfion.is
augmented and peripheral heat loss reduced., At 10°C the metabolic
rate increased three-fold above minimal level and as-émbienf fémperafure
- decreased below_the Lower crifi§éL temperature, thermal conductance
decreased slightly, As thermal conductance is inversely related to
the total insulation of an animal, vasomotor confrot.and fur insulation
must have contributed to the maintenance of a constant body tempera-
ture.  Total insulation is an important factor for a small animal

with a Lérge 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 exiranotation 6f the metabol ism
on air temperature curve meets the abscissa at a value greater than

the body vemperature, then the response to a fall in ambient temperature
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- involves both physical and'ghemical thermereguiaticn. Théf is, the
response is a combinafionAof increased metabolism (chemical thermo-
fegulafion) and decreased conducfance.(physical thermoregulation).
This appears to be the case for E. edwards, the implication being

that physical fhermoregulaiion alone is inadequate fof the maintenance
of homeofhérmy. The same situation, however, is true for many small
mammals (McNab,-1980) and in view of fhel}endency to lose heat rapidly
due to the ré[afively large surfacelarea, small mammals may be expected -
to rely, for some exiteni at least, on.chemical thermoregulation in the
cold. The fact that the minimal thermal conductance of E. edward4
-was as predicted for its size, indicates that it is asjefficienf as

other placental mammals in its physical thermeregulation in the cold.

At hich ahbienf temperatures, eveporative cooling appears to be an
important avenue of heat loss in elephant shrews., Even at 30°C
evaporative water loss per unit oxygen ccnsumed was higher than found
in most desert rcdents (MacMilien, 1972) exceptions being Acomy;
caharndinus and Acomys russclus (Shkolnik & Borut, 1969) which have
similar levels of evaporation as E. edwardi. With increasing heat
load at ambient femperatures above thermoneutrality, evaporative water
loss increased, the heat lost through fhjs means amoun}ing to 54 per
~ cent of the metabolic heat produced at 38°C. It is possible that
this percentage would have increased at 40°C as open-mouthed panting
ana ncse-licking behaviour was observed. ‘r red kangarcos, Megaleia
aufa ticking of the well-vascularized forelimbs has been shown fo aid
in heat dissipation {(Needham et af., 1974) and the licking behaQiour

~of L. edward{ may have the same function if a superficial vasculer
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néfwork was- shown to exisi in The nose. Vasodiletion in the extrem-
ities as observed in the ears and postural changes are reflected in

the increased conductance &t the high ambient temperatures. Abcve
thermoneutrality, however, the high heat load was not totally dissipated

and an increased body tempersture was tolerated.

8.4.2 Baskfng behaviour

At present the rble of basking behaviour in E. edward{ remains
speculative. Nevertheless, heat uptake through basking, at low and
moderate ambient temperatures, reduces the need for metabolic heat

producfion'fhereby reducing energy expendiiure.

- 8.4.3 MWater aconomy

Although the insectivorous elephant shrew is ensured of a constant
supply of water by virtue of the high water content of its dief,vfhe
protein-rich nature of this diet demands a relatively high urinary.
water loss, Additional demands on the waier stores of the animal occur
in the hot, dry summers when water is necessary for evaporative

cool ing. Examina+ion of the water turnover data for E. edwardi show
that on a diet with 70 per cent water initially, the weater turnover

rate was lower than piredicted for an eutherian of its mass. The low
water furnover rate can be corretated with the éemi—arﬁd to arid
'envfronmenf inhabited where conservaticn of water is necessary.

Water siress, however, would be somewhat ameliorated by the high water
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content of the iﬁsecfivorous diet. Assuming that aniinsecfivorous
diet contains approximately 70 per cent water, the reéu[fs indicate
that E. edwardi may be able to exist without free dri%king water in
moderate ?empgrafure conditions., At high ambient fe&perafures,
however, ‘the incrcased water loss fo? evaporative cdoéing would require
physiological and behavioural adjustments to prevent éehydrafion.
Physiotogica{ compeﬁsafion fcr water loss through evaﬁorafion may be
accomplished by ihe produéfion of a concentrated uriné. " This is shown
in E. edwardd with maxfﬁum urine concenfraffon in the laboratory of
3118 mosm kg—1. Although fairly high, this value is lower than
maximum concentrations found in insectivores adapfedifo semi-arid or
a?id conditions. The hédgehogs Exdinacecus europaews {(mesic),
Paraechinis cethiopieus Odeserf) and Hemdechdinus auﬂiqu (semi-arid)
had max imum urine'concenfrafions.of 3062, 3634 and 40{0 mosm kgv_“a
respect ively when dehydrated on & high profein diet (Yaakobi & Shkolnik,
1974). A higher maximum concentration of 4250 mosm gg_1 has been

- recorded for the nocturnal, insectivorous desert rodeﬁf Onychomys
Lorndidus when dietary water was reduced and salt solu{ion provided as
drinking water (MacMillan, 1972). These results are?nof directly
comparable to those for E. edward{ as salt and profeid loading are
known ToAincrease the maximum concentration of the urfne in several
mammals (Schmidt-Nielsen et af., 1961). The high re@afive medul lary
thickness of the elephant shrew's kidney is indicafiv% of a greater
concentrating ability than was showﬁ in the LaboraforQ and is similar
to that of #he’semi~arid adapted hedgehog H. awritus 4Yaakobi &
Shikolnik, 1974). Although the maximal electrolyte céncenfrafion of

E. edward{ urine was roughly in accordance with that %xpecfed on the
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basis of relative medullary thickness, urea concenfra}ion was markedly
lower (Schmidt-Nielsen & Q'Dell, 1961). In view of the high protein
content of an insectivorous diet a highef,urinary ureé concentration

and osmolality would be expected under more naturat conditions.

That E. edwardL isrenfirety insectivorous has besen questicned earlier
in this thesis, since in the laboratory, fhey will eat dry seeds and
grain. Thé question then arises whether an omnivorous diet is the
norm for this animal ei}her throughout the year, or whether there is a
seasonal preference for one type of food over another, The availa-
bility of grain and insects would probably determine the diet iﬁ the
field and in this respect, insects fénd to be less numerous in the
winfer seasdn, 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, I f, however, fhe reliance on seeds for food
0ccuréed in winter, water wouLdAprOBabLy be available and therefcre

not consfifufe a problem for Thé animal., TheAsame water turnover in
winter as in summer woJLd still be possible. These ideés are specu-
Lative, however, but do provide some indication where further work is

required.

8.5  CONCLUSIONS ' |
- | |

It is evident that ELephaniulus edwardd has physiological mechanisms,
|

t
|
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comparable to the most 'advanced' eutherian mammals, ﬁhich enable it

to maintain homeothermy and to cope with harsh condifﬂons'encounfered

l
in ifs environmenf. The extent to which these mecha@isms must be
employed depends largely on the behaviour of The'animét. In this.

respect crepusculer feeding would be advantageous since selection of

moderate femperafure conditions for activities requiring greater

energy expenditure reduces hesat stress and ekcessive wkfer loss.
Diurnatl basking may be an addifjonal eﬁergy~saVing me%hanism associated
with crepuscular or nocturnal activity. However, unﬂil further
information is avaitable concerning the behaviour of EE edwardL in

The field, the interplay and relative cgnfribufion of %hysiological

and behavioural mechanisms towards its adaptation to the environment

cannct be elucidated further.




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 ofi?hese L%mifafions
.are,-however, partly offset by various behavioural, ph%siological and
anatomical features of the animal - the adaptive mecha&isms which enable
the animal to make the best possiﬁle use cf the resourées évailabte and
therefore to survive fhé particular sfresses‘associafeé with that

environment.

I
|
|
1
I

The nutritional status of any herbivore is partly determined by the
energetic and nutritive value of the focd it eats and {his in furn
|

depends on the composition of the herbage and the effect composiftion
has on the digestibility and quantity of food inges%edﬂ Since the
|

composition and quality of forages are affected by %he;qualify of the
soil, seasonal variations in femperafure, insolaticn aﬁd rainfall and
the phenology of the plants, these are also pivetal factors which set

the Limits on energy and nutrients available to the animals,
- i

_Living in the semi-arid and arid areas of the Cape Province with freqguent
droughts and seasonal extremes of temperature, the hyrax must tolerate

a harsh, unpredictable climatic environment. Morecver, the poor
nutritive quality of the vegetation typical of Teble Mdunfaianandsfone

areas could exacerbate these harsh conditions.  Although it is not

possible to describe the precise nutritional environmeni which Prosavia

s |

capensis must tolerate, owing to its wide distribution ‘and the varying

|
!
1
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vegetation types of the Cape Province, in the southern 'and western

Cape this species tends to inhabit mountainous areas wﬁich are covered
by two major veld types - the Mountain Rhenosferbosveld and the False
Macchia or Fynbos (Acocks, 1953). The nuiritive valué of these vege-

. ' |
tation types in the southern Cape has been studied by Joubert et al.
' |

(1969), Stindt and Joubert (1979) and Joubert and Sfin&? (1979} with
’ |

the general finding Théf Theée two veld fypes are defi@ienf, in terms
of the standard requiremgnTs for ruminants, in profe!niand minerals,
parfi;ularly phosphorus,'calcium, manganegé and zinc eﬁfher throughout
the year or. in the dry season only. Crude fibre Leve@s in the plants
are often above 30 per cent (dry matter baéis) with é%ide protein
levels varying between 3 and 7 per cent in the dry sea#on (Joubert &
Stindt, 1979). Apart from the inherently poor nufrif%ve quality of
the herbage, the well-developed thorns on some of the é[anfs and the
reputedly high levels of secondary compoundé, bcth repélian? To'brows—

ing animals, are. further stresses. that the hyrax must ﬂolerafe or

overcome. |
' i
|
|

The initial approach in this thesis was to examine Thesenergefics of
i

the hyrax by evaluating the food and energy intake andii?s subsequent

assimilation. It was established in section 2 that rélafive to its

size, the food and energy intake of the hyrax was Low,gbofh in the
labbrafory and in the field; The fnferreléfionship b%fween pretein

and éere fibre content of the food influenced the dry%maffer intake,
with high crude fibre levels aiso diminishing the effiéiency of QEgesTion

of other fcod components and consequently reducing the efficiency of

energy assimilation. In general, however, the diges%fbiti?y of crude
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fibre was relatively high and comparable to ruminant-like herbivores,
though the breakdown was not as effeﬁfive as iq 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

sized eutherian mammals.

The ability éf the hyrax 1o digest cellulose‘was due to the unigue
sfrucfure of its digestive system with at least two but possiblv three
major areas of microbial fermentation, where high concentraticns of
volatile fatty acids were recorded (secticn 3), Fermentation in the
moéf proximal section, the extensible cardiac sac of the stomach, was
unusual and éppeared to be similar to a silage fermentation system
~with acetic and lactic acids predominating. The more distal sifes of
fermentation }n expanded regions of the large intestine showed concen-
trations and proportions of volatile fatty acids comparable to caecal
and rumen fermentation in non-ruminanfs and ruminants respectively,

It was esfablisﬁed in section 3, however, that fhe metabolism of the
hyrax differed from that of ruminants asAiT was dependent on glucose
rather than volafiie fatty acids as a precursor for energy production,
Furthermore the depot fat of the hyrax con?ained high levels of

unsaturated fatty acids characteristic of non-ruminant herbivores.

- Censidering that the major food competitors of the hyrax are the larger
ruminants such as the klipspringer, which also occupy a mountaincus
habitat and in some areas, domestic sheep, it is essential 1hat 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 the ruminants. _ Also,
some .separation would be attributable to }he range over which the animals
browse, In this respect the necessity to remain closé to the rock
crevices as a predafor evasion sfrafegy restricts the rangé over which
the hyrax can feed; therefore Limiting the forage available tc them.
Although somé overlap may exist, the ruminant has no such restriction
over ifs.broWsing area. In view of the restricted feeding range,
hyraces may have io Tolérafe lower quality vegetation. Some
chéracferisfics of the nutritional and digestive physiology of the hyrax
would partly offset this disadvantage. The catholic dietary habifs

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 enough food to meet

its nutrient requirements. In the face of -a depleted browsing or
grazing area, the small migfafory mermenfs of the cclony would alsec

allow exploitation of new, richer food resources.

-Under droﬁghf conditions, however, the Qegefa?ion 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 végefafion of érifical 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)

retative to the ruminant, may become an advantage. Since the food

intske and rate of ifé passage through fhe ruminant digestive tract
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iéAlimiféd by the particle size of the digeste within ithe rumen,
fibrous or lignified planfsvwhich take a long time to be broken down,
even with rumination, restrict the food intake of the ruminant. The
hyrax, however, nof.having the same limitatvions on particle size, may
be able to process relatively more food allowing the coarse undigested
structural maferialzfo be voided. . Digestive efficiency mey be low
but nevertheless, the Low energy reguirements (sections 2 and 6) may
still be fulfilled in this way. Furthermore, the low nitrogen
requirements of the hyrax (Hume et af., 1980) has obvious survival

value in the face of poor quality vegetation.

Atthough the mineral metabolism of the hyrax was not exahined in depth,
the patterns of excretion of calcium, magnesium and phosphorus were
esfablished in section 4. The renal pathway was fhe'major route of
calcium excretion, appearing in the urine as a ca[ciuh carbonate
'precipifafe and suggesting an effic{enf celcium absorption mechanism

in the alimentary tract. Magresium excretion tended to follow the

‘. same pattern as calcium, thcugh the major pafhway for magnesium
excretion dependea on the guantity ingested. Phosphorus, however, was
éxcrefed mainly through the gastrointestinal ftract, The excretion of
all three elements in the urine depended on ‘the dietary intake and,
despite the unusual pathway for calcium and possibly magnesium
excrefjon, norma[ mammal ian levels of the three elements occurred in

the plasma, bone ahd,soff tissues. In view of the deficit of calcium
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and phosphorus in the vegetation of areas inhabifed_by the hyrax, an
efficient calcium absorption mecharism in the gut would allow t.?
hyrax to fulfil ifs requirements. - The me}abolism of these three
elements in the hyrax remains relatively unknown, however, and since

it appears to be raﬁher exceptional, deserves further attention.

Compounding the stresses of poor quality vegefa+ion, particularly in
~summer, is the leck of wafer. The hyrax, however, has a low water
turnover rate even when drinking water is aVailabLe, as well as &

low water requirement, giving credence to the poputarly held belief
that the hyrax can exist without drinking water. In this respect,
niflwas shcwn in section 5 that the plants availabie to the hyrax in
-fhe wet season could supply it with all its water requirements, though
in the dry season, only planfs with moisture levels higher than the

4

average would suffice. Nevertheless fthe ability of the hyrax io
reduce the water turnover rate and to +olera+e.a substantial decrease
in body mass in response to dehydration (Rubsamen & Kettembeil, 1980)
would favour survivat during a dry season. Recycling of sodium and
chloride in fthe renal counter-current system with the ccnsequent

- reabsorption of water was undoubtedly part of the mechanism responsible
for the low water turnover rate of the dehydra+ed hyrax (section 51},
though faecal and evaporative water losses can also be reduced (Louw

et al., 1973; Rubsamen & Ketftembeil, 1980), in view of the Low
sodium content of planis the efficient reabsorption of this ion into
rfhe body is clearly advantageous, The extent to which water
expenditure can be minimised, however, cepends 0 a large extent on the

behaviour of the animat, Thus avoidance of high ambient temperatfures



which promote evaporative water loss and the inactive life style of
the hyrax both feduce the use of water for evaporative cooling and

are conservative mechanisms in terms of water expenditure. Further-
more, the humidity of rock'crevjces is usually higher than the
surrounding air at high temperatures (sec#ion 6) and would probabily be
augmented by the collective respiratory wafér loss of a group of
hyraces huddled in the crevice. Water consefvation of individuals in
a group ma; {herefore be enhanced by such behaviour, but careful field

work is necessary to substantiate this suggestion.

The inactive Llife style and behavioural thermoregulation are also
imbortan. aspects of the energetics of the hyrax. ‘IT was shown in
section 2 that the low metabolizeble energy intake in the laboratory
was commensurate with the low basal metabotic_rafe shown in section 6
énd that the iﬁcrement of the energy cost of free existence over the
basa! metabolic rate was 1,83. It was deduced, however, that cf this
“increment, that porticn of energy required for activity, thermoregula-

tion and production in the wild was low {section 2),

The low energy cost of 1herﬁoregulafion can be éffribufed 7o the extensive
use of behavioural thermoregulation rather ihan a reliance on physio-
logical regulation. Despite the fact that P. capensis is & good
physioloéical thermoregulator maintaining a high stable body ftempera-
ture of 37,2°C in the laboratory, in the field exploitation of sclar
radiation while basking, augments the body temperature during the day.
Shuttling between the sun and shade keeps this temperature stabie.

Metabolic heat production to maintain the higher body temperature is



therefore obviated and in the absence of insolation a reduction of
body‘fempefafure to the lower level recorded in the laboratory, again
is a mechanism to avoid exffa energy usage. Huddling within the
crevices at low ambient temperatures does not have any profound effect
on body Temperafure:buf reduces energyvexpendifure by virtue of the
lowered .metabolism at the higher ambient temperature of the enclosed
area. It would not seem to be of any advanfage for the crevice
temperature Té be increased beyond thermoneutral temperatures of the
hyrax and possibly Thermoﬁeufral femperafures‘would set the Limit on
the number of animals that would huddle in & crevice of set volumas.
Further work in this respecf, particularly 'in the field,would be of

ihféresf.

The physiological responses of P. capensis to Low ambient temperatures
(section 6) differed from those of several cther speciés of hyrax in
that a stable boqy temperature was maintained rather thar the thermo-
lability reported for all other species éxcepf The‘alpine hyrax Procavia
fohnsioni (Taylor & Sale, 1969), Effective vascméfor control and
probably pésfural changes and piloerection which reduced thermal ccn-
ductance at Low ambient temperatures were responsible, in part at least,
for the sfabilify of body temperature in P. capenéié. Since this
species lives in a more exireme climatic envirconment than the more
tropical species of nyraces, experiencfng colder condifigns as well as
heat comparabie to that in the trepics, the high siable body temperature
and the relatively low Lowér critical femperature can perhaps be

" considered adaptations to a coclder envircnment. it is possible,

however, that at temperatures below 5°C, which were nct tested in this

-~
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study, P. capensis may show some lability in body temperature, but in
view of its huddling behaviour and the effect this has on the crevice
temperature, it seems unlikely fhat hyracés in the wild would be

exposed to such low temperatures for long periods or time.

I+ has been suggested that the low basal metabolic rate of the hyrax may
~be a vestige from the larger size of the ances%ral hyraces and the same
may be said of the absence of'non—shivéring thermogenesis in the hyrax

. (section 7). Evidence in support 6f 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 guggesf that the larger forms necessarily gave rise 1o the present~
day hyraces. Secondly, it seems unlikely that such a fundamental
characteristic would be retained as a physiological vestige wivh no
adaptive advantage. Indeed, low basal metabolic rates have a positive
value for animals Lliving in-arid environmenf§ and in the case of the
hyrax may be the undertying factior responsible for the low water iurn-
over rate and ihe low food intake. The reason for the lack of ron-
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 so well geared towards selection of
favourable temperatures even fo fhe'exfenf of creating its own favour-
able microclimate within the crevices, fhaf it seldom hes to contend
with extremely cold temperatures. Changes in thermal conductance by
behavioural means may be sufficiently adéquafe to enable the animai 1o
cope with moderafely Low temperatures, particularly it allowed fo

huddle with others of ithe colony. Shivering could then provide the
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metabolic heat necessary at ThQse infrequent times when the bounds of
thermal conductance prove inadequate. Assuming *he same huddling
behaviour to be characteristic of the ancestral forms already Lliving in
rock crevices, there may have been no selection pressure for the
development ofbnonjshivering thermogenesis. Further long-ferm studies
of the reactions of hyraces to the cold in the field are needed to
"provide conclusive evidence for the above sugges*ibn, however.

In contrast, the elephan?tshrew; Eﬁephantuﬂuévedwaadi, relies heavily
on non—shivering thermogenesis in the cold (section 7). Being a small
animal it has rela?fvely_timifed control over heat loss at low air
Teﬁpera?ures in view of its large surface area. Furthermore, if has
no recourse to behavioural thermoregulatory mechénisms such as huddling,
being a solitary animal. While the microclimate in a crevice would
provide some advantage in this respect, it is not as s%ab[e or éffec**
ive as the microglimate in enclosed burrows which many small mammals
utilize andehich require adaptations in these burrowing animals tc
high temperatures (McNab, 1979). Thus,.for the elephant sihrew, effect-
ive physiological mechanisms of heat production and regulaticn, such

as non-shivering thermogenesis and increased metabolism at low tempera-
tures wifﬁ a minimal thermal conduciance 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 low resting and

therefore low basal metabolic rafe and a high, stable bcdy temperature



supporting the earlier'suggesfion that these are adaptations to the

arid environment of both animals.

Although the wafer.%urnover rate of the elephant shrew is lower than
predicted for its ;ize (section 8), it is relatively higher than in

the hyrax Qhen The:differenf\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\accépTabLe explanation. An insectivorous diet has
a.High water content and despite the high protein conitent, does not
demand as fkugat a water expenditure as does an herbivorqus diet.

Like the hyrax, however, the elephant shrew avoids intense solar
radiation by its inactivity at midday and its crepuscular habits, thus
ameliorating excessive water expenditure for evaporative cooling.
Furthermore, although the renal function of the elephant shrew is
Aeffecfive in producing urine with as high_an osmolality as the hyrax,
the elephant shrew does not consé;ve electrolytes when dehydrated, &
possible reflection of the insectivorous diet where Thé availabilifty of

essential ions, such as sodium, is not a limiting factor.

It is inferesting to compare the presenf.findings of the basal metabolic
rates and minimal thermail conductances of Procavia capensis and ELephant-
wbus edwardd with those of McNab (1979) in fossorial and burrowing
mammats. Neither of the iwo present species lives in enclosed burrows,
but the crevices can be considered similar to cool open buriows.

McNab (i979) has shown that fosscorial rodentfs greater than 80 g in mass

usually have low metabolic rafes and high minimal thermel conductances,



while those less than 60 g have high basal metabolic rates but thermal
conductance depends on whether they live in cool or warm burrows. He
has also shown that turrowing mammals whfch spend appreciable periods
out of the burrow heve similar metabolic fa%es to fossorial mammals.
The hyrax cqnforms to the pattern of a low metabolic rate of larger
burrowing mammals such as hedgehogs, armadillos and ground squirrels
(Fig. 9.1, bufvhas a minimal fthermal conductance lower than the hedge-
hog, aardvark and armadillo which have relatively high ?Hermal conduct -~
ances, apparenfly to reddce heat storage in their burrows (Fig. 9.2)
(McNab, 1979), The hyrax may not conform to this pattern for +hree
main reasons, Firstly, The crevices may be cooler than a deep burrow
sygfem, therefore requTring & low thermal conductance to minimise heat.
loss. Secondly, by virtue of its huddling behaviour which would
provide gocod insulation for individual animals, a high minimal thermal
conductance would be unnecessary. Thirdly,'fhe hyrex is active during
the day while the larger animals used in McNab's (1979) report were
nocturnally active. Thus, the creviées 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 (resting) intermediate
between the high basal metabolic rate of burrowing mammals which Live

in coolrburrows and the Low basal metabolic rate of those Lfviné in
warm,burrows. ~That of E. edward{ appears to be similar to desert
heteromyids which do not follow the usual pattern of fossorial or

burrowing small mammals (Fig. 9.1). McNab (1979) suggests that the low
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metabolic rates of heteromyids are independent of their bu}rowing
habits but may be an adaptaiion to the desert environment, 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
regulation in the elephant shrew is typical of small mammals and the
crevice can be considered simitar to a cool burrow. In view of the
lack of use of bﬁrrows br crevices by elephant shrews with a more
tropical distribution, the exgloitation of rock crevices by E. edwatdd
vaﬁd probably E. myurus seems to be an adaptation to the climatic

pressures of its more extreme environment,

This thesis was undertaken to invesfiga%e‘?he energy and water meta-
bolism of the herbivorous hyrax, Procavia capensis and the insectivor-
ous elephanfvshrew, ELephantulus edwardd in relation to the environ-
ment in which they live. The hyrax has an extremely econcmical energy
and water budget by virtue of its extensive userf behavioural thermo-
regulation, long periods of immobjlify and a gregaricus life style.

The availability of food, however, Limits the number of animals that
can live in a given area.' Consequenfty, in view'of‘fhe greater
abundance of plants relative to insects, herbivores are more suited to
gregarious living than iqsecfivores.in contrast to the hyrax, the
insectivorous elephant shrew is a solitary memmal and relies extensively
on bhysioiogica[ mechanisms of thermoregulation. Wafgr 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 content cf the
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insectivorous diet. Thus, the work reported here has illustrated
some of the mechanisms that can be used by animals living in an arid

environment to exploit the different and limited resources available.
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