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Plate 5. The open crypts of the caecum surface epithelium of X. inauris.  opn
crypts= P, mag 100x.

Plate 6. The simple tubular glands (crypts of Lieberkuhn) of the 'colon of X.
inauris, regularly arranged in rows. S=glands; E=muscularis externa,
mag. 100x.
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Microscopic _morphology

Stomach

With the exception of the epithelium, X. inauris possess a typical mammalian
stomach tissue plan (Dearden 1969, Madge 1975). The non-glandular corpus
and fornix ventriculi are covered on the lumen side with numerous papillae
lined with stratified keratinized epithelium. The Tunica muscularis of the
corpus and fornix consists of an inner circular and outer longitudinal muscle
layer (Fig. 16). The Grenzfalte separating the glandular and non-glandular
regions is keratinized on the corpus side and glandular on the opposite side
(antrum) (Plate 1). The corpus (surface area= 1506,8 + 102,0 mm?) is
significantly larger than the glandular antrum (surface area= 7149 + 1410

mm?) (t=14.28; df=10; P<0,001).

In the glandular antrum, the passage of foodstuffs is delayed and food is
subjected to enzymatic and hydrolic action of gastric juice. The antrum is lined
by simple columnar mucus-secreting epithelium containing gastric pits which dip

down to form glands (Plate 2).

Three distinct gastric regions, the fundic, cardiac and pyloric gland regions can
be identified. The Tunica mucosa of the fundus was found to be the thinnest of
all the stomach mucosa regions (t= 4,5; df=11; P= 0,001). Furthermore, the
fundus consists of simple and branched tubular glands with mucoid cells on the
upper sides of the foveolae. The mucus that is excreted protects the fundic
glands from the hydrolic action of the HCl (hydrochloric acid). The chief
(zymogenic) cells produce the gastric enzymes and the parietal (oxcyntic) cells

at the body of the pits of the glands, elaborate HCL
The Tunica mucosa of the compound tubular glands of the cardiac region is

comprised of simple columnar, mucus-secreting cells, which is similar to the

other three proper gastric regions, excluding the fundus area (Fig. 19). The

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



113

cardiac Tunica muscularis was 0,691 + 0,11 mm wide, and intermediate in the

range of stomach muscle widths.

The distal pyloric region, consisting of simple, short branched tubular glands,
secretes mucus and enzymes. Although not significant (t=1,9; df=11; P= 0,077
t= 1,5; df=11; P=0,089), the Tunica mucosa and muscularis layers of 0,607 +
0,14 and 0,907 + 0,18 mm respectively were found to be thicker than the
cardiac stomach region (Fig. 19). The pyloric sphincter consists mainly of

smooth circular muscle.

Small intestine

An abrupt change in the character of the mucous membrane occurs at the
gastro-duodenal junction, where gastric pits are replaced by villi. Proximally the
duodenum is thicker (t=29; df=11; P=0,001), as large and numerous tongue-
shaped villi protrude from the numerously folded plicae. Intestinal crypts are

prominent (Plate 3).

The jejenum is similar to the duodenum but villi are thinner, smaller and fewer.
Villi in the ileum are finger-shaped and less numerous on fewer plicae. The
epithelium consists entirely of goblet cell and other epithelial cells such as
Paneth cells. The Tunica mucosa is significantly thicker (F=12,89; df=28;
P=0,001) than that found anywhere in the intestines (Fig 20), while the Tunica
muscularis is thinner, although not significantly so (t=1,92; df=28; NS) than all
the parts measured (Plate 4).

The secretions of many glands are added to the food material in the lumen of
the small intestine. These glands are of three types: the intestinal glands, the
submucosal glands (Brunner glands) and the glands situated outside the
digestive tract (liver and pancreas) but passing their secretions into it’s lumen

by a duct system (Banks 1986). Intestinal secretions contain bile, enzymes
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KX} Tunicamucosa [ ] Tunica muscularis

T

Corpus Fundus Cardiac Pyloric

Fig. 19. Thickness (mm) of the Tunica mucosa and Tunica muscularis of the
stomach of X. inauris. Bars = SD.

X Tunica mucosa [] Tunica muscularis

Duodenum lleum Ampulla Corpus Colon

Fig. 20. Thickness (mm) of the Tunica mucosa and Tunica muscularis of the
hind gut of X. inauris. Bars = SD.
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(lipase, maltase and peptidase) and mucus, which reduces the molecular size of
food material. Absorption of amino-acids and lipids takes place via the

intestinal epithelium.

Caecum and colon

The ampulla ceci a blind-ending sac, is the thickest portion of the caecum
proper, owing to a significantly thicker (t=2,88; df=11; P=0,05) Tunica mucosa
and muscularis (Fig 20). Simple, thin tubular and wide-open glands or crypts of
Lieberkuhn, are arranged regularly and secrete mucus (Plate 4). The Tunica
mucosa and muscularis of the corpus ceci is thinner than that of the ampulla
but the Tunica mucosa is morphologically similar to that described for the
ampulla. Digesta enter the caecum in a semi-fluid state, and become semi-solid,
the consistency of faeces in the colon. Apart from functioning in fluid
absorption, protozoa and bacteria are present, promoting fermentation of

fibrous digesta. No digestive enzymes are secreted in the large intestinal parts.

The proximal colon Tunica mucosa is thicker than that of the caecum ampulla
or corpus (Fig 20). Plate 6 illustrates the wide area of columnar epithelium and
goblet cells of the Tunica mucosa, forming some elongated crypts giving the
colon an appearance much like the ileum. Towards the rectum the intestinal
glands become short and disappear in the anal canal. Absorption of water from

the faeces takes place in this region.

The mean times of occurrence of 10, 80 and 100 % of the plastic markers in the
faeces during the winter trial were found to be 5,5 + 1,9; 21,5 + 2,1 and 32,0

+ 1,0 h respectively. This was significantly faster (t=2.9; df=14; P <0,05) than
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the summer trial of 9 + 2,5; 32,0 + 4,0 and 40,0 + 5,5 h respectively (Fig 18).

A mean retention time of 30,2 h was calculated from the integrated average
time between marker ingestion and excretion. The time interval between the
first and last appearance of plastic pieces for both winter and summer trials

averaged 7,0 + 0,5 h and 38,5 + 1,5 h respectively.

DISCUSSION

Hypsodontic molars are indicative of herbivory and, as postulated by Vorontsov
(1962), such molars facilitate grinding more fibrous foodstuffs. X. inauris has
a stout skull with inflated bullae and a single premolar is present in each jaw,
followed by three hypsodontic, laminated molars (De Graaff 1981). They are
herbivores, making use of the best available foodstuffs and during the cold-dry

winter, their diet becomes more fibrous (Chapter 3).

The transit time of food stuffs with low fibre content in porcupines (H. africae-
australis) was between 23 and 64 h (Van Jaarsveld 1983), which was comparable
to the 30 to 44 h found for X. inauris feeding on a low fibre diet. The faster
transit times of food in winter acclimatized squirrels were a result of a higher
intake of food during the winter trial due to higher metabolic needs. Rapid food
passage depends on the kind of food available together with its digestibility and
can have many advantages. The ability to consume, digest and excrete food in
a short time would mean that X. inauris would have more energy available for
eg. an emergency response. Fast passage rates could be associated with the lack
of hoarding behaviour. If the animals had slow passage rates, then a glut of food
might enhance tendencies to store it for later consumption (Chapter 4). For X.
inauris the cost of activity during winter increased by 32,0 % and this extra
energy demand had to be balanced via ingestion of more fibrous foods and roots

as well as efficient digestion (Chapter S5). The possibility of a slower passage
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rate cannot be excluded, but the potential enlargement of the caecum with its

fermentative action on the cellulose is more likely during such times.

The unilocular hemi-glandular stomach of X. inauris, is believed to be a
primitive condition from which the more complex bilocular discoglandular form
evolved (Carleton 1973). The stomach is cornified with the glandular region
divided into three areas. This makes it more complex than it appears when
investigated superficially. The papillated cornified areas greatly increase the
surface area and are comparable to those found in T. paedulcus, Mystromys
albicaudatus (Perrin & Curtis 1980) and C. gambianus (Knight & Knight-Eloff
1987). The incisura angularis was shallow and no sacculation occurred, as in
Saccostomus campestris (Perrin & Curtis 1980). However, over two-thirds of the
squirrel stomach mucosa was non-glandular. Two opposing theories exist for the
function of the non-glandular corpus in myomorph rodents. The corpus may act
as a fermenting forestomach (Vorontsov 1962) or function as a storage chamber
where initial and prolonged breakdown of carbohydrates by salivary amylase
may occur (Carleton 1973). The latter of the two suggestions is probably
applicable to X. inauris. Irrespective of the fact that no fermentative bacteria
were detected in this area, with our present knowledge, fermentation could not
take place at a pH of 4,5. This large stomach could further be important for
maintaining a continous flow of digesta down the tract and could effectively
reduce the total foraging time. Proteolytic degradation and some carbohydrate
digestion probably occur in the glandular stomach as was found for two
cricetomyinae species (Perrin & Kokkinn 1986). The stomach contents of X.
inauris had a mass of 3,4 % of the body mass, which is lower than the 6,5 %
reported by Van Jaarsveld (1983) for the porcupine, but higher than the average
of 2 % for Otomys species (Perrin & Curtis 1980).

The small intestine length is similar to that of P. palliatus tongensis (Viljoen
1980) which is an omnivorous tree squirrel, living predominantly on fruit.
Herbivory has been linked to longer small intestines (Vorontsov 1962, Schieck

& Millar 1985), but a study on rodent digestive tract morphology, established
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that very little wvariation in small intestine length occurred in 19 different
species, although 21 % of them were herbivorous and 79 % omnivorous (Perrin
& Curtis 1980). Therefore one could argue that, as environmental conditions
change, subtle differences should rather be monitored at the microscopic level.
Numbers and height of papillae, glandular pits and villi could possibly change
in size to enhance or reduce surface areas, thereby influencing digestion and
especially absorption of end-products, without necessarily increasing the gut

length.

The X. inauris duodenum could be identified by it’s abundant leaf-shaped villi.
In the ileum and jejenum, histological differences were slight making a clear
distinction between these areas impossible, however, the jejenum region has
fewer and thinner villi. Considerable digestive activity may occur in the lumen
of the intestine, even though no digestive enzymes are secreted by the intestine
itself (enzymes that are secreted is known as the succus entericus and originate
from the pancreas and liver). Rodent small intestines are all basically the same
and conform to the normal mammalian pattern of a short duodenum leading

from the pyloric stomach, and the longer jejenum to an ileum.

The caecum of X. inauris is a large fermentative vat, implicating its possible
wider nutritional significance. In contrast, S. carolensis, a granivorous squirrel,
(570 g) (Schieck & Millar 1985), possesses a smaller caecum but larger colon
than X. inauris. S. columbianus, a herbivore, has a large caecum which is
comparable to that of Xerus in size. The ampulla ceci with its thick wall
appears to act as a sorting chamber for digesta, directing them from the ileum
into the corpus ceci or away from the corpus ceci into the proximal colon, as
was found for the rabbit (Oryctolagus cuniculus) (Bjornhag 1972) and giant rat
C. gambianus (Knight & Knight-Eloff 1987). Wide open crypts in the corpus
ceci, similar to those found in other rodents (Snipes 1979, 1981, Knight &
Knight-Eloff 1987), enhance absorption, and specifically water absorption as a
conservation factor, through enlargement of surface area (Chapter 7).

Furthermore, the detection of protozoa in the Ilumen underlines the
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fermentative action on fibrous digesta in this region. Apart from the role of the
caecum in furthering digestion and absorption, its structure appeares to be
influenced by its phylogenetics, being closely linked to that of other
Sciuromorpha (Gorgas 1967).

In general the caecum is known to be flexible and can enlarge macro- and
microscopically (Parra 1978). This classical concept and that most herbivores
possess a well-developed caecum has been upset by striking exceptions such as
the lack of a caecum in the giant panda (Ailuro melanoleuca) a carnivore
which developed subsequently a herbivorous way of life (Davis 1964). Within
the Rodentia several carnivorous species such as Deomys and Hydromys
(Behamm 1973) possess caeca. Snipes (1979) concluded that phylogenetic
factors also determined the potential development of the caecum, but that it in
turn could be affected by factors such as changes in available foodstuffs and
dietary habits. Although such changes could not be measured during the
present study, it is assumed that this feature could be of great importance in X,
inauris when food resources change or diminish in an unpredictable

environment.

The colon functions as an area where water and electrolytes are absorbed and
is associated with fat deposits. Here the pellets are formed and stored and the
abundant mucus-secreting cells lubricate their passage. As in other arid-adapted
species (Forman & Phillips 1988) water recovery and conservation by X, inauris
during periods of water shortage, could be simulated during some water
deprivation experiments (Chapter 7). Faeces of squirrels were reduced in
quantity and were drier when animals were water deprived. Although no
coprophagy was observed, caecotrophy, i.e. the ingestion of normal faeces and
recycling of microbial protein in the foregut of X. inauris could not be excluded.
In other rodents this form of ingestion has been observed and was stimulated
by season, the type of food eaten and adverse feeding conditions (Cork &
Kenagy 1989, Woodall 1989).
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Summg‘ ry

The idea that rodents are fundamentally herbivorous was negated by Landry
(1970). He suggested they were omnivorous at first, becoming specialised

towards insectivory and herbivory, opposing Vorontsov’s (1962) ideas. The
evidence of specialization in the gut of X. inauris, although not equivalent for
the various parts, could be the result of functional compensation (Vorontsov
1962). The fairly complex stomach may compensate for the less specialized

caecum and hindgut. Adapted herbivores do not possess extreme degrees of
specialization in all proportions of their digestive systems. Thus it is possible
to conclude that the compensated organ might become the compensating one
(Perrin & Curtis 1980). If such adapted herbivores are compromised by a
sudden change of habitat and climate, they may be able to adapt by
transformation of certain parts of their gut. The lack of water, comparable
passage rates with other monogastric mammals (Parra 1978, Milton 1981, Van
Jaarsveld 1983, Chilcott & Hume 1985) and large fermentative caecum,
provides flexibility in utilizing different food types in the event of food
depletion or shortages. X, inauris are opportunistic feeders colonizing the semi-
arid to arid areas of Africa. They show some specialized adaptations towards
herbivory in their stomach and caecum morphology. No major specializations

are found in the digestive tract of X. inauris, however the stomach is divided
into a storage and acidic unilocular hemi-glandular organ where absorption of
soluble sugars can enhance the availability of energy, and the caecum is large,
and contains protozoa and bacteria for fermentation of cellulose. During
adverse periods of low rainfall when the herbage is dry, fibrous and nutritional

levels are depleted, X. inauris could possibly survive on such foods by

fermenting them in the large hindgut.
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CHAPTER 7

WATER TURNOVER IN FREE-RANGING AND LABORATORY
ACCLIMATIZED SQUIRRELS.

INTRODUCTION

Two essential resources required by animals are energy and water. Together
they compose the main selection pressures in terrestrial environments (Edney
& Nagy 1976). Animals in an arid environment need to minimize their water
expenditure. Water is continually lost from the bodies of animals through
evaporation, respiration and excretion and this loss needs to be balanced by
water intake via oxidation of food, water in the food (eg. succulent plants and
insects) and from drinking. Furthermore, the capacity to concentrate urine and
minimize urinary and faecal water loss, in conjunction with lowered respiratory

water loss contributes to the maintenance of a positive water balance.

Numerous studies (mainly on rodents) have revealed that small mammals,
particularly those in arid environments, employ elaborate physiological and
behavioural mechanisms to conserve water. Elaboration of these water
conserving mechanisms tends to be inversely related to the availability of water.
Some studies have included water turnover experiments in the wild, but most
have been carried out in the laboratory (eg. McNab & Morrison 1963,
Macmillen 1972, Macmillen & Christopher 1976, Zervanos 1977, Grubbs 1980,
Withers, Louw & Henschel 1980, Degen 1986, Buffenstein 1985a & b,
Buffenstein & Jarvis 1985a).

Rodents, being burrowers, avoid the extremes of desert environments. inauri
occupy burrows in a variety of habitats ranging from the mesic northeastern
Cape to the semi-arid Kalahari desert (De Graaff 1981) (Chapters 1 & 2).

Seasonal climatic variations are common and squirrels must contend with hot
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mesic summers and considerably colder, very dry winters. To these small
herbivorous mammals that are active throughout the year, such contrasting
seasons impose numerous demands in terms of energy and water. High summer
temperatures may restrict activity and increase water loss through evaporation,
while the lower winter temperatures probably increase energy requirements.
Water and energy availability, however, would be reduced owing to a decline in
food quality and quantity. Apart from being burrowers avoiding the heat and
cold, Marsh et al. (1978) found that X. inauris have very efficient kidneys

reflected in a high urine:plasma concentrating ratio.

The following two broadly based questions were then asked:

1. Is there a large seasonal variation in water metabolism in free-ranging X.
inauris ?

2. To what extent can water deprived captive X. inauris change their water
conservation mechanisms ?

To answer these, a study was carried out primarily to measure patterns of
tritiated water turnover rates, hematocrit percentages, urine osmolarity and
faecal water contents of X, inauris living under natural and laboratory

conditions, Winter acclimatized squirrels were used in the laboratory study.

The discovery of tritiated water (HTO) as a useful chemical for measuring total
body water (Pace & Rathbun 1945) enabled the study of daily water exchange
and overall state of water economy of an animal. Using HTO, one can measure
the rate of body water utilization per day, including intake of water and
metabolic water. Rates of water influx (WI) and efflux (WE) in free-living
animals are determined with ® H labelled water by monitoring the decline in
istope activity over time. As the animal loses labelled water by evaporation and
excretion, this is replaced by unlabelled water from the food, free water from
drinking and oxidation and the specific activity of the isotope is reduced
(Grenot & Buscarlet 1988). To apply the isotopic water method several
assumptions are made : 1. the experimental subject is in a steady state of body

composition, ie. that total body water (TBW) is constant; 2. isotopic water is
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distributed rapidly and uniformly throughout the body; 3. isotopic * H is lost
from the body as water; 4. neither isotopic nor non-labelled water enters the

body through the lung or skin surfaces (Holleman, White & Luick 1982).

METHODS AND MATERIALS

Th n _free-livin irrel

X. inauris were captured during four different periods between 1987 and 1990
in the dry Nossob riverbed during the hot-wet summer in December 1987; the
cold dry winters of July 1988 and August 1989 and the hot, dry summer in
January 1990 (Chapter 2). Immediately upon capture each animal was identified
by a colour code painted on its flank with mercurochrome and/or gentian violet.
Their mass was measured with a Salter balance to the nearest gram and their
sex noted. During subsequent recaptures their weights were taken to establish
if the animals were maintaining a steady-state, as radical shifts in mass are

indicative of a water imbalance (Nagy 1975).

On initial capture each squirrel was injected intraperitoneally with 0,1 ml HTO
per 100 gram body weight (1 aCi per ml distilled H,O activity). After the initial
injection 40 min were allowed for the isotope to equilibrate with body fluids
before 350 ul of blood from clipped toes were collected into 70 al heparinized

capillary tubes. Validation of this period was done on two adult squirrels, a
male and female, before the study commenced and it was found that the CPM

counts of HTO stabilized 40 min after initial injection.

Subsequent blood samples collected in the same manner, were taken from these
squirrels two, four and six days after injection. Animals were recaptured and
always released immediately after weighing and blood sampling. Captivity
trauma was reduced to a minimum by darkening the capture cage and animals

were released immediately after being weighed and bled.
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After centrifuging blood samples for three min, packed cell volumes were
measured. The capillary tube was then broken and the clear plasma collected.
Plasma was transferred from collection capillary tubes to calibrated
micropipettes and an exact volume of plasma (40 ml) was then added into a
standard liquid scintillation vial containing 4 ml toluene/butyl PBD/PBDO
scintillation cocktail and thoroughly mixed. Counting was done on a Hewlett

Packard 1500 scintillation counter.

Standards of tritiated water were added to measured volumes of water in a
manner identical to the blood samples and counted. A blood sample was taken
from each squirrel before the injection of the isotope, to be counted as

background.

To check whether any inspiration of HTO took place between members of
squirrel groups, two unlabelled squirrels of every group monitored were also
captured at two, four and six day intervals and blood samples taken. These
blood samples were also treated as described above. The CPM counts were then
compared with initial blood CPM’s of labelled squirrels and any differences

subtracted from calculations of subsequent CPM’s of the specific group.

The initial percent body water contents and water turnover rates were

calculated using the linear assumption of water increase or decrease with time

as calculated by Nagy & Costa (1980):

ml H,O flux = 2000 (W,-W ) In(H, W,/ H,W,)
kg/day M; + M,)In (W,/ W)t
H = counts per minute (CPM) per unit volume of body water, corrected for

background CPM; W = is body water volume in milliliters; M = body mass in

grams.

Environmental and burrow temperatures were monitored during the four study

periods. Rainfall was continually monitored at Nossob camp and at the study
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area during the four year study period (Chapter 2; 4). Combined rainfall figures
of three, nine and 12 months prior to HTO experiments on free-ranging
squirrels were correlated with several parameters such as water flux, hematocrit

percentages and TBW.

Faecal water content was determined from faeces of field squirrels excreted
during the captured period. Faeces were immediately weighed and oven-dried
at 60° C to constant weight. During the study in the wild, several samples of the
plant species squirrels were observed to feed on were collected and dried to

obtain water content.

During July 1988 eight squirrels were sacrificed to obtain samples. Kidney
masses and dimensions (width and length) were taken. Urine samples were also
collected from the bladders of these animals to determine osmolarity with a

Wescor OM-230 B osmometer (Scientific Associates, Cape Town).

The laboratory study

During January and August 1989, two sets of six acclimatized squirrels were
trapped near Nossob camp. During January (hot-wet summer period), animals
were taken to the laboratory where they were kept under natural photoperiod
at day and night room temperatures of 29° C and 22° C respectively. The
experimental group captured during August (cold-dry winter period) was kept
at 18° C during the day and 10° C at night. Squirrels were housed individually
in stainless steel cages with shredded paper for nesting material and animals
were fed a dry rodent ration (Cerebos Food Corp. Ltd., Wadeville) mixed with
water so that the mixture contained 81% water by mass during both the January
and August experimental periods. These squirrels were fed the diet immediately
after capture for 6 days at Nossob camp. The squirrels were then transported
to the laboratory where their water turnover was measured over another 6 day

period. The rodent ration energetic value was 16,3 kJ/g. A gram of the ration
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contained 16 % protein, 54 % carbohydrates, 15 % fibre, 8 % fats and 7 %

minerals. No ad lib water was provided.

Squirrels were injected within two days of arrival with HTO and subsequent
blood samples were taken three and six days later. These blood samples were
centrifuged and plasma analysed for radio-activity as described for the free-
ranging study. Simultaneously the digestible energy expenditure, urine excretion
and osmolarity were measured for the six day duration of the isotope
experiment. Food consumption was determined by initially (first two days before
the HTO experiment started) supplying a known quantity of food (always
saturated with 81 % water) but in excess of daily requirements. All food
quantities given to squirrels in the digestion trials that followed were similar,

using this information.

After the six day HTO experiment was completed, a 15 day nutritional trial
followed in the laboratory, testing the percentage apparent digestibility, urine
excretion volumes and osmolarity of squirrels. These were fed the rodent ration
containing five different water percentages ranging from 71,0 % to 45,0 % This
ratio of deprivation was chosen to ensure total deprivation of 26% within 7
days. During the first three days of the experiment, the diet was mixed with 71,0
% water, the following three days it was mixed with 66,0 % water, followed by
three days containing 63,0 % water, followed by three days of 55,0 % water and
finally the last three days the food contained 45,0 % water. Unconsumed food,
faeces and urine (covered with liquid paraffin) were collected daily. Each urine
sample and its mass and volume were noted. Faecal water content was
determined by oven drying at 60° C to constant mass. Before each three-day
food change, squirrels were weighed to check for mass changes. Food, faeces
and urine samples were converted to energy equivalents using an adiabatic CP
400 Calorimeter (Gallenkamp). Benzoic acid with an energy content of 26, 43
kJ/g was used as a standard. Urine samples were freeze-dried before being
pelleted for energy content measurements. The water intake of squirrels could

be calculated from the water present in the food eaten. Digestible energy
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assimilated as kJ/g/day (DEA) was calculated as (energy content of food x mass
of food consumed per day ) - (energy content of faeces x mass of faeces
produced + energy content of urine x mass of urine produced).

Apparent digestibilities (AD) were calculated as AD = GEI - DEA / GEI (100)
(Robbins 1983) (GEI = gross energy intake; DEA = digestible energy

assimilation).

All values are presented as means + standard deviations (SD), with the number
of observations ’n’. Statistical tests were either t-tests, paired t-tests where
appropriate or standard linear regressions (SAS 1988). A probability of less
than 0,05 was taken as the level of significance. The ANOVA procedure was

used to test for significance between sexes, seasons and treatments (SAS 1988).

RESULTS

Climate

Field study

Mean maximum summer temperatures averaged well above the winter mean
maximum (t=3,9; df=10; P<0,001) (Chapter 2). Rain never fell preceeding and
during the study periods and no free-standing rainwater was available to the
ground squirrels. However, during the summer of 1989/1990 the summer rains
failed and the veld was exceedingly dry. This had a profound negative influence

on the vegetation (Table 25).
The results from free-living squirrels are presented in Table 25. As no

significant differences were apparent between water turnover rate and sex of

the squirrels, the data on males and females were pooled (F=0,03; df= 21;
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P=0,8719). All squirrels tested were adults and changes in body mass were not
significant between the different seasonal studies (F=1,9; df=21; P=0,269).
The average changes that did occur never exceeded 2,5 %. However, body mass
was positively correlated with the flux of water (ml/day) (r=0,37144;
P=0,0516).

The highest water flux was recorded in the hot-wet summer of December 1987
(Table 25). The rainfall of three months prior to the HTO experiments
correlated positively with the water flux of the seasons as ml/day and when body
mass was incorporated as ml/kg/day (r=0,57255; P=0,0015 and r=0,52773;
P=0,0039 respectively). Hematocrit and TBW correlated negatively with rainfall
measured three months prior to the HTO field experiment (r=-0,47539;
P=0,0106 and r=0,395; P=0,0372 respectively). No correlation existed between

water flux and rainfall measured nine or 12 months prior to capture.

Lumped seasonal data revealed significantly higher TBW percentages in the
hot-wet summer acclimatized than cold-dry winter acclimatized squirrels
(t=2,08; df=21; P<0,05). Asimilar correlation between water flux (ml/day) and
season was found (F=5,38; df= 2&21; P=0,0311). Although TBW percentages
were significantly higher in the summer squirrels of 1987 than the winter
squirrels captured during July of 1988 (t=3,59; df=13; P<0,001), no such
significant tendencies were measured for squirrels caught during August 1989
and January 1990 (t=0,51; df=11; P>0,05).

Significant  differences between seasons of a particular year were found.
Summer squirrel water flux was higher than that of winter squirrels (t=3,59;
df=13; P <0,001 and t=-2,38; df=11,00; P<0,05 respectively) for both years.
Lean body mass (linked to TBW), was significantly higher in squirrels of the
combined summer periods than the winter acclimatized squirrels (t=2,26;

df=13; P<0,05 and t=2,34; df=11; P<0,05 respectively).

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



1Z0Z ‘euo}a.id Jo AJIsiaAlun ‘uoneulojul 0} sseooe uado o poddns ul seoinieg Aleiqi Jo Juswipedsq ayy Aq pesnibig

=129~

Table 25. X. inauris body water content, water turnover, percentage hematocrit (N=28) related to
rainfall measurements during four experimental periods between 1987 and 1990

Dec 1987 July 1988 August 1989 Jan 1990

No. of animals 9 6 7 6
Body mass (g) 619,6 + 85,2 595,4 + 60,5 627,4 + 52,0 645,0 + 47,0
® Lean body mass (g) 596,9 + 43,7 505,9 + 51,0 561,9 + 31,7 601,4 + 20,1
Average % mass
change 2,3+ 1,0 2,1+ 0,8 2,5+ 0,9 1,3 + 0,3
Percentage total
body water (TBW) 70,3 + 5,2 62,0 + 3,9 65,4 + 5,0 68,1 + 2,3
Turnover ml/kg/day 55,9 + 12,0 36,7 + 11,5 47,8 + 13,0 39,5 + 9,4
Turnover ml/day 34,7 + 6,8 21,8 + 6,8 29,9 + 4,2 25,5 + 2,2
*» Predicted intake (ml) 68,4 66,0 69,2 70,9
¢ Body water propor-

tion exchanged/day 7,8 5,9 7,3 5,8
¢ Percentage fat 3,7 15,0 10,4 6,8
Percentage hematocrit 45,6 + 2,3 50,3 + 1,9 49,2 + 6,7 53,1 + 5,5
Previous 3 months
rainfall (mm) 63,7 0,0 0,0 2,5
Previous 9 months
rainfall (mm) 71,2 304,0 36,5 267,3
Previous 12 months
rainfall (mm) 168,5 312, 2 294,3 134,8
Average plant water (%) 78,7 39,3 35,2 28,1
Faecal water content (%) 56,2 44,1 45,5 42,0
Average maximum(°® C) daily 35,9 + 3,5 23,6 + 6,5 27,1+ 7,8 38,3 + 3,0
* Lean body mass (LBM); (True TBW (g) / 100)/0,73 = LBM (Pace & Rathburn 1945)
* Predicted water intake : WI = 0,21 bm °° ml (Adolph 1949, Hudson 1962).
¢ water proportion; (flux (ml/day) / TBW )100 = x; (X /body mass) 100
a

% Fat ; TBW/0.73 = x; 100 - x = fat (Pace & Rathburn 1945)
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The water content of plants preferred by squirrels changed during the seasons
and was significantly higher during the summer of 1987 than the winter of 1988
(F=4,46; df=1&34; P<0,001) but the reverse was true for the summer of 1990
and the winter of 1989 (F=2,08; df=1&22; P<0,05).

During the summer of 1987, faeces from the wild squirrels contained more
moisture (t=6,68; df=10; P<0,001) than those of the winter of 1988, while
winter faeces of squirrels in 1989 were moister (t=3,99; df=7,0 P<0,001) than
the summer faeces of 1990. When the faecal data of the winters and summers
were combined, faecal water percentages did not differ between the two winter
experimental periods (t=-1,41; df=6) (Table 26).

Seasonal hematocrit percentages of squirrel blood did not differ significantly
(F=0,13;,df =1&2; P=0,719) (Table 25).

Laboratory study
a. Water turnover

Laboratory acclimatized squirrels showed no significant differences in mass
between seasons (t=0,81; df=10; P<0,05). The average body mass change
during the six day HTO trials when squirrels were fed on food containing 81,0
% water, was 0,5 % and 3,0 % for summer and winter acclimatized squirrels
respectively. Lean body mass was 12,1 % and 17,0 % lower than total body mass
for summer and winter squirrels respectively and did not differ significantly
between the seasons (t=0,31; df=10; P=0,015) (Table 26).

Although the TBW of summer acclimatized squirrels was on average 3,8 %
higher than winter acclimatized squirrels, no significant difference was found
between them (t=0,95; df=10; P=0,05). The flux of water in winter squirrels
was significantly (t=-2,80; df=10; P<0,001) higher than in summer acclimatized
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Table 26. Body water content and turnover in summer and winter acclimatized squirrels fed on a diet
containing 81 % water. Standard deviations in parentheses.

—— S —— g . - — — . — U - - —— — ———— - Sk WAS VmS S VN P GEP T W A G b G e G G G Y W G — - ——— T — — S — T - —— — — T > D > O S W —— ——— T ————— -

SUMMER WINTER T-TEST

No. of days 6 6
No of animals 6 6
Mean body mass (g) 563,2 (46,6) 551,4 (75,7) NS
Average body mass change (%) + 0,5 + 3,0 -
® Lean body mass (g) 494,7 (40,9) 457 ,5 (33,4) NS
* Percentage fat 12,0 (7,2) 17,3 (5,0) NS
° WI 0.21 mb°° ml/day 62,8 61,6 NS
Total body water (TBW) (%) 64,1 (6,2) 60,4 (4,3) NS
HTO flux (ml/kg/day) 66,5 (5,8) 106,2 (19,2) =-5,23; df= 10; P< 0.001
Flux (ml/day) 37,3 (3,3) 59,5 (16,2) -2,89; df= 10; P< 0.001
¢ Proportion of body water

exchanged as flux 10,3 (0,8) 17,2 (5,8) -3,75; df= 10; P< 0.001
Percentage hematocrit 42,3 (6,3) 48,7 (5,0) NS
Water taken in via food (ml) 34,6 (9,3) 47,7 (7,4) -6,26; df= 10; P< 0.001
Urine excreted (ml) 33,8 (1,6) 46,7 (2,2) -3,53; df= 10; P< 0.001
Faecal water excreted (ml) 2,% (0,3) 3,5 (0,4) NS
Total excreted (ml) 36,3 (1,5) 49,2 (1,5) -6,70; df= 10; P< 0.001
Urine osmolarity 2000,0(350) 2800,0(200,0) 16,63; df= 10; P< 0.001
Gross energy intake (kJ) 685,00 (38,0) 9241,5 (36,0) -11,85; df= 10; P< 0.001
Faeces excreted (kJ) 69,20 (7,0) 93,0 (7,2) NS
Urine excreted (kJ) 9,40 (2,1) 10,7 (0,8) NS
Digestible energy assimilated 606,4 (9,9) 837,8 (10,4)
°®* WEI (ml H,0/kJ) 0,061(0,01) 0,064(0,01) t= -3,91; df=10; P< 0.001
Apparent digestibility (%) 88,5 89,0 -

——— > o~ > — > . —— iy - - . ———— S —— ) . S A S S ED S G . - W G ——— - {—— Gt Y —— S G T —— — — — T " W — S T — . —— —G— — . -

2 Lean body mass (LBM) = TBW (g)/100 = x; x/0,73 = LBM (Pace & Rathburn 1945).
> % Fat = TBW/0,73 = x; 100-x = fat (Pace and Rathburn 1945)

© Water intake = 0,21 bm °° ml/day (Adolph 1945; Hudson 1972)

¢ Proportion of body water = (flux (ml/day)/ TBW)100 =x; (x/body mass)100

° WEI : ml/day/kJ/day
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squirrels with 17,9% and 10,3% of total body water being exchanged in the
winter and summer respectively. Intake of water was 27,5 % lower in the
summer than the winter squirrels and corresponded with food intake. The total
water output (faecal and urine combined) was 13 % lower in the winter than the

summer squirrels.

Although winter squirrels had on average 13,0 % higher hematocrit percentages
than summer squirrels, the difference was not significant (t=1,73; df=10;
P=0,05) (Table 26).

The average energy intake per day (kJ) was significantly (t=-11,85; df=10;
P<0,001) higher for the winter acclimatized squirrels. Faecal and urine energy
(kJ) output were not significantly different between seasons but the digestible
energy assimilated was significantly higher for the winter than summer
acclimatized squirrels (t=-3,91; df=10; P<0,001). Apparent digestibilities were
similar between seasons and measured 88 % and 89 % for summer and winter

respectively.
b. Digestible energy assimilation

During the summer water deprivation experiments, mass of squirrels on a diet
with 45 % water content animals declined significantly more than those on a
diet containing 71,0 % water (t=9,10; df=10; P<0,001). The mean mass of
summer acclimatized squirrels declined by 6,3 % during the 15 day water
deprivation experiment, but similar experiments on winter acclimatized

squirrels showed a decline of only 2,6 % (Table 27).

Winter acclimatized squirrels ate between 11,8 % and 22,7 % more food than
the summer acclimatized squirrels did when subjected to the five different
levels of water deprivation (F=33,03; df=10; P=0,001). Apparent digestibility
declined by 7,4 % in the summer acclimatized squirrel experiment, but only 4,4

% in the winter experiment.
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Water intake declined during the 15 day water deprivation experiment by 53,0
% for summer and 43,0 % for winter respectively. Water intake was significantly
higher during the winter than the summer experiment (F=68,15; df=10;
P=0,0001).

Total water intake correlated positively with urine output for both summer and
winter seasons (r=0,904; P=0,0001 and r=0,763; P=0,0001 respectively). Urine
output was not significantly different between seasons (F=0,6; df=10;
P=0,443). Urine osmolarity correlated inversely with the experimental food
water content (r=-0,6113; P=0,0001). Winter acclimatized animals were found
to have significantly more concentrated urine than the summer acclimatized
squirrels (F=119,58; P=0,0001) (Table 26).

Faecal water content correlated with the experimental food water contents
(r=0,396; P=0,0017). Faecal water content was significantly higher for the
winter experiment than the summer experiment (F=26,7, P=0,001). During the
summer water deprivation experiment, faecal water loss accounted for between
13,8 and 6,3 % of the total excretory water output, while winter acclimatized
squirrels had an output of faecal water of between 35,7 and 20,8 % of the total
water output. The combined faecal and urine water output were not
significantly different between seasonally acclimatized squirrels (F= 0,85;
P=0,3634).

Winter acclimatized captive squirrels showed unexpectedly higher water fluxes
of 59,5 ml/day compared to winter field squirrels with 25,4 ml/day.

This was because the laboratory squirrels were fed a hydrated diet which did
not imitate field conditions. During winter, squirrels were faced with very much
lower water percentages in the vegetation and therefore water turnover results

from captive squirrels must be interpreted cautiously.
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Table 27. The influence of food water content on body mass, food intake, water output and urine
osmolarity in summer and winter acclimatized captive X. inauris.

- e S - . - G VS SR T — - b —— " W " S G S e = G S S S e - M — S T T T A T W M G S - G e - G —— G — — —— - W T T W WY T S S SN S MR TR e TR WU G e S - — - - -

Percentage water in the food 71 66 63 55 45

No. of days 3 3 3 3 3
SUMMER ACCLIMATIZED SQUIRRELS

Mean mass (g) 572,0 (9,0) 568,0 (2,7) 560,0 (2,5) 556,0 (7,2) 536,2 (3,6)
% Weight 1loss -1,7 -1,9 -2,8 -6,3

Food intake (GEI) (kJ) 568,0(38,0) 550,2(43,0) 510,0 (3,4) 448,3 (3,3) 428,3 (2,8)
Faeces output (kJ) 42,3 (3,0) 50,0 (6,0) 78,8(12,0) 63,0 (1,2) 60,0 (5,0)
Urine output (kJ) 10,3 (1,0) 10,8 (0,8) 10,5 (0,9) 10,8 (0,5) 11,2 (0,4)
* DEA (kJ) 516,0 (30,0) 477,0(30,0) 422,5(25,0) 386,9(26,0) 357,3(10,0)
% Apparent digestibility 90,8 86,7 83,4 86,3 83,4

Total water intake (ml) 24,0(10,0) 21,3 (5,0) 20,7 (8,0) 15,1 (4,0) 11,8 (4,5)
Urine output (ml) 16,0 (0,5) 14,3 (3,0) 13,0 (0,1) 12,5 (0,5) 6,0 (1,0)
Faecal water output(ml) 2,4 (0,1) 1,4 (0,2) 1,4 (0,3) 0,9 (0,1) 0,4 (0,2)
Urine osmolarity (mOsm/1) 2870,0 (9,0) 2920 ,0(90, 0)3005 0(10,0) 3080 ,0(40, 0)3350 0(925,0)

—— ——— ——— — o W —— . G WS M e WS W W W= W GSP Gme WGn G T G S G N G . —_— G G = G — — - - ——  — ——— - — " e W G . — — — T T —— - T ——— - — ——— ——— ————— —

———— ————— — . —— ———— — — - ———— — — — — — —— — —— — . - A GAP e D G A G A . . . — ——— A —— N —— —— ——— —— —  ——————— — - - - —— T — - S = —— > WU S OIS G G ———

Mean mass (g) 551,5(14,3) 563,5 (7,4) 552,0 (7,8) 538,0 (9,7) 537,0 (8,0)
% Weight loss - - -2,5 -2,6

Food intake (GEI) (kJ) 29,7(46,0) 616,3(53,0) 613,6(53,0) 597,3(15,0) 565,1(12,0)
Faeces output (kJ) 56,8 (1,5) 56,2 (4,5) 61,7 (2,7) 67,9 (4,1) 72,1 (2,7)
Urine output (kJ) 10,4 (1,0) 11,2 (1,4) 10,3 (1,4) 12,2 (1,0) 13,2 (0,9)
DEA (kJ) 562,0(30,0) 548,9(40,0) 541,0 (19,0) 517,2(10,0) 579,2(11,0)
% Apparent digestibility 89,3 89,0 88,2 86,6 84,9

Total water intake (ml) 27,5 (3,0) 25,0 (4,0) 23,5 (3,0) 20,5 (2,5) 15,5 (3,5)
Urine output (ml) 16,0 (1,5) 14,0 (1,5) 12,5 (0,5) 9,5 (0,5) 4,5 (0,5)
Faecal water output(ml) 4,2 (0,1) 3,0 (0,2) 3,5 (0,1) 2,8 (0,1) 2,5 (0,1)
Urine osmolarity (mOsm/1) 3080,0(50,0) 3260,0(60,0)3580,0(95,0) 3750,0(60,0)4290,0(95,0)

—— . —— — — —— — ——_— - " ——— — ————— — —— ————— T — - —— — —— — ————— ——— - — o > " - AN B P WS WS D W S W S TR AN GE G G - — - —————— — — —— T_ S — —— . — ——

® DEA = digestible energy assimilation (kJ); GEI-FEO-UEO DEA
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Free-living summer acclimatized squirrels exhibited water turnover rates similar
to the summer acclimatized captive group. Field water flux measured 34,7
ml/day/squirrel during the summer of 87/88 and 37,3 ml/day/squirrel in the

laboratory summer acclimatized squirrels.

Comparing the field water turnover results with the laboratory experiments on
animals fed on the excess moisture diet of 81,0 % water, there were no
significant differences between the TBW percentage of summer acclimatized

or winter acclimatized squirrels. Although the turnover data of the summer
squirrels corresponded well with the water turnovers of the December 1987
free-ranging squirrels, mass specific influxes (ml/kg/day) were higher for the

winter laboratory squirrels than the winter field squirrels (Tables 25 and 26).

DISCUSSION
Field 1

Various  physiological  (reduced metabolism; concentrated  urine) and
behavioural (avoidance of extremes; food selection) adaptations make
rodents very successful inhabitants of deserts. Tritiated water as a tool for
measuring water turnover rates in rodents has proved satisfactory

(Edney & Nagy 1976, Nagy & Costa 1980, Grenot & Buscarlet 1988). Some
understanding of patterns of water use by free-living animals can be achieved
by comparing the magnitude of seasonal variations in water turnover with their
minimal requirements in the laboratory. The general water flux in X, inauris
conformed to turnovers in other rodent species and, as expected, related

positively to mass (Table 28).

Gettinger (1984) discussed water metabolism of species of rodents in the light
of water independence and water dependence. This is confusing, as all mammals

are water dependent, but some more so than others. A better way of expressing

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



=136~

Table 28. Body water content and turnover in 10 species of rodents. Data for each species
represents an average for the number of animals indicated (N).
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SPECIES N Mass % TBW* Flux Author
(ml/day)

Peromyscus merriami 7 18,5 61,5 3,7 Holleman et al. 1973
Petromyscus 4 19,0 63,1 0,8 Withers et al. 1980
collinus
Dipodomys merriami 13 34,0 70,1 1,2 Yousef et al. 1974
Acomys cahirinus 5 38,3 65,8 5,1 Holleman et al. 1973
Oryzomys palustric 6 75,5 72,7 16,9 Stalling & Haines 1982
Thomomys bottae

summer 7 99,4 72,4 25,0 Gettinger 1984

winter 9 108,0 68,0 24,0 Gettinger 1984
Dipodomys deserti 9 101,1 70,9 3,2 Yousef et al. 1974
Petromus typicus 3 130,0 70,0 4,4 Withers et al. 1980
Chinchilla laniger 7 412,0 61,0 26,7 Holleman et al. 1973
Xerus inauris Present

summer 6 632,3 68,7 30,1 study

winter 6 611,4 63,7 25,5
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this phenomenon would be by categorising the tolerance of dehydration in
rodents via a threshold of water dependence : called negative storage (Nagy
1987).

X. inauris were often weighed in the field and no significant differences
between body mass per season were detected (Chapter 5). X. inauris therefore
seem to have no significant annual or seasonal body mass changes, an important
phenomenon when testing water flux. Activity time also reflected no seasonal
differences and appears to result from a balance between energetic needs,

thermal environment and behavioural thermoregulatory abilities (Fig. 5).

Inasmuch as food is the source of water as well as energy, X, inauris appear to
remain herbivorous throughout the year. They showed seasonal changes in the
degree of vegetation use of varying magnitudes between the different years,

which were indirectly related to rainfall (Chapter 3).

X, inauris are adapted to seasonal changes in water availabilty. During winter
(cold-dry), when water availability declined, water requirements were lowest,
no reproduction occurred and squirrels also showed the lowest water fluxes at
a minimum of only + 59 % of body water being exchanged per day. The
fractional moisture content of the vegetation during the summer studies were
expected to be higher, but the last summer (1989/1990) proved to be a very dry
period, as no rain fell until February 1990 (Chapter 2). This effect plus very
high ambient daily temperatures enhanced the dessication of food and
subsequently the squirrels caught during this period had lower water fluxes than
during any of the other trial periods. The correlation between body water
turnover and water availability in the squirrels’ natural habitat and subsequent
food sources was positive. Consequently, increased water flux could be related
to improved rainfall. This has also been found for guinea pigs, gerbils and
marsupials (Kennedy & MacFarlane 1971, Holleman & Dieterich 1973). It
followed that the ratio of high-to-low moisture content food sources were

directly influenced by the availibity of green vegetation. X. inauris primarily
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selected vegetation with high water contents. They were noted to pick the
softest parts of grass stems or leaves and flowers, fruits and roots of many
annuals. Feeding on green vegetation with a high water content can therefore

account for high water fluxes (Chapter 3).

X, inauris appear to have an annual cycle of water flux, which is seasonally
influenced. During dry years the flux was lower than during wet years. This was
also found to occur in American ground squirrels and chipmunks (Blake 1971,
Karasov 1983b). Seasonal changes in water flux of free-living X. inauris
suggested that the usage of water was not a passive phenomenon. Whilst the
cold-dry winter season induces the physiological response from squirrels to
conserve water and a subsequent decline of water flux (+25,9 ml/day), the
summer flux (30,1 ml/day) increased. These findings agree with the changes
observed in Isoodon macrourus (Hulbert & Gordon 1972) and collared
peccaries Dicotyles tajacu (Zervanus & Day 1977) but are contrary to those for
D. merriami and Perognathus fallax (MacMillen & Christopher 1975). The
unavailability of succulent vegetation all year round probably resulted in the

decline in water turnover during winter.

Reid (1967) found that the water content of fat-free tissues is essentially
constant and adipose tissues normally contain minimal quantities of water. In
the present study, mass including the fat proportion did not differ significantly
between seasons, although lean body mass (LBM) was found to differ between
seasons. Therefore, to evaluate water turnover correctly, it is probably more
valid to use the LBM of animals. The significantly higher summer TBW
percentages for squirrels were consistent with an inverse relationship between
fractional body water and fat content in animals (Pace & Rathbun 1945,
Hulbert & Grant 1983). The TBW percentage of between 70,0 and 62,0 % was
comparable to that found for other rodents (Holleman & Dieterich 1973, Alkon
et al, 1986). Some fat percentages were higher for both winter periods and a
possible build-up of fat in squirrels could not be excluded. S. saturus and
Spermophilus lateralis attained a prehibernating fat content as great as 31,0 %
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and 18,0 % respectively, the latter being comparable with X, inauris winter fat
reserves, but much higher than the 8,0 % recorded for E. amoenus, which
accumulates extensive food caches and consequently has no need for such fat
reserves (Kenagy & Barnes 1988). Schmidt-Nielsen (1990) gives the energy
content of fat to be 39,3 kJ/g™. If fat energy content was calculated for field
squirrels, the animals caught during summer had enough reserves to sustain
their DEA in the absence of food for one to two days, while in the winter
estimated fat reserves would be sufficient for five to six days. When very cold
and cloudy days prevail during winter and X. inauris does not forage, this ’fat
reserve’ could be an adaptation to meet the physiological demand for energy at
this time (Table 30).

Comparing water turnover in X, inauris with the predicted Nagy & Peterson
(1988) allometric equation for free-living desert eutherians

y = 0,145 body mass **, turnover was only 38,6 and 44,2 % of that predicted
for winter and summer respectively. Although these values were lower than the
standard water turnover rate for animals of the same size, they were
comparable to other desert species such as A, namaquensis and P. collinus
(Withers et al, 1980).

Mean hematocrits for 12 species of rodents ranged from 44,2 - 51,0 %
(Holleman & Dieterich 1973, Stalling & Haines 1982). Dehydrated Notomys
alexis had a 542 =+ 03 % hematocrit (Hewitt et al. 1981). The percentage
hematocrit in the summer squirrels of 1990 averaged 53,1 %, possibly as a result

of the extreme dry and hot summer and a subsequent decrease in plasma

volume.

Faecal water content of desert rodents averaged 50,0 % when deprived of water
and resulted from hindgut water reabsorption (MacMillen 1972). X. inauris
measured, on average, 44,1 % faecal water content during July 1988, and even
drier faeces containing 42,0 % water during the very dry summer conditions of

1989/1990. In contrast, Schmidt-Nielsen (1964) reported non-desert white rats
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deprived of water having faeces containing 68,5 % water. However, Buffenstein
(1985a) like MacMillen (1972) reported that arid-adapted species such as A,
namagquensis and Gerbillurus paeba have faecal water percentages under water
deprived conditions of 45,7 % and 46,5 % respectively. Another water deprived
rodent, D. merriami, produced faeces containing 45,0 % water (Shkolnik &
Borut 1969). Hindgut water absorption takes place between the small intestine
and anus and in squirrels this region includes the large caecum, which is
followed by the colon. It is suggested that the hindgut of X. inauris is adaptable
to food and water regime changes and absorption of water is enhanced by

enlarged open crypts (Chapter 6).

The water economy index (WEI) expresses the amount of water (ml) passed per
kilojoule of energy metabolized (Nagy & Peterson 1988). This index is similar
to the evaluation of water metabolism suggested by numerous authors working
on captive animals (MacFarlane & Howard 1972, Yousef et al. 1974, Withers
et al. 1980, Nagy 1987, Hinds & MacMillen 1985). The WEI for ground squirrels
fed the moist (81,0% water content) rodent diet was calculated. For summer
acclimatized squirrels 0,061 ml/kJ metabolized was expended while winter
acclimatized squirrels spent 0,064 ml/kJ. These values were comparable to
other arid-adapted rodent species such as D, merriami which used 0,068 to
0,183 ml/kJ in the field (Mullen 1971) and was higher than P. collinus (Withers
et al, 1980) which resulted in the loss of 0,041 mil/kJ in the laboratory under
water deprived conditions. A. namaquensis used 0,098 mi/kJ, which was 36 %
more water per kJ than in the ground squirrels (Withers et al 1980). WEI values
of desert dwelling species tend to be lower than non-desert species indicating
mechanisms for water conservation (Louw & Seely 1982, Nagy & Peterson

1988).

Laborator ' §tu§1y

Although water turnover in the laboratory was consistently higher than in the

field, acclimatized summer and winter X, inauris fed on an excess moist rodent
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diet showed water turnovers and urine osmolarity which were related to the
season of acclimatization. However, the proportion of body water exchanged
was 6,0 % lower for summer than winter acclimatized squirrels. Why didn’t
these results support the field work? The physiological responses with regard
to water regulatory efficiency depends on food and thermal constraints. The
food was regulated as a balanced diet and the squirrels came from their natural
thermal environment, from a cold dry winter period or a hot wet summer
period. These physiological controls were tested over a very short period of
time and rapid adjustments were shown to relieve water stress. The animals
must be capable of detecting internal differences in water balance. However,
although we expected winter squirrels to have lower water turnovers than
summer squirrels, a paradox occurred. Winter animals ate far more than
summer animals, possibly as a consequence of higher energy demands to
counteract the cold and being provided with a high energy diet which they did
not have to work for. Fat reserves of 17,3 % in winter acclimatized squirrels
were 5,3 % higher than those of summer acclimatized squirrels. Surprisingly the
general proportions of water being exchanged were low, between 10,0 to

16,0 % of bodymass despite the 81,0 % water content of the diet. The mesic
adapted Microtus sp. exchanged up to 60,0 % of its body water daily (Holleman
& Dieterich 1973). Low water turnovers can be explained in part by the unusual
capabilities of X, inauris to conserve water, specifically renal water. This

tendency to continue the conservation of water in the laboratory was also found

for S. tereticaudus (Yousef et al. 1974).

Using mass related daily water consumption as described by Adolph (1949) and
modified by Hudson (1962), an average predicted intake for summer squirrels
would be 63,19 ml/day and for winter acclimatized squirrels 62,04 ml/day.
Examining these predictions for the DEA experiments on declining water intake
(Table 25), a low water intake of 59,0 % lower than predicted, that prevailed
in the summer experiment, could be the result of water conservation that still

prevails in the summer acclimatized squirrels. The winter squirrels did have
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similar to predicted water turnovers, as a result of higher food intakes. The

higher intake was a consequence of the cold.

The respective differences of water flux (ml/day) and intake via the food
(ml/day) of 2,7 ml and 11,8 ml for summer and winter acclimatized squirrels
respectively, makes HTO turnovers useful as an index but not as a measure of
water turnover per se. In the latter instance squirrels had a nett intake of 20,0
% water. The magnitude of this possible error is difficult to explain and could
be due to several factors. Doubling water turnover nearly halved the error of
the rate of exchange (Green & Dunsmore 1978). The six day trial might have
been too short a period. The effect of seasons on the physiology of the squirrels
certainly affected the laboratory assumptions and therefore makes water

turnover experimentation essential in the field.

Osmolarities of 2000 mOsm/l found for X. inauris urine, given the diet
containing 81,0 % water, resembles mesic rodent osmolarities. Annual cycling

of urine concentration was found for several nocturnal rodents such as D,

Merriami, P. longimembris and P, fallax (MacMillen 1972) and seems to be
similar for X, inauris. Winter acclimatized squirrels had higher osmolarities (up

to 4300 mOsm/l) during the water declining experiment than did the summer
squirrels. This phenomenon could arise from preadapted physiological measures
as a result of cold, very dry conditions. The food available is low in protein and
water and the kidneys therefore are probably concentrating urine, which may
have been continued in the laboratory. Most desert rodents have efficient
kidneys which enable them to excrete urine of concentrations of up to 3000
mOsm/1 (Grubbs 1980, Hewitt et al. 1981, Withers 1982, Goyal 1988)

(Table 28). Marsh et al. 1978 reported that due to the exceptional relative
medullary thickness of X, inauris kidneys, these squirrels should be able to
concentrate their urine up to 6890 mOsm/l. The average water losses per body
mass of 0,06 ml/g/day and 0,08 ml/g/day for summer and winter acclimatized
squirrels respectively were similar to values for other desert rodents under

laboratory conditions (Deavers & Hudson 1978, Withers 1982). The higher
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urinary loss in the winter experiments is due to higher food intakes and possibly
low evaporative water loss. In summer more water is probably lost in the form
of EWL. Because of their relatively 'normal’ metabolic rates (Chapter 5), X.
inauris might be forced to conserve water by reducing urine volume and

increased concentrating abilities for efficient water management.

Seasonality should determine (cool-dry winters; hot-wet summers), the water
intake in summer than winter, but that energy requirements would be greater
in winter. When squirrels were water deprived, GEI for both summer and winter
acclimatized animals declined markedly. Water and kJ intake were higher for
winter squirrels than summer squirrels. Summer squirrels under laboratory
conditions were probably under greater ’stress’ than winter squirrels as
indicated by weight loss. Water independance in X. inauris was apparent when
food water content was lowered and no other free water was provided. Animals
were able to stay in balance, losing little or no weight (2,6 %) during the winter
experimental period. However during the summer experimental period,
squirrels ate less and as a result this, probably combined with other factors such
as reproductive energy demands resulted in a mass loss of up to 4,0 % greater
in summer. Similarly, food intake and DEA declined concomitantly with
deprivation water in laboratory experiments on P. typicus, A. namaquensis and
P. collinus (Withers et al. 1980), G. paeba (Buffenstein 1985b), and rice rats

Oryzomys palustris (Stalling & Haines 1982)

Some physiological effort was made to conserve water even though more water
was imbibed, since urine volume decreased and osmolarity increased. This
suggested that these squirrels must have had high non-renal water losses such
as through the faeces. Higher faecal water percentages were measured but not
sufficient to account for the low renal losses. Similar results were obtained in
Peromyscus (Grubbs 1980). The potential importance of faecal water contents

in rodents being a significant fraction of water loss have been overlooked.
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Table 29. Body mass(g), percentage fat, fat energy (kJ) and daily kJ intake of
X. inguris fed a rodent ration containing 81 % water.
Standard deviation in parentheses.

Variable Dec 1989 July 1988 Aug 1989 Jan 1990
Body mass 619,6 (85,2) 5954 (60,4) 6274 (52,0) 64,5 (47,0)
% Fat 37 (32) 150 (64) w04 (4,1) 68 (30)
KJ fat energy 920 (180) 3510 (200) 2565 (1300) 1724 (260)
kJ daily intake* 805,5 (180) 774,0 (78) 8156 (200) 838,5 (260)
Days of survival

without any 1,1 45 3,1 2,1

intake

* Average daily intake under resting circumstances = 1,3 (0,3} kJ/g body mass

Table 30. Average daily energy assimilation (DEA), resting metabolic rate (RMR), ad
activity time above ground of free-living  X. inauris during
the two seasons of the year.

Variable Winter Sumimer
DEA kJ/g/day 1,1000 1,5200
RMR kJ/g/day 0,3002 0,3381
Cost while active kJ/g/day 0,7998 1,1819
activity time (h) 6 h 18 min 6 h 40 min
DEA/RMR 3,6640 4,4960
Cost while active/RMR 2,6600 3,4960

Withers (1982) emphasised that the quality of food controls the dietary energy
intake and water balance, but also influenced the water lost in the faeces.
During the water depriving experiments, faecal water loss for summer
acclimatized squirrels declined from 15,0 to 6,3 % of the overall water loss, but
the reverse was true for the winter acclimatized squirrels, where an increase of
between 20,8 to 35,7 % of faecal water output occurred as water was restricted.
The overall water output via the kidneys and faeces did not show significant

differences for summer and winter acclimatized squirrels.

As expected, digestibility of food declined between 7,0 and 4,0 % for both sets

of acclimatized squirrels when water was restricted. Apparent digestibilities
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were generally high for both summer and winter acclimatized squirrels and
never declined below 82,0 %. Other workers measured digestibilities of similar
magnitude in desert rodents (Buffenstein 1985a, Hulbert & MacMillen 1988).
Restriction of water given to H. indica (Alkon et al. 1986) gave varied
digestibility results of between 80,0 and 74,0 % How do squirrels cope with the
higher cost of activity during winter, considering the cold and poor quality
vegetation. First, they make use of behavioural thermoregulatory means of
accumulating heat i.e. basking, piloerection, (huddling at night) (Chapters 4 &
5). Secondly, although they depend heavily on preformed water in the food and
metabolic water, feeding on low-water containing fibrous grass leaves and stems
at this time, they probably supplement their water needs by resorting to roots
(Chapter 3 & 4). Thirdly, they concentrate their urine and therefore lower the
flux of water (Marsh et al. 1978). Fourthly, the acidic stomach can expand and
bulky fibrous foods are stored before breakdown; immediate energy from
soluble sugars is therefore available while the low quality food slows down food
passage; the large caecum acts as fermentative vat and can store and enhance

the breakdown of cellulose (Chapter 6).

Field values of urine concentration and faecal water content were of the same
magnitude as laboratory values but, because of the difference in degree of water
stress, those of the field squirrels being unknown, these results are probably not

comparable.

Water conservation in rodents can be independent of exogenous water sources
as long as sufficient food resources can be obtained to meet energy

demands. High metabolic water production coupled with efficient water
recovery in nasal pasages at lower ambient temperatures, reducing body
temperatures during winter and practising hyperthermia during summer, as well
as urine concentration, promotes the economic use of water. In addition
adaptive behaviours such as basking and huddling in winter and sandbathing in

summer, further enhance water conservation.
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Table 31. Urine concentrations (mOsm/l) of desert rodents in the field and laboratory.

FIELD
Species Mass (g) Summer Winter Author
Dipodomys merriami 37 3969 1065 MacMillen & Grubbs 1976
Perognathus fallax 21 3797 1300 MacMillen & Grubbs 1976
Meriones hurrianae 70,0 3184 3453 Goyal 1988
Tatera indica 120,0 5128 3700 Goyal 1988
Xerus inauris 560,0 ——— 3700 Present study
LABORATORY
Mass(g) Water Water
available deprived
Dipodomys merriami 33,9 ———— 3165 MacMillen & Christopher 1975
Aethomys namaguensis 51,8 3490 4835 Buffenstein & Jarvis 1985a
Gerbillerus paeba juveniles ---- 4837 Buffenstein et al. 1985
Tatera leucogaster —_—— 4753 7767 Buffenstein & Jarvis 1985a
Xerus inauris 81 % water 45 % water
intake intake
summer 563,0 2000 3350 Present study
winter 551,0 2800 4290
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Summary

It could be established that a seasonal variation in water metabolism in X.
inauris exists, with the cold-dry winter period being the most demanding.
Furthermore, water deprived squirrels changed their metabolism by eating less,
concentrating urine, - thereby diminishing wurine output, - and having drier
faeces. Although winter acclimatized squirrels had a greater food and water
intake, the general output of water was very similar between seasons and

declined when water was deprived.

Estimated minimum energy requirements could be deducted from the laboratory

feeding experiments. When an animals’ weight is constant it is in a steady state
(Nagy 1975). Likewise, when water loss reaches a minimum in animals in a
steady-state, the rate of water flux can be considered the minimal requirement.

If we assume that squirrels lost the least water during the cold-dry winter, and
that the water flux would be closely correlated with rainfall, both the winter
studies gave positive results, making the hypothesis valid. Squirrels only
changed 2,0 to 2,5 % of their body mass during the study periods. During both
study periods no rain fell the previous three months and squirrel water fluxes
were very low, 21,8 ml/day (July 1988) and 29,9 ml/day (August 1989)
respectively. The average water flux of the two winter periods, that is the

minimal water necessary to maintain a steady state was 0,037 ml/g body mass.

Seasonal annual patterns of water and energy availability differ from year to
year in the Kalahari. X, inauris have no choice but to eat fibrous foods in
winter, when food quality and quantity declines, and to resort to underground
plant storage organs, and take termites. Groups of X, inauris numbers declined
during winter probably as a result of poor food resources (not being hoarders).
Moreover, poor nutritional quality of available forage might force X. inauris to
move to sites of more plentiful vegetation. For example jackrabbits (Lepus

californicus), make use of humanly created ’oases’ during summer and autumn,
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the months of low-quality vegetation in the Mojave desert (Nagy et al. 1976).
Likewise, it has been found that X, inauris concentrate next to road edges,
riversides and pans where, due to summer rainwater run-off and accumulation,
desert plants are green for much longer into the winter season. When conditions
improve during summer after the first rains have fallen, X. inauris resume rapid
reproduction, resulting in population recovery, with two litters of up to four
young during the season, adults fed on the green annuals and established

themselves in the centre of pans and dry riverbeds.

Diet selection and behavioural adaptations can be as effective as physiological
adaptations in maintaining an integrated nutrient supply and could be employed
simultaneously or alone if necessary. Indeed, these seasonal studies have shown
that Kalahari desert X. inauris can maximize their rates of water intake by
selecting succulent foods. Consequently, the water-conserving power of a
species is inversely related to the availability of water in their natural

environment (Grubbs 1980, Karasov 1983a).
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CHAPTER 8

CONCLUSIONS

In order to fulfil the philosophical obligations of this thesis, this chapter will

be devoted to the implications of the findings of the previous chapters.

Thermoregulation ter rvation and digestion

Mammals and birds are unique in that they continually maintain the extremely
high rates of energy metabolism characteristic of endothermy even while
inactive or resting. Under arid and hot conditions one would expect X. inauris
to have a high rate of water loss and consequent high intake of food as they
have no period of seasonal dormancy. However, in addition to using temporal
and spatial heat avoidance behavioural patterns during some parts of the day,
X. inauris are large rodents and this in itself could lower the overall thermal
burden of the hot summers. Physiological control mechanisms are only brought
into play under extreme environmental circumstances. Notwithstanding effective
urine concentration and faeces dessication, other solutions i.e. relaxing the
limits of homeostasis (Chapell & Bartholomew 1981) and circumvention of the
problems by behavioural adjustment, burrowing, sandbathing to offload heat,
foraging in the shade, practising siesta-time and making use of a parasol tail
also make life easier for X. inauris during the semi-desert summers of the
Kalahari. Furthermore, the cold was effectively buffered by huddling
underground in nests during the very cold winter nights, thereby saving energy.
On the other hand, basking, piloerection of hair when above ground and, only
emerging when ambient temperatures rose above 15°C also played an important

role in survival, in winter.
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Behavioural and physiological adjustments used by X. inauris are intertwined
and survival mechanisms are ample. The present study not only tried to define
what X. inauris is designed to achieve (survival value) but how it does it
(mechanisms) (Krebs & McCleery 1984).

X. inauris is ideally suited for its semi-desert existence having developed
effective ways of maintaining water and energy balance. These diurnal,
herbivorous rodents have excellent capabilities for practising hyperthermia
during summer and after moulting, a short, smooth coat that reflects short-wave
radiation (Chapter 5). During winter, pelage growth increases, water flux
become lower, urine concentrated and faeces drier than during the summer.
Perhaps the most striking attributes however, are the behavioural adaptations
of minimizing time spent above ground exposed to heat and cold, huddling
together in winter (which reduces energy and water ousput) and selecting
nutritious and succulent dietary items (Chapter 3; 4; 7). The large caecum as
a fermentative vat digests cellulose using symbiotic micro-organisms (Chapter
6). They have the usual mammalian metabolic performance, but an unusual
renal performance, with extreme urine concentrating capacities (Chapter 7).
Their efficient kidneys make them virtually independent of free drinking water,
water requirement being met from selective feeding soft stems, leaves and

roots, their primary energy source.

Behaviour

Although the evolutionary background of X. inauris is complicated by the
presence of another closely-linked species, several other questions of
significance can be asked. One question of great importance is why does X.

inauris live in groups or coteries?
Group size can vary through time, seasonally and annually. Seasonal variation

in rainfall and consequent plant productivity could be correlated with temporal

variations in the group sizes of X. inauris. Season alone, however, is not the
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only factor influencing group size. Although it is probable that females will
remain in association with the same individuals for much of their adult life,
group size fluctuates daily or even hourly as a result of male movements and

emigrations of the younger members of the group.

Resource quality and its spatial variation interacted to influence group size. X.

inauris aggregated at points of resource abundance, especially during times

when food quality declines and the only patches of available green food are on
the edges of pans, incipient pans and roads. Such squirrel aggregations are
seldom permanent, as each group returns to its own central burrow every

evening, even if it meant covering distances of up to one kilometer.

The benefit of reduced search time for a patch of good food for X. inauris was
evident when females synchronised their foraging from the central burrow. If
groups forage, one would expect that the high ranking squirrels would have
primary access to food, subordinates would in such circumstances have to make
way for the dominants. The costs of subtle competition between group members
cannot be dismissed. It could therefore play an important role in the size of the
group. During winter, group sizes diminished, possibly because subordinates

leave the group owing to foraging pressure (Hamilton 1971, 1975).

The adults would be the first to go into new areas where plenty of green
herbage or bulbs were available, thus improving chances of foraging success for
the subordinates as well. For X. inauris group foraging did not only mean a
greater likelihood of the discovery of succulent annuals or a patch of Dipcadi

bulbs, but it also meant a reduction in predation risks (Hamilton 1971).

Although the dilution effect improved an individual’'s chance of not being
preyed upon, vigilance which allowed the early detection of predators by
members foraging, also played a role in reducing risks. They attempt to ’tail-
mop’ ground predators such as snakes away from the central burrow system.

This behaviour presumably reduces predation, especially of their offspring.
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The benefit of group living for X. inauris therefore lies in a composite of all
benefits and costs of two of the main behavioural attributes, feeding and

predator avoidance.

Evolution

The earliest fossil records of rodents belonged to the extinct sciuromorph
family Paramyidae and remains are dated as far back as the late Paleocene (57
million years ago). During the Eocene (54-38 million years ago) there was a
rapid diversification of squirrel-like rodents while during the Miocene (26
million years ago) all seven families recognizable today occurred throughout the

world, except in Australia, Greenland and the central Sahara (De Graaff 1981).

The Sciuridae made their appearance as immigrants in Africa in the early
Miocene. These initial forms evolved in isolation in sub-Saharan Africa. The
known African squirrel fossils are from East Africa and also include Xerus and
Paraxerus (Cifelli, Ibui, Jacobs, & Thorington 1986). Xerus fossils were
identified by their expanded ischiums, and iliums being relatively long in
comparison with skull lengths. The unspecialised jaw muscles as well as the
presence of premolars in the lower jaw are indicative of retention of primitive

conditions rather than derived characteristics (De Graaff 1981).

The present day family Sciuridae, to which the terrestrial, arboreal and flying
squirrels belong, comprises two subfamilies, the Sciurinae and Petauristinae.

Squirrels in southern Africa comprise some six species, of which four are small
asd wboreal and two larger and terrestrial. The two terrestrial species X.
irmggls and X, princeps, whose taxonomic status has been the subject of
uncertainty, have now been finally recognised as two separate species after two
studies on chromosomal congruence and thermoregulation  respectively,
(Robinson et al. 1986, Haim et al. 1987), confirmed subtle differences. The

question still remains why X. inauris are not invading the Nambian western
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rocky and hilly escarpment, and what prevented gene-flow between these

populations?

Although fossil evidence from the genus Xerus suggests that they could run and
move fast, climbing was not mentioned. We can only speculate that X. princeps
live in rocky areas because they could climb better, or perhaps just gradually or

maybe dramatically they became isolated from X, inauris. This division of X.

inauris and X. princeps was possibly caused through isolation by a physical
barrier such as a large river, high mountain or a vegetation barrier such as the
grasslands of the the Miocene era. The latter development, when the wetlands
changed gradually to grasslands could have left some Xerus populations isolated
in the rocky hills. This could have had an ’island-effect’ on the different squirrel
groups. X. inauris was perhaps confined when conditions deteriorated during
the Miocene, especially on the periphery near the rocky hills, and crossing to
the rocks through a very dry area was impossible. Possible behavioural
differences as well as feeding habits at that time could also have played a role

in separating the species.

Today both species occur sympatrically in semi-arid Namibia where they show
no morphological divergence nor any outstanding social or ecological

separation. During the past * 20 million years, evolutionary constraints only
separated them in minor ways. When comparing X. inauris to X. rutilus and X.
princeps in their usage of terrain, X. inauris is the only squirrel found in open
terrain. This preference for open areas could very well have been the answer to
the species separation and X. inauris’s success. None of the factors investigated

this study could account for the continued separation of X. inauris and X.

DRRLDS.

The other question that arises is why X. inauris did not colonize the whole of
southern Africa? What prevents them from colonizing adjacent less arid areas.
Apart from being mentioned in the diaries of early Cape settlers as being seen

150 kilometers from Cape Town, no other reports on their distribution since
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1656 could be traced. Perhaps the ’fynbos’ foods were not suitable, the natural
crown fire-cycle possibly destroyed the continuous supply of herbage and the
terrain in the southern Cape is too rocky to allow for adequate extensive
burrowing. The mesic areas of Natal, the eastern Cape and Swaziland are also
devoid of X. inauris. This could be a result of the physical barrier of the
Drakensberg mountain range that imposes very cold temperatures and a hard
substrate, which makes burrowing difficult. Competition with other rodents, as
species diversity increases concomitantly with the increase of rainfall isohyets,

could also have a deterring effect.

Evolution is opportunistic, and representatives of many diverse phylogenetic
groups may adapt to any one habitat, while quite closely related animals could
be adapted to very different habitats (Edney & Nagy 1976). As a genus, Xerus
is morphologically well suited to a semi-desert environment. This can be
ascribed to the presence of its bristly fur, claws on fore and hind paws which are
adaptations for digging and a subterranean life. The adaptations towards
temperature extremes include the conspicuous parasol tail and dark skin.

However, one could simultaneously argue that all these adaptations could make
them suited for mesic areas as well. However, the preference for open habitats

probably deterred these squirrels from colonizing thick vegetation.

X. inguris probably show shrinkage and expansion of their distribution and
range in time, depending on whether the peripheral circumstances allow
movement to better vegetation patches. If these patches become too arid the
squirrels would probably move back to old areas where underground sources

wach as Dipcadi sp. tubers exists, and it could be that they are ’geophyte
Pemited’.

When change occurs it is probable that X. inauris would respond subject to the
original state of the system, but that disruption of any of the life history
patterns would have a ’ripple’ effect on their existence as a whole. If ’stress,

such as drought, excessive cold, population pressure or even the sudden
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increase in predator numbers arises, an assumption can be made that animals
would first have an ’alarm reaction’, followed by a ’coping’ reaction (Rapport,
Regier & Hutchinson 1985). In the Kalahari Gemsbok National Park stress
imposed by the management or tourism is minimal, but sudden environmental
stress such as a drought, occurs from time to time. In such an event, X. inauris
have shown that they can cope with the situation. In the face of extremely hot
weather and very low rainfall, between 1984-1987, X. inauris survived, although
their numbers declined drastically, probably as a result of high juvenile
mortality and a lower reproductive rate as a direct result of dwindling food
resources. A complete ’collapse’ (Rapport et al. 1985) resulting in extinction
never occurred. The role of rodents, why, where and how they function is
usually underestimated in large conservation areas such as the Kalahari, their
role as a herbivore in the food-web cannot be ignored and it is time that the

herbivorous small mammal impact on the environment is evaluated.
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CHAPTER 9

SUMMARY

X. inauris, are large, diurnal, burrowing, herbivorous and colonial rodents.
Their distribution in semi-desert areas of unpredictable rainfall poses several
questions about their adaptations to survival: how ’stressed’ are these squirrels

in what we, humans describe as a stressful environment?

Plants such as T. terrestris provided succulent leaves, stems, flowers and roots

throughout the year. Such plant material served as a water and protein source

for X, inauris.

The central burrow system was used to overnight in by all group members and
for siesta rests. All other burrows in the home area were used on an ad hoc
basis for refuge from predators and the extreme temperatures in summer. Any
environmental temperatures outside the thermal neutral zone of between 29
and 33° C, placed demands on squirrels’ metabolism. It therefore would be
advantageous to rest in a burrow system within a stable temperature regime

while ambient temperatures are fluctuating.

Minimal resting maintenance for X. inauris was 0,84 kJ/g and 0,97 kJ/g in
summer and winter respectively. If we assume that squirrels lost the minimum
amount of water during the cold-dry winter, flux being closely correlated with
the previous three months rainfall, both the winter studies qualify. The average

water flux of the two winter periods was 0,037 ml/g body mass.

It is proposed that X. inauris begin and terminate their surface activity based
on their appraisal of environmental conditions, on external and internal
dynamic states (e.g. nutritional requirements, food density) and on experience

of their home-area.
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X. inauris were always acutely alert even when relaxing, their eyes being
situated on the sides of their heads give them vision in all directions, but overt
vigilant stances took place 11,6 % of the daily activity time. Group signals such
as tail flicking, freezing behaviour and vocalizing, enhanced escape. The
presence of males in the female home area elicited chasing and fighting by the
older female. During such encounters sexual chasing, mating, anal and nose

sniffing would take place.

No age or sex class differences in home area size could be detected. Squirrels
had larger home areas of 7,4 + 2,6 ha during winter than during mid-summer
(3,85 + 0,48 ha). Home range shapes was influenced by the dome-shaped dune
topography of the study area.

It is not clear whether or not energy requirements for most winter-active
endotherms actually increase during the cold-dry winter months. At 14° C,
without nesting material, single animals showed signs of shivering
thermogenesis, while huddled groups of two, four and six squirrels could save

between 8,9 % and 40,0 % of their energy expenditure respectively.

Little specialization occurred in the gut of X. inauris, but their digesta passage
rates were comparable with other monogastric mammals. The large caecum

provides flexibility in utilizing different foods in the event of food shortage.

Seasonal annual patterns of water and energy availability differ from year to
year in the Kalahari. X, inauris have no choice but to eat fibrous foods in
winter, to resort to roots, and take termites. Poor nutritional quality of forage

might induce squirrels to move to sites of more plentiful vegetation.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



OPSOMMING

Xerus inauris is groot, daglewende, koloniale en plantvretende knaagdiere wat
tonnels bewoon. Hul verspreiding in semi-woestyndele met wisselvallige reénval,
het vrae oor hul aanpassings vir oorlewing laat ontstaan: Onder hoeveel druk
verkeer hierdie eekhorings in ’'n omgewing, wat deur die mense, as

onvoorspelbaar beskou word?

Plante soos Tribulus terrestris het regdeur die jaar sukkulente blare, stingels,

blomme en wortels verskaf. Sulke plantmateriaal was 'n bron van water en

proteiene vir X. inauris.

Die sentrale tonnelstelsel word deur al die lede van die groep vir skuiling
gedurende die dag en nag gebruik. Al die ander tonnels in die tuisgebied word
op 'n ad hoc basis deur individuele lede gebruik om roofdiere en uiterste
somertemperature  te ontduik. Enige omgewingstemperature buite die
termo-neutrale sone van 29 tot 33 °C het 'n negatiewe effek op hul metabolisme
gehad. Terwyl die omgewingstemperature dus gewissel het, was dit vir hulle

voordelig om in tonnelstelsels te rus waar konstante temperature geheers het.

Dit is nie duidelik of die energiebehoeftes van die meerderheid endotermiese
diere wat in die winter aktief is toeneem nie. Individuele eekhorings het by 14
°C , sonder nesmateriaal, begin bewe, terwyl groepe van twee, vier en ses

eekhorings wat gebondel het, 8,9 - 40 % energie bespaar het.

Daar word voorgestel dat die tydsduur wat X, inauris aan bo-grondse aktiwiteite
bestee, afhang van omgewingsfaktore, eksterne en interne dinamiese toestande

(bv. voedingsbehoeftes en voedseldigtheid) en van hul kennis van die

tuisgebied.

X. inauris was altyd baie waaksaam, selfs tydens ontspanning. Hul o€ is aan die

laterale kante van hul koppe gelee, wat 'n wye gesigsveld tot gevolg het.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



-159-
Waaksaamheid het 11,6 % van hul daaglikse aktiewe tyd in beslag geneem.
Wanneer gevaar dreig, word ander lede van die groep gewaarsku deur
stertseine, vriesgedrag en alarmroepe. Die teenwoordigheid van mannetjies in
die tuisgebied van die wyfies het ’'n gejaag en bakleiery deur die ouer wyfie
ontlok. Gedurende sulke ontmoetings het seksuele gedrag en paring
plaasgevind. Geen ouderdoms- of geslagsverskille is waargeneem in tuisgebiede
wat verskil in grootte nie. Eekhorings het groter tuisgebiede gedurende die
winter (7,4 + 2,6 ha) as gedurende middel-somer (3,85 + 0,48 ha) gehad. Die
duine rankskikking of topografie van die studie area het die woongebiede van

eekhorings bepaal.

Weinig spesialisasie is in die spysverteringskanaal = van die eekhorings
waargeneem. Indien skielike habitat- en klimaatsveranderinge herbivore in die
gesig staar, beskik hulle oor die vermoé om sekere gedeeltes van hulle
spysverteringskanaal aan te pas. Die tyd wat dit neem vir voedsel om deur die
spysverteringskanaal van X. inauris te gaan kan vergelyk word met die van

ander monogastriese diere. Die groot caecum is 'n aanpassing om verskillende

voedselsoorte te kan benut in tye van voedselskaarstes.

Minimale rus-onderhoudende energie vir X. inauris was onderskeidelik 0,84
kI/g en 097 kJ/g gedurende die somer en winter. Die resultate toon dat
eckhorings gedurende die koue droé winter maande die minste waterverlies
toon en dat die wateromset afhang van die vorige drie maande se reenval. Die
gemiddelde  wateromset vir die twee winterperiodes was 0,037 ml/g

liggaamsmassa.

Seisoenale patrone in die water- en energiebeskikbaarheid in die Kalahari
verskil jaarliks. X. inauris moet dus noodwendig voedsel met hoé veselinhoud,
wortels en moontlik ook insekte gedurende die winter inneem. Swak
voedselkwaliteit ~mag eekhorings dwing om te verskuif na gebiede waar

plantegroei meer volop is.
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Appendix 1. Plant species, percentage cover and rainfall at 'Rodent Hill’
measured from Sept 1987 till October 1988.

SPECIES MONTHS

09 11 12 02 04 06 08 10
NO 789 750 689 587 53,7 60,5 70,0 68,0
VEGETATION
E.lehmanianng 1,5 0,9 0.5 1.5 4,2 3,0 2,0
S.kalahdrensis 0.6 1.4 5.0 8.9 10,6 9.4 8.2 10,0
A. glaucum 0.4
S. amabilis 0.6 0,5 05 07 0.8 0.8 0.8 0,8
S.ciliata 0,7 0.8 L0 05 1,5 1,0 0,5
G.flava 0,2 0,2 03 02 0.3 0,3 0.2 03
A. erioloba 0.6 0,6 05 05 0,5 0,5 0,6 0,5
B. albitrunca 0,2 0,2 02 02 0,2 0,2 0,2 0.2

A.haematoxylo 0,4 03 03 03 0,4 0,3 0,4 0,4
R. trichotomum 0,2 0,2 02 02 0.2 0,2 0,2 0,2

A. mellifery 0,2 0.2 03 02 0,2 0,2 0,2 0,2
Helichrysum 0.4 4,5 2,5
Limeum 2,2 7,6 16.2 16,4 9.5 42 4,2
T. terrestris 4.6 1,8 1.0 2.7 33 5.2 5.2 5.1
Pentzia 1,0 1,0 0,7 0,5 0.3

Requina 2,0 2,0 0.3

Sesamum 0,3 1,4 2,0 28 3.6 2.0 1,5
Herbstaedig 1,5 2,0 3.5 2,0

Citrillus 0,1 0.3 29 42 34 3,0 2,1
Cassia 0.5 22

Moribund 5.8 5.5 0.5 0.5 0,0 5.0 6.8 5,0
TOTAL 16,0 245 306 41,2 462 335 232 269
COVER %

mm 2 53 11 119 128 6,5
RAINFALL
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