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Abstract

Rock hyraxes (Procavia capensis) are a common component of faunal assemblages at South African
archaeological sites. Previous studies have focused on their remains as proxies for aspects of diet and
mobility in prehistoric human populations. They have also been recognized as valuable
palacoenvironmental indicators due to the fact that their stratified communal middens record shifts in

stable isotopes, palynology, and molecular biomarkers that appear to reflect environmental change.

Previous studies conducted in east Africa have concluded that rock hyraxes are preferential grazers. There
is comparatively little evidence, however, for the dietary preference of South African rock hyraxes,
although it has been suggested that they consume more browse. This research aims to quantify the carbon
isotopic ratios in their bone collagen to reconstruct diet. Results support preferential browsing in South
African rock hyraxes, with a mean 8'°C value for all animals in this study of -20.3 + 1.9%o (n = 210)

indicating a C; dietary contribution of 73.4 + 13.3%.

Rock hyraxes are drought-tolerant animals. They therefore exhibit high 8'°N values compared to other
species, particularly in arid environments. There is uncertainty regarding the extent to which this is the
result of high 86"°N in plants in arid areas, and/or of metabolic processes within the animal, possibly
including urea recycling as a water conservation mechanism. This study includes rock hyraxes collected
across South African environmental gradients, allowing the relative importance of environmental and
metabolic determinants of 3'°N to be investigated. Results show that 8'°N decreases by 1%o for every
additional 100 mm of rainfall, although there is a high degree of variability, indicating that '°N values are
not driven by moisture availability alone. Other climatic variables, and additional fractionation of the

isotopes during physiological processes within the rock hyraxes may play a role in determining tissue 8"°N.

The fact that 813Cc011agen indicates preferential browsing limits the degree to which one can use rock hyrax
remains to interpret shifts in the extent of the winter, summer, and year-round rainfall zones. Furthermore,
the relatively low correlation between 815Ncollagen values and rainfall suggests that further investigation into

the primary determinants of E‘)lch(,uagen values is required.
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Chapter One

Introduction

1.1 - The use of rock hyraxes as archaeological and palaeoenvironmental proxies

Extensive research on the remains of rock hyraxes (Procavia capensis), or dassies as they are
locally referred to, has been carried out, particularly in South Africa. It has been
demonstrated that rock hyraxes were extensively exploited for their meat and skins, and their
remains are therefore found at many South African archaeological sites (Parkington &
Poggenpoel 1971; Smith et al. 1991; Jerardino 1995; Texier et al. 2010; Wadley 2010).
Previous studies have thus focused on their remains as proxies for the behaviour of

prehistoric human populations, including aspects of their diet and mobility.

Although it is has been found that rock hyraxes exhibit extensive dietary tolerance (Sale
1960; Skinner & Smithers 1990), disagreement regarding their dietary preferences exists.
There are proponents of both preferential grazing (e.g. DeNiro & Epstein 1978a, Walker et
al. 1978; Hoeck 1989; Zimman 2008) and preferential browsing (Scott & Vogel 2000), but
this has yet to be systematically investigated across vegetation and precipitation gradients.
Samples analysed here were collected in a transect spanning a variety of South African
vegetation biomes and rainfall seasonality zones, and their bone collagen carbon isotope

ratios (8"°C) were used as independent indicators of preferential feeding behaviour,



particularly in summer rainfall areas where grazers and browsers can be distinguished from

one another (Ambrose & DeNiro 1986).

It has been demonstrated that stable nitrogen isotope ratios of plants (dietary sources), and
therefore animal tissues (consumers) are a function of moisture availability in environments
(Heaton et al. 1986; Handley et al. 1999; Hedges et al. 2004; Hartman & Danin 2010).
Analyses of nitrogen isotopic data from communal P. capensis middens have relied heavily
on this relationship (Chase et al. 2010, 2011, 2012, 2013). However, the relative importance
of environmental and physiological factors remains uncertain (Schwarcz et al. 1999;
Makarewicz & Sealy 2015). Rock hyraxes in this study were collected from localities with
very different annual precipitation (~55-1100 mm), allowing the relative contribution of

metabolic and environmental determinants of their bone collagen 8'°N to be explored.

The abundance and wide distribution of rock hyraxes provides the opportunity to collect
modern bone from a variety of ecological contexts to examine the degree to which their
stable carbon and nitrogen isotope ratios reflect environmental parameters, and thereby
investigate their potential utility as palaeoenvironmental proxies at South African

archaeological sites.

1.2 - Thesis outline
The remainder of this thesis is laid out as follows:

Chapter Two provides a systematic overview of the principles and applications of stable
isotope ratios of carbon and nitrogen in the atmosphere, plants, and consumers. Some of the

primary determinants of these ratios are described, and previous research is summarised.



Chapter Three is a review of publications concerning rock hyrax taxonomy, distribution,
ecology, behaviour, and diet. Previous work on stable carbon and nitrogen isotope ratios of

their body tissues and excreta are described.

Chapter Four provides details of the collection localities of individuals analysed in this study,
including published environmental data, ecological context, and personal observations, and

outlines the analytical methods employed.

The results of the stable isotope analyses are presented in Chapter Five. The values are
considered in relation to environmental variables, and the main features of the geographical

distribution of stable carbon and nitrogen isotope ratios are summarised.

Chapter Six discusses how we may infer grazing/browsing preferences of South African
hyraxes from the carbon isotope results, and how these compare with earlier studies reported
in the literature. It also discusses factors influencing nitrogen isotope ratios, as well as
patterns of variability and overlap within and between different collection localities. Finally,
the main conclusions of this study are summarised and suggestions made as to possible future

research avenues.



Chapter Two

Stable Carbon and Nitrogen Isotopes

2.1 - Introduction

Carbon and nitrogen occur in a wide range of organic and inorganic compounds worldwide,
and wherever these elements are found, they exist as one of several isotopes (Trumbore &
Druffel 1995). The most abundant stable isotopes of carbon are carbon 12 (‘*C) and carbon
13 (*C) (cf. Park & Epstein 1960; Farquhar et al. 1982; Ehleringer et al. 1997), and for
nitrogen, they are nitrogen 14 ('*N) and nitrogen 15 (°N) (cf. DeNiro et al. 1985;
Schoeninger & Moore 1992; Evans 2001). These pairs are used to calculate stable isotope
ratios for different compounds by determining the concentration of the heavier isotope ('*C or
1>N) relative to the lighter one ('2C or '*N). The global relative abundances of these isotope
pairs are 98.9% '*C to 1.1% "°C, and 99.6% '*N to 0.4% "°N (Ehleringer & Rundel 1989).
Organic and inorganic compounds can have very different stable isotope ratios (Trumbore &
Druffel 1995). This is because the ratios of the heavy to light isotopes shift in patterned ways
as these elements move through carbon and nitrogen cycles. Isotope ratios can therefore be

used to trace flows of carbon and nitrogen through food webs or ecosystems.

Isotope ratios are expressed in the delta (8) notation as ratios of the heavy compared with the
light isotope, relative to a recognised reference material. The delta values are calculated using

the equation



( Rsample
Rstandard

- 1) x 1000 (%o)

where Rsample is the ratio of the heavy isotope to the light isotope in the sample material,
and Rstandard is the equivalent ratio in the reference material (Slater et al. 2001). Thus R
may be *C/"*C or "N/™N, or another isotope pair. The units are parts per thousand, or per
mille (%o). The accepted reference material for isotopes of carbon is Belemnite from the Pee
Dee formation (PDB), while nitrogen isotope ratios are expressed relative to atmospheric
nitrogen (AIR) (Hayes 1983). These standards have delta values of 0%o. Positive sample delta
values therefore indicate that the measured material contains a greater abundance of the
heavy isotope than the standard, while negative delta values indicate that the sample is

relatively depleted in the heavy isotope (Dawson et al. 2002).

2.2 - Stable isotopes of carbon in the atmosphere, plants, and consumers

Atmospheric carbon dioxide (CO,) is an inorganic compound with a 8°C value of
approximately -8%o (O'Leary 1993), although this value is becoming more negative due to
the burning of fossil fuels (Peterson & Fry 1987). Plants 'fix' CO, during photosynthesis, a
process which discriminates against the heavy isotope (Farquhar et al. 1989). Plants are thus

depleted in "*C relative to atmospheric CO,.

There are three main types of photosynthesis used by plants, namely the Calvin-Benson cycle
(C3), used by most dicotyledons and some monocotyledons, the Hatch-Slack cycle (Cy), used
mostly by some monocotyledons, and crassulacean acid metabolism (CAM), used by most

xerophytes (Bocherens 1997).

Cs photosynthesis begins with the diffusion of CO, molecules into the leaf, through the

stomata. This involves isotopic fractionation, as smaller, lighter '*CO, molecules diffuse



slightly more readily than 'CO,. The C; photosynthetic pathway uses the ribulose
bisphosphate (RuBisCO or RuBP) enzyme to fix atmospheric CO, (Ehleringer & Cerling
2002). RuBP favours the light '2C isotope (Gannes et al. 1998), a kinetic fractionation effect
that is reflected in the very negative 8'°C values of Cs plants, which range from ~-35%o to -
20%o. The most negative values occur at ground level in closed canopy forests, where high
concentrations of 12C02 occur due to leaf decomposition and respiration under closed
canopies (Ambrose & DeNiro 1986; Hare et al. 1991). Diefendorf et al. (2010) utilised
methods first described in Farquhar et al. (1989), where an equation for quantifying the
degree to which water-use efficiency (WUE) is a mechanism of carbon isotope fractionation
was provided, to conduct an extensive global analysis of carbon isotope fractionation in the
leaves of 75 woody plant families. It was found that variability in leaf §"°C values were

primarily due to changes in WUE as a result of the rate of stomatal conductance.

C4 photosynthesis differs from the Cs cycle as a result of a number of physiological features
that evolved as adaptations to the environment (Cowling 1983; Collatz et al. 1998). C4 plants
concentrate CO, in the bundle sheath cells, using the phosphoenol pyruvate (PEP)
carboxylase enzyme (Gowik & Westhoff 2011), which discriminates against BC to a lesser
degree than RuBP (O'Leary 1993). These bundle-sheath cells also act as CO, traps,
preventing losses of CO, during photorespiration. From the bundle sheath cells, RuBP takes
over to produce sugars and other photosynthetic products, as in C; photosynthesis. The
overall process of C,4 photosynthesis involves a lesser degree of discrimination against °C
than does Cs photosynthesis. C4 plants therefore have more positive 8'°C values, averaging -
12.5%o to -13%o (Ambrose & DeNiro 1986; Cerling et al. 1997; Cerling & Harris 1999; Kelly

1999).

CAM plants have adapted to assimilate carbon at night under xeric conditions, thereby

reducing the risk of water loss during stomatal opening (Mooney et al. 1977). They are able



to use both RuBP and PEP carboxylase reactions during carbon fixation (Bloom & Troughton
1979). As a result, they are difficult to distinguish from C; and C4 plants using stable carbon
isotope ratios (Bocherens 1997). The 8'°C values more closely resemble those of Cs plants
when CAM plants use more RuBP carboxylase reactions during diurnal photosynthesis.
When more PEP carboxylase reactions occur, discrimination against BCis reduced, and si3¢C
values are more positive (i.e. closer to those of Cy4 plants) (Ehleringer & Rundel 1989). The
8'°C values of some CAM plants have demonstrated seasonal variability, with more positive
(C4-like) values indicating low moisture levels, resulting in increased nocturnal CO, fixation
using the PEP carboxylase enzyme (Bloom & Troughton 1979). Similarly, the amount of
CO; fixed diurnally using RuBP carboxylase reactions when conditions are favourable results

in more negative 8'°C values (Winter & Holtum 2002).

Plants following the C; and C, pathways therefore exhibit a bimodal distribution of §'°C
values that are distinct from one another (Deines 1980). Mean global plant 8°C values are
between -26.5%o0 and -27%o for Cs plants, and -12.5%o and -13%o for C,4 plants (Ambrose &
DeNiro 1986; Ambrose & Sikes 1991; Cerling et al. 1997; Cerling & Harris 1999; Kelly
1999), suggesting an average C; to C4 spacing of 14%o0 to 14.5%0 in most environments
(Sponheimer et al. 2003a; Passey & Cerling 2006). The 8"°C values of CAM plants overlap

those of both C; and C4 plants under different conditions (O'Leary 1981).

The distribution of plants fixing CO, via the three photosynthetic pathways is determined by
environmental variables (Scholes & Archer 1997). C; dicotyledons are distributed across a
wide range of habitats (Still et al. 2003). C4 monocotyledons require high temperatures
during the growing season to flourish. They are also able to photosynthesise more effectively
than C; plants when concentrations of CO, in the atmosphere are low. C4 grasses occur
mainly in open habitats in biomes with a high degree of summer rainfall (Ehleringer et al.

1997). C; grasses dominate in winter rainfall areas, and both C; and C4 grasses grow in



winter/summer rainfall ecotones (Vogel et al. 1978; Scott & Vogel 2000). CAM plants can be
found in a range of habitats. They require little water to survive, and therefore tend to thrive
better than other plants in hot, dry environments. Their ability to conserve water through
opening their stomata for nocturnal carbon fixation also reduces CO, loss through
photorespiration, affording them an advantage over plants that photosynthesise diurnally

(Mooney et al. 1977; Bloom & Troughton 1979; O'Leary 1981).

The extent of South African seasonal rainfall zones is shown in Figure 2.1. Most rainfall
occurs during winter in the south west (the winter rainfall zone), and in summer in the north
and east (the summer rainfall zone). Between the winter and summer rainfall zones is an
intermediate zone which experiences year-round rainfall, allowing both C; and C4 grasses to
grow. Dicotyledonous plants are predominantly Cs; across all South African rainfall

seasonality axes (Vogel 1978).

Figure 2.1. Map showing the present rainfall seasonality zones for South Africa (redrawn after Chase &
Meadows 2007; Chase et al. 2012).



The carbon isotope ratios of plants are passed on to consumers, making it possible to use the
8'C values of various animal tissues to distinguish between consumers of C3 and Cy4 plants.
Additional fractionation between dietary sources and body tissues results in more positive
8'C values of consumers relative to the plants they eat. Consumer bone collagen 8'"°C values
(513Cco11agen) can be ~0.5 - 6.1%0 more positive (Vogel 1978; van der Merwe & Vogel 1978;
Chisholm et al. 1982; van der Merwe 1982; Ambrose & Norr 1993; Kelly 1999; Jim et al.
2004) than dietary 8"C (8"Cgier). In the case of small animals such as rock hyraxes, the
expected offset between 813Cdiet and 613Ccouagen is ~3-4%o0 (DeNiro & Epstein 1978b; Ambrose

& Norr 1993; Caut et al. 2009).

Since browsers consume mostly C; dicotyledons, the 8'°C values of their tissues reflect the
B¢ depleted values of their diet. Reported 513 Ceollagen Values for C; browsers range from ~-
24.5%o to -15%o. Monocotyledon consumers (grazers) can have similarly negative §"°C values
when consuming Cs grasses. In areas with Cy4 grass, grazer 813C0011agen values range from ~-
15%o to -7%o (Ambrose & DeNiro 1986; van der Merwe 1989; Codron et al. 2005; Codron et
al. 2012). In these areas, browsers and grazers have distinct 8'"°Ceoplagen values with little
overlap. Grazer 8'3C values can be used to determine the relative abundance of C; and Cy4
grasses in palaeoenvironmental studies, allowing for the reconstruction of past atmospheric

CO; concentration and rainfall seasonality (cf. Murphy et al. 2007).

Since many animals have flexible diets incorporating a mixture of C; and C,4 plant taxa, the
8'°C values of their body tissues are positioned along the Cs to C,4 continuum. Simple carbon
mixing models have been used as a means of estimating the relative contributions of
isotopically distinct components to a consumer’s diet (Cerling et al. 1999; Cerling & Viehl
2004; Phillips 2012; Phillips et al. 2014). Such models use consumer §"°C values to calculate

the percentages of C; and C4 taxa in diet by calculating their distance from the carbon



isotopic endpoints of two distinct dietary inputs (e.g. C; and C4 plants). Vegetation end points
can be corrected for diet to tissue fractionation, resulting in end point values that conform to
the expectations for the body tissues of pure browsers and grazers in a given environment
(Phillips 2012). For example, in an environment where the C; endpoint for bone collagen
8'°C is -23%o, the C4 bone collagen 8"°C endpoint would be -9%o, assuming a 14%o spacing
between endpoints (cf. Cerling et al. 1999). A consumer in this environment with a 513 Ceollagen
value of -16%o lies at the centre of the continuum and is therefore incorporating 50% C; and

50% C4 plants in its diet (Fig 2.3a).

The percentages of C; and C,4 taxa can be calculated using the equation

x_
a=—100( y)
y—2z

b=100—-a

where a and b are the percentage C; and C4 contributions, and x is the exact (in the case of a
single individual) or mean (in the case of multiple individuals) 8'°C value. y and z are the
8'°C values of the C4 and C; source endpoints, respectively (Phillips 2012). Since most §'°C
values are negative numbers, the result of the calculation for the C3 contribution is multiplied
by -100 to obtain a positive percentage. The C4 contribution is then calculated by subtracting
the Cs percentage from 100 (%). For instance, a consumer living in the same environment as
the animal in the first example, but with a §13C value of -19.3%o, ate 73.6% Cj plants, and

26.4% C4 plants (Figure 2.2b).
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Figure 2.2. Example 1 (a) of a simple carbon mixing diagram (redrawn after Phillips 2012) used to
determine the relative contribution of C; and C, taxa in the diet of a consumer with a 8'°C value of -16%o.
Endpoints are corrected for diet-tissue fractionation. (b) Example (2) of using a carbon mixing equation
to calculate the C; and C, dietary contributions of a consumer with a 8°C value of -19.3%o as
percentages.

Since vegetation end points are often not known and may vary in different environments, one
method of tailoring the approach to a particular case is to use the most negative 5"°C value of
a known browsing individual, or the most positive 8'°C value of a known grazing individual,

as an endpoint, and then to calculate the opposite endpoint using a 14%o spacing between



source endpoints. This reduces the chances of imprecise approximations of diet to tissue
fractionation from producing spurious estimates of dietary composition in consumers for
which the fractionation between whole diet and specific tissues is poorly defined (Phillips
2012). However, these assumptions could still yield estimates with a number of fundamental
uncertainties. For example, there is some evidence that diet to tissue fractionation does not
remain constant along the C; to C4 continuum; the diet to tissue spacing can be up to 2%o
greater in C4 consumers than it is in C; consumers (Hare et al. 1991; Ambrose & Norr 1993;

Pate et al. 1998; Sponheimer et al. 2003c).

In order to have confidence in the results of mixing models, the carbon isotopic ratios of both
dietary sources and consumers must be known. Precise knowledge of diet to tissue
fractionation is also necessary, and it must be assumed that this is constant for all dietary
sources. Applications of mixing models that do not meet these criteria produce results with
inherent uncertainties and interpretation of such cases should demonstrate an understanding

of the limitations associated with each exploration (Phillips et al. 2014).

2.3 - Stable isotopes of nitrogen in the atmosphere, soils and plants, and consumers

Atmospheric nitrogen gas (N,) has a 8'°N value of 0%o (Mariotti 1981; Robinson 2001).
Global nitrogen pools are on average °N enriched relative to atmospheric N, (Handley &
Raven 1992). Soils have variable concentrations of °N derived from fractionation during
complex cycling processes, including nitrogen fixation by nitrogen fixing plants and soil

microbes (Handley & Raven 1992; Sheng et al. 2014).

Diazotrophic plants (primarily leguminous) convert soil and atmospheric N, to usable fixed
nitrates (NOj) in their root nodules (Shearer et al. 1980; Handley & Raven 1992), a process

called nitrification (Evans 2007). Most plants are unable to fix their own nitrogen or to use



atmospheric N»; they rely on nitrogen uptake from nitrifying soil microbes that convert N»
into usable NO3~ or ammonium (NH;") (Ambrose 1991). Non nitrogen fixing plants generally
have 3'°N values that are between 2%o and 10%. more positive than those of diazotrophic
plants (DeNiro & Schoeninger 1983; Heaton et al. 1986; Hogberg 1986), although there is
some overlap. The "N depletion in diazotrophic plants is partly due to the fact that the
contribution of relatively '’N depleted atmospheric N, to the plants results in lower values
(Shearer & Kohl 1986; Handley & Raven 1992), although the root nodules tend to be N
enriched relative to the whole plant (Shearer et al. 1980). Denitrification (the loss of nitrogen
from systems) is the final step in the nitrogen cycle; the term describes the process of soil
microbes converting fixed NO;. or NH," back to N, gas (Zumft 1997). Kinetic fractionation
occurs during this process, resulting in the release of °’N depleted N, gas to the atmosphere,
leaving the substrate enriched in '°N. Other causes of soil '’N enrichment are the deposition
of animal excretions and decomposition of organic matter following plant senescence
(Shearer & Kohl 1986; Robinson 2001). The nitrogen isotopic composition of soils also
varies according to depth (Hogberg 1997). Near the surface, soils are depleted in °N. As
decomposing organic matter is mobilised downward in the soil profile, soils become "N
enriched as exchange with atmospheric N, decreases (Evans & Ehleringer 1993), resulting in

variable plant 8'"°N values dependent upon root depth (Hogberg 1997).

It has been established that relationships exist between the nitrogen isotope ratios of plants
and the availability of water in environments (Heaton et al. 1986, 1987; Swap et al. 2004;
Pate & Anson 2008; Craine et al. 2009; Hartman & Danin 2010). Part of the reason for this
relationship is that plant 8'°N is a function of the relative 'openness' of the soil nitrogen cycle.
Open cycles allow a greater degree of exchange between fixed nitrogen and atmospheric N,
gas, while closed cycles facilitate limited exchange. The nitrogen cycle in arid localities is

open relative to that of wetter localities, resulting in higher plant '°N values (Murphy &



Bowman 2009), particularly in C; plants (Swap et al. 2004). Hence, in mesic environments
where the nitrogen cycle is closed, the ratio of N to "N is lower, since less '*N is able to

leave the cycle.

While plant 8'°N is partly determined by nitrogen fixation and water availability, the primary
determinants of animal tissue 8'°N values can be more difficult to discern. Plant §'"°N is partly
responsible for animal 8'°N, since the expected '°N enrichment of body tissues ranges from
~0.4%o to 5%o relative to the values of the diet (Hare et al. 1991; Gannes et al. 1998; Roth &
Hobson 2000; Murphy & Bowman 2006; Caut et al. 2009). This enrichment increases by an
average of about 3-4%o for each step-wise consumer trophic level in terrestrial ecosystems

(Schoeninger & DeNiro 1984; Ambrose 1991).

A further contribution to animal 8'°N is fractionation during physiological processes, and it is
believed that nitrogen metabolism can strongly influence tissue 8'°N (Heaton et al. 1986,
1987; Sealy et al. 1987, Ambrose 1991; Grocke et al. 1997). Some animals are able to
recycle urea when water stressed, allowing them to survive on very little water for extended
periods of time (Hume et al. 1980; Chilcott et al. 1985). In order to conserve water during
droughts, concentrated urea is excreted, and nutrients are recycled to the hindgut. Since the
light '*N isotope is preferentially expelled via urea passed on to the kidneys, while the
heavier "°N isotope is re-absorbed via the hindgut, this cycle results in "N-enriched body

tissues, and 15N—depleted urea (Ambrose 1991).

The degree to which animals recycle urea remains the subject of debate, although the effects
are believed to be particularly pronounced in drought-tolerant species (Grocke et al. 1997).
Hence, in dry areas, it is expected that 8'°N values of body tissues (including bone collagen)
are higher when animals are driven to recycle urea in order to maintain nitrogen balance and

remain hydrated (Ambrose & DeNiro 1987; Foley & Hume 1987). Conversely, urea is not



recycled to the same degree in wetter areas, resulting in a lesser degree of re-absorption of
N, and consequently lower 8'°N values of body tissues. The expectation is therefore that a
relationship between aridity and higher 8'°N values of body tissues in drought tolerant
animals exists (Heaton et al. 1986). Drought tolerant herbivores have 8'°N values that are
about 2-4%o higher than those for water dependent herbivores living in the same environment
(Ambrose & DeNiro 1986), and previously published data suggests a decrease of 1.1%o to

1.3%o in animal 8'°N for every 100 mm increase in annual rainfall (Heaton et al. 1986, 1987).

Other studies, however, suggest that the elevated 8'°N values of animals inhabiting xeric
environments are less attributable to metabolic effects, such as urea recycling, than
previously thought (Schwarcz et al. 1999; Szpak et al. 2010; cf. Makarewicz & Sealy 2015).
An Australian study of the offset between water availability and plant 8"°N, and water
availability and kangaroo bone collagen 8'°N, indicated that drought tolerant herbivores in
arid localities mostly reflect the values of their diet (Murphy & Bowman 2006). Since plants
tend to be "N enriched when it is dry (Swap et al. 2004; Hartman & Danin 2010), the body
tissues of animals eating those plants are correspondingly enriched, and vice versa.
Furthermore, Sponheimer et al. (2003b) conducted laboratory experiments using four llamas
and found that while urine is '°N depleted by between 0.3%o and 2.1%o relative to diet, faeces
are "N enriched by about 3%, indicating that combined excreta are therefore not '°N
depleted relative to diet. This suggests that “N efflux through excretion does not necessarily

result in "°N enriched body tissues such as bone collagen.

2.4 - Stable isotope ratios in bone collagen

Since bones and teeth are well-represented in the archaeological record (Lee-Thorp 2008),

their utility as sources of carbon and nitrogen for stable isotope analysis has been recognised



and applied in many studies (Brown and Brown 2013). Collagen is the primary proteinaceous
component of bone (Weiner & Wagner 1998; Taton 2001). Bone collagen consists of peptide
chains wound together in a triple-helical structure (Holmgren 1998). The sequence of amino
acids in collagen is well known, enabling us to characterise the %C, %N, and C:N ratio of
collagen, and to use these as reliable indicators of the structural and isotopic integrity of
collagen extracted from bone. As a result, diagenetically altered material can be detected and
discarded in the early stages of sample preparation (Tuross et al. 1989a; Ambrose 1990; van
Klinken 1999). Collagen fibrils are laid down when bone forms, but undergo resorption and
re-formation (“turnover”) throughout life. The rate of turnover is much slower in bone than in
soft tissues (Kelly 1999), resulting in an isotopic composition which reflects a long-term
average of the food consumed and the environment inhabited by an animal over much or all
of its life (Lee-Thorp 2008). Bone collagen is the chosen material for this study because of
the existence of a large body of comparative data for other grazing and browsing mammals,
and because of the existence of quality indicators, ensuring that one can have confidence in

the isotopic measurements made.

2.5 - Summary

Stable carbon isotope ratios have been recognised as useful for distinguishing grazers and
browsers in habitats dominated by C; dicotyledons and C4 monocotyledons. Mixing models
can be used to calculate the relative contributions of these two dietary sources, providing
estimates of the degree to which consumers prefer one source over another. It has long been
established that the ratio of °N to "N in consumer body tissues is higher in arid areas,
although the precise determinants of this relationship remain uncertain. Considering more

recent studies of consumer 8'°N, highly resolved analyses of drought tolerant consumer stable



nitrogen isotope ratios across South African aridity gradients are a key research avenue that

could assist in elucidating the mechanisms that determine "N content in body tissues.



Chapter Three

Rock hyraxes

3.1 - Taxonomy

Rock hyraxes (Procavia capensis) are small drought tolerant mammals in the order
Hyracoidea. The Procaviidae are the only family in this order, and there are three genera
found in Africa, namely Procavia, Heterohyrax, and Dendrohyrax (Skinner & Smithers
1990). Procavia has been divided into a number of species and subspecies, for example P.
capensis (Yom-Tov 1993; Barry & Barry 1996; Cunningham 1999; Kotler et al. 1999), P.
habessinica (Riibsamen et al. 1979; Hume et al. 1980; Kleinschmidt et al. 1986), P. johnstoni
(Sale 1966; Hoeck 1975; Walker et al. 1978; Riibsamen et al. 1982; Caro & Alawi 1985;
Mahaney 1986; Hoeck 1989; Young & Evans 1993), P. capensis welwitschii (Olds &
Shoshani 1982; Grubb et al. 1999; Scott et al. 2004), and P. ruficeps (Spinage 1981; Peters

1989).

The rationale for the naming of subspecies is not explicit. One study used mitochondrial
DNA (mtDNA) to distinguish two South African P. capensis clades with geographically
restricted haplotypes that are thought to have diverged from common ancestral Karoo hyrax
populations ~2mya. It was suggested that mtDNA distinctions between populations in the
extreme north and north east of South Africa, and the southern and central regions, is due to

an absence of gene flow since divergence occurred (Prinsloo and Robinson 1992). Genetic



diversity in P. capensis awaits further investigation, and the genus Procavia is therefore
regarded as monospecific here and in other recent publications (Schlitter et al. 2014,

Butynski et al. 2015).

3.2 - Distribution, habitat and colony structure

Procavia capensis occurs throughout most of South Africa (Figure 3.1), with the exception of
a small portion of the KwaZulu-Natal east coast, which lies between Durban and the border
with Mozambique. They are also absent from a strip at the country's borders with Namibia
and Botswana, running from the Kgalagadi in the Northern Cape to the Ramatlabama border
post in the North West province (Butynski et al. 2015). Their absence from these areas is
likely due to the lack of suitable habitats (Skinner & Smithers 1990). Their distribution
extends from South Africa to cover a great deal of Namibia, as well as parts of Botswana,
Zimbabwe, Angola and Malawi. Rock hyraxes also occur in many other sub-Saharan
countries north of the equator, as well as in some countries in North Africa, and on parts of
the Arabian Peninsula (Wallach et al. 1977; Butynski et al. 2015). Since they are remarkably
drought tolerant (Riibsamen et al. 1979; Hume et al. 1980; Eley 1994; Cunningham 1999;
Brown & Downs 2006), their occurrence is limited mainly by the availability of food sources

and suitable habitat (Skinner & Smithers 1990; Shipley 1999).

Procavia capensis populations occurring in natural environments occupy crevices and
hollows in rocky outcrops, rock shelters, cliffs, and caves (Sale 1966; Young & Evans 1993;
Brown & Downs 2005, 2007). They have also been known to inhabit the abandoned dens of
other animals (Roberts 1951). Those occurring near or within urban human settlements reside
in roadside storm water drains, gutters, woodpiles, disused quarries, among concrete blocks,

and beneath buildings (Wiid et al. 2015; la Grange, pers. obs. 2012).



Well-worn paths connect the living spaces within each colony (Sale 1966). These also lead to
a number of communal dung heaps (middens) where rock hyraxes routinely defecate and
urinate (Scott & Vogel 2000; Meadows et al. 2010; Chase et al. 2010, 2015). Middens are
thus composed of mixed urino-faecal matter, the relative proportions of which can be variable
and challenging to ascertain (Chase et al. 2012, 2013). In many cases, these middens are
primarily composed of dung pellets with little or no binding material (la Grange, pers. obs.
2013). In arid areas, they are also rich in an adhesive substance called hyraceum (Figure 3.2)
(Scott & Bousman 1990; Scott 1996), especially when they are sheltered from rain by
sufficiently large rocky overhangs (Chase et al. 2012). It has been suggested that humidity in
coastal and mesic environments precludes the development of hyraceum-rich midden

accretions (Chase et al. 2012).

Hyraceum is an excreted metabolic product consisting of concentrated rock hyrax urine and
salts (Riibsamen et al. 1982; Eley 1994; Prinsloo 2007; Gil-Romera et al. 2007; Olsen et al.
2008; Carr et al. 2010; Gil-Romera et al. 2010; Chase et al. 2012). When present in sufficient
quantities, this consolidates the midden deposit, which can then be preserved for tens of

thousands of years (Scott 1996; Carrion et al. 1999; Chase et al. 2009).



Figure 3.1 - Map showing the distribution of extant P. capensis colonies across Africa and the Arabian
Peninsula. The map was rendered in ArcGIS using spatial data obtained from the IUCN Red List of
Threatened Species (Butynski et al. 2015).
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Figure 3.2 - Rock hyrax midden on the farm Mertenhof in the Cederberg. The midden comprises both
loose dung pellets, and dung pellets that have been bound by hyraceum.



3.3 - Social structure, behaviour, and reproduction

Rock hyraxes live in groups of up to 80 or more individuals (Hoeck 1989; Kotler et al. 1999;
Zimman 2008; Wiid et al. 2015) with a high ratio of adult females relative to adult males
(Fairall & Hanekom 1987; Koren & Geffen 2008). Since they are diurnal, days are spent
foraging, basking, huddling, and playing (in the case of juveniles), and nights are mostly
spent inside the colony structure (Caro & Alawi 1985; Skinner & Smithers 1990; Brown &

Downs 2007).

A complex array of vocalisations allows rock hyraxes to venture beyond the colony structure
to forage (Ilany et al. 2011; Kershenbaum et al. 2012). Warning calls alert foraging hyraxes
to the presence of predators, giving the majority of individuals time to return to the colony to
seek shelter (Young & Evans 1993; la Grange, pers. obs. 2012). Despite this sentry system,
rock hyraxes rarely forage in excess of 15m from the den (Druce et al. 2006). In some cases
nearby food sources become depleted. This results in nutritional stress and can cause hyraxes

to travel up to 150m away from the den to forage (Olds & Shoshani 1982; Kotler et al. 1999).

The birthing season of P. capensis is restricted by photoperiod, occurring progressively later
in the year towards northern latitudes in southern Africa (Millar & Fairall 1976). The
gestation period is around 7.5 months (Caro & Alawi 1985), considerably longer than that of
other small mammals, following which females give birth to between one and four
precocious, fully furred pups (Hoeck 1982). They are dry and able to run, play, and forage
within hours of birth (Olds & Shoshani 1982), but are only fully weaned at around six to nine

months (Hoeck 1977; Young & Evans 1993).

Males and females are able to reproduce at 16 months (Millar 1972), and dental maturity is
reached at around 36 months, once the third molar has erupted (Fairall 1980). There are

accounts of hyraxes living for up to 13 years in captivity (Aroch et al. 2007), although a



maximum age of between 8.5-11 years is more commonplace among wild populations due to

predation (Hoeck 1989).

3.4 - Diet

Dietary assessments of rock hyraxes based on field observations indicate that they consume a
variety of plant types, including grasses, succulents, forbs, bushes, fruit, and the leaves and
bark of trees (Sale 1960; Skinner & Smithers 1990; Klein & Cruz-Uribe 1996; Moran 1996;
la Grange, pers. obs. 2013). At some localities, hyraxes forage in residential areas and
agricultural fields and are therefore considered pests (Nico Avenant, pers. comm. 2013; Jurie
du Plessis, pers. comm. 2013; Wiid et al. 2015). Such dietary behaviour, however, is not

representative of hyrax feeding patterns in natural environments.

Disagreement regarding the relative contribution of grass and browse vegetation to overall
rock hyrax diet exists. Several publications have used data from studies conducted in east
Africa to state that hyraxes selectively feed on grass (Janis 1979; Caro & Alawi 1985; Barry
& Barry 1996), and that browse is only consumed in significant quantities during periods of
grass depletion under conditions of hyper-aridity (Hoeck 1975; Shipley 1999). This idea is
founded on the premise that in xeric areas or during periods of water-stress (e.g. low rainfall
seasons) when grasses have minimal access to groundwater, rock hyraxes are forced to
subsist on plants with deep root-systems that are able to satisfy their moisture requirements
during droughts (Chase et al. 2009, 2012). It has also been found that rock hyraxes in the
Karoo and in southern Namibia consume grasses mostly wet periods when they are most
palatable (Fourie 1983; Lensing 1983), although the individuals' diets were dominated by

dicotyledon species on average.



A study using bone collagen 8'°C as a direct dietary proxy established that rock hyraxes
living in the C4 grass dominated savannah environment of the Serengeti National Park,
Tanzania, consumed more grass relative to bush hyraxes (Heterohyrax brucei). Observational
data indicated that P. capensis grazed 43% of the time during the dry season when grass is
less abundant, and 78% of the time during the wet season when grass is widely available. The
reported bone collagen 5">C values for the four rock hyraxes analysed ranged from -16%o to -
12.8%o, reflecting the consumption of substantial amounts of C4 grass (DeNiro & Epstein

1978a).

Preferential grazing in the Serengeti rock hyraxes was supported by Walker et al. (1978)
using dental microwear analysis. Observational data indicated that grass comprised 57% and
78% of diet during the dry and wet seasons, respectively. Microscopic enamel wear of 19
individuals was dominated by pitting (indicative of browsing) during the dry season, and
striations (indicative of grazing) during the wet season. Hoeck (1989) and Zimman et al.
(2008) also reported observational data documenting preferential grazing in Serengeti rock

hyraxes 78% (n=14) and 70.3% (n=37) of the time, respectively.

Palynological analyses of rock hyrax middens are widely used in palaeoenvironmental
studies to reconstruct regional vegetation structure. Wind-borne pollen likely constitutes
much of the pollen spectra found in hyrax middens (Scott et al. 2004; Gil-Romera et al.
2007), resulting in the under-representation of zoophilous plants that transfer pollen directly
from the anther to the stigma (Scott & Woodborne 2007a). However, zoophilous pollen taxa
are often deposited in the midden from the fur and feet of animals (Meadows et al. 2010),
potentially rectifying their muted representation. Further midden pollen derives from plants
that were consumed and excreted (Carrion et al. 1999). These potential biases
notwithstanding, some studies have used pollen spectra from hyrax middens to reconstruct

hyrax diets. One such study of a hyrax midden at Mount Kenya identified 92%



monocotyledon and 8% dicotyledon species in dung pellets (Mahaney 1986). This result was
interpreted as evidence for large-scale grass consumption and thus further corroboration of

the widely-held belief that hyraxes are preferential grazers.

The idea that hyraxes primarily consume grass was, however, challenged by other
palynological studies. These studies, which were carried out on midden samples collected
across various southern African vegetation biomes, probably represent the most
comprehensive survey of pollen spectra derived from hyrax middens (e.g. Scott & Bousman
1990; Scott 1996; Scott et al. 2004; Scott & Woodborne 2007b). Sampling of pollen grains
was in some cases carried out at intervals on hyraceum-rich accretions, and the chronology of
accumulation was assessed by means of radiocarbon dating. Plant taxa were then identified,
often to genus level, and in some cases to species level, providing valuable
palacoenvironmental information. It was initially concluded that midden pollen spectra are
not skewed by dietary preference and are a proxy for available plant taxa only (Scott &
Cooremans 1992); an observation that suggests a large degree of site-dependent variability
(cf. Gil-Romera et al. 2010). However, later conclusions drawn from 8'°C values of hyrax
dung pellets (considered a direct proxy for dietary preference) contrasted with those of
Young & Evans (1993), indicating that although grass pollens were present during certain
time periods, the majority of diet consisted of C; vegetation in both summer and winter

rainfall areas in South Africa (Scott & Vogel 2000).

3.5 - Stable isotope analysis of rock hyrax middens

Numerous large-scale palacoclimate reconstructions using stable isotope and pollen analyses
of hyraceum-rich, stratigraphically coherent southern African rock hyrax middens have been

published (Chase et al. 2009, 2010, 2011a, b, 2012, 2013; Meadows et al. 2010). In many



cases, these archives have demonstrated compelling agreement with well-recognised global
marine and terrestrial palaeoclimate proxies, such as marine and ice cores, speleothems,

global sea-surface temperatures, and insolation and coastal upwelling patterns.

Following previous accounts of rock hyrax graze preference, the 5'°C values obtained from
South African middens were interpreted as indicative of changes in the relative contribution
of C; and C4 plants to diet (Chase et al. 2009). It was suggested that, in the WRZ, where there
is little C,4 vegetation, shifts in 8'°C values may be the result of variations in water-use
efficiency in plants (cf. Farquhar et al. 1989) consumed by rock hyraxes (Meadows et al.
2010; Chase et al. 2015), and local effective precipitation (Chase et al. 2011a), with enriched
8"°C values corresponding to relatively drier conditions (Chase 2010). Relationships between
8'°C and aridity were later considered ambiguous, and the emphasis shifted to examining

8'°N as a proxy for the relative palaco-aridity of environments (Chase et al. 2012).

Relationships between midden 8'°N and aridity have thus been emphasised, with higher and
lower 8'°N values being associated with dry and wet periods, respectively. Increases of
between ~2%o and 6%o in 8'°N values are associated with dry periods such as the Younger
Dryas (YD) and Heinrich Stadial 1 (HS1), and decreases of between ~1%o and 6%o0 with the
relatively mesic conditions of the mid to late Holocene Transition (MLHT), African Humid
Period (AHP), and Antarctic Cold Reversal (ACR) (Chase 2010; Chase et al. 2011, 2012,
2015). These interpretations of the 8'°N record thus assume that the plants consumed by rock
hyraxes are the primary source of 8'"°N variability in their middens, a problematic supposition
since it does not adequately account for the potential role of physiological mechanisms such

as urea recycling in determining 5'°N values.



3.6 - Summary

Procavia capensis is an attractive research subject for isotope studies for a variety of reasons.
The fact that they consume a variety of plant types and thrive in a range of habitats, and their
consequent widespread distribution provides the opportunity to sample individuals in a
transect across a number of environmental gradients. This allows relationships between stable
isotope ratios and environmental variables to be investigated. The restricted home range
utilised by P. capensis, and their relative longevity when compared to other small mammals,
makes them particularly useful for characterising local environments and microhabitats at
high degrees of geographic and temporal resolution. Conflicting data relating to the diets of
east and southern African rock hyraxes, and uncertainties regarding the role of physiology in
determining 8'°N values, highlight the need for a systematic investigation into the factors
influencing the stable carbon and nitrogen isotopic composition of their body tissues and

combined excreta.

As shown in Chapter Two, the use of stable isotopes in addressing questions relating to the
relative contribution of C; and Cy4 plants to herbivore diets is well established. It is therefore
hoped that analysis of the carbon isotope ratios of rock hyrax bone collagen will provide
insights into the extent to which one can quantify their dietary preference. Comparison
between climatic data and bone collagen nitrogen isotope ratios will be used to investigate the
degree to which rock hyraxes reflect their environments, so that additional factors potentially

influencing the 8'°N values of their bone collagen may be explored.



Chapter Four

Materials and Methods

4.1 - Sample selection criteria, provenance, and accession

Modern Procavia capensis individuals were sampled from a variety of localities representing
a range of ecological contexts (Figure 4.1). Of these, 210 were suitable for stable isotope
analysis (Table 4.1). The primary selection criterion was provenance, so that patterns across
environmental gradients could be observed. Samples with imprecise or no provenance data,
uncertain species identification, poor bone preservation, or questionable dietary sources (such
as those collected near houses, camping sites, or picnic areas where anthropogenic influence
may have contributed to diet) were excluded. The precision of provenance data is at worst

within 30 km, but in most cases, it is accurate to within 1 m.

A combination of field-collected, donated, and museum samples were included in the dataset.
Each sample was assigned a number in the sample register for the Stable Isotope Laboratory

at the University of Cape Town (hereafter referred to as UCT number).

The 119 field-collected samples were collected in 2013 and 2014 from rock hyrax colonies
located in areas where precipitation and vegetation were deemed representative of
undisturbed local patterns (see Table 4.2 for a summary of field-collection site ecology).
Field collection involved surveying for suitable colonies and gathering remains from the dens

or their immediate surrounds. Remains were collected on the surface, suggesting that they are



modern. Environmental stress from factors such as sunlight, temperature, and moisture
fluctuations can have a marked effect on the integrity of bone collagen over as short a period
as ten years, something which can be detected during the early stages of sample preparation
(Tuross et al. 1989a). Samples showing evidence of collagen degradation were excluded from
the analysis. Geographical positioning systems (GPS) coordinates were recorded in decimal
degree (DD) format on the day of collection. In most cases, samples collected within Sm of
one another were assigned a single GPS coordinate. Many field-collected samples have been
assigned field numbers indicating the year and month of collection, as well as the number of
the sample (YYMMNNN). A few field-collected samples were given three digit numbers
corresponding to the number of the marked landmark on the GPS device's memory. The
remaining field-collected samples were bagged separately on the day of collection but not
assigned field numbers. Individuals selected for isotope analysis were limited to a maximum
of 20-25 individuals per field-collection locality. In cases where disassociated skeletal
remains were collected within close proximity of one another, sampling was restricted to the

minimum number of identifiable individuals (MNI).

A total of 35 samples were collected by others and donated to the project. In some cases,
these samples do not have exact GPS coordinates. Instead, a GPS coordinate was derived
from the vicinity in which each sample was collected. The age and sex of field-collected and
donated samples have not been determined, although the majority of individuals were sub-

adult or fully adult.

Fifty six samples were taken from sub-adult and fully adult individuals from museum
collections. Many museum-accessioned samples were provenanced to the quarter degree
square (QDS) (n = 41), while the rest have GPS coordinates (n = 25). Museum samples have
identification numbers from the institutions where they are accessioned. Sample

identification numbers from the National Museum of Bloemfontein are prefixed NMB, while



those from Ditsong Museum in Pretoria start with either TM (Transvaal Museum) or AZ
(Archaeozoology Department). These samples were selected from areas that were poorly
represented among the field-collected specimens, and especially to increase the number of
specimens from summer rainfall areas. Permission to sample at institutions was restricted to
specific numbers of individuals that were harvested on site following institutional guidelines

to limit the degree of destruction to the remains.

4.2 - General notes relating to environmental data used

ArcGIS was used to generate the maps presented throughout this thesis. A number of data
layers were used to elucidate relationships between environmental variables, sample
localities, and isotope results. Biome base layers were taken from The Vegetation Map of
South Africa, Lesotho and Swaziland (Mucina & Rutherford 2006) and used to assign each

sample to its corresponding vegetation biome.

Sample collection localities were also superimposed over a base map of the rainfall
seasonality zones of South Africa (redrawn after Chase & Meadows 2007; Chase et al. 2012),
showing the extent of the winter rainfall zone (WRZ), the year-round rainfall zone (YRZ),
and the summer rainfall zone (SRZ). Each sample was thus assigned a rainfall zone

designation.

Quantitative rainfall estimates given for localities in this chapter were derived from the South
African Atlas of Agrohydrology and Climatology (Schulze 2007) (hereafter referred to as
MAPI1), and the Water Resources of South Africa Executive Summary, Version One
(Middleton & Bailey 2009) (hereafter referred to as MAP2). For samples with GPS
coordinates, mean annual precipitation (MAP) values (in mm) taken from the databases were

generated for each sample separately. In the case of museum-accessioned samples with QDS



data, MAP values from MAP1 were calculated by averaging 25 random points within that

QDS, and MAP2 values were taken from the mid-point of each QDS.

Since MAP values derived from the two databases showed no significant difference, MAPI,
being the more widely cited, was chosen as the base layer for isotope distribution maps
presented in Chapter Five. For comparative purposes, both MAP1 and MAP2 were used for

graphs and statistical analyses.

4.3 - Winter rainfall zone samples

The majority of samples from the WRZ were field-collected specifically for this study. The
first samples were taken from colonies on or near the south-west coast and in parts of the
Cederberg (~100 km from the coast). These localities are within the Fynbos biome, a region
dominated by low-growing shrubs, bushes, and small amounts of grass. The dens on the
south-west coast had poorly stratified middens with loose dung, while a few of the Cederberg

middens had substantial hyraceum accumulations.

Just to the north-west of the Cederberg, in the succulent Karoo biome, lies the Knersvlakte
Bioregion. The Moedverloren reserve located there is characterised by a high level of CAM
plant biodiversity. Samples were collected from a small colony within the reserve, where the
majority of plants were succulents, although small amounts of grass as well as a few shrubs

also occur.

The succulent Karoo biome extends further north-west towards the coast. Samples were
collected from the inland areas of the Namaqua National Park, which encompasses a portion
of the coastline. Although the region is within the succulent Karoo biome, pockets of fynbos

vegetation are here interspersed with low-growing succulents and grasses. Individuals



collected in Namaqua were from a variety of colonies with predominantly pellet-rich

middens.

In the extreme north-west of the country, at the border between South Africa and Namibia,
there is a small, arid strip of land that falls within the desert biome. Samples were collected
from various localities in the Richtersveld Transfrontier National Park, which is located in
this biome on the boundary between the WRZ and the YRZ. A number of the Richtersveld
samples had been collected from an eagle nest near the Akkedis Pass and were donated to the
project. The rest of the samples were collected from dens on or near the pass. Although the
region is generally hyper-arid, higher rainfall in some years results in prolific but short-lived
plant growth dominated by small bushes and grass. Hyrax populations tend to decline during
particularly dry spells when food becomes limited (Nick de Goede, pers. comm. 2014). At the
time of collection, none of the colonies sampled were occupied and the middens were dry and
consisted of loose dung deposits, suggesting that hyraxes had been absent from the area for
some time. The fact that around seven samples collected here disintegrated during sample
preparation further supports the suggestion that the remains had been exposed long enough to

undergo diagenesis.

4.4 - Year-round rainfall zone samples

Some of the YRZ samples were collected by others and donated to the project. A handful of
these were collected between the town of Mossel Bay and the Robberg Peninsula on the
south coast. This region is within the fynbos biome, although these localities are generally
grassier than those in the WRZ. Other donated samples were collected from the succulent and
Nama-Karoo biomes further inland. The majority of YRZ samples were collected in the Addo

Elephant National Park. Addo lies approximately 70 km north of the south coast, and falls



within the Albany thicket biome. Samples were taken from a single colony at the south-
western boundary of the Colchester section of the park, near the Sundays River. Vegetation
surrounding the site is dense. Hyraxes were observed climbing and eating non-indigenous
succulents (Opuntia ficus-indica), growing at the base of the rocky outcrop (la Grange, pers.
obs. 2014), where loose dung pellets deposited within the deeper recesses of the den had been

washed out. No hyraceum-rich accretions were observed.

4.5 - Summer rainfall zone samples

The bulk of samples from the SRZ were sourced from museums. The best-represented biome
within the SRZ is the grassland biome (Fig. 4.1). A number of samples are from localities
within the savannah biome. Both the grassland and savannah biomes are characterised by
large amounts of grass interspersed with small numbers of trees and shrubs. Samples were
also field collected from a single colony in the Klipriviersberg reserve near Johannesburg.
The reserve is dominated by large tufts of dry grass, and hyraxes were observed stripping

bark from the trunks and lower branches of trees (la Grange, pers. obs. 2014).

The Indian Ocean coastal belt is a small, mesic section of the east coast where vegetation is
comprised of several tropical plant species. A single sample collected from within this biome

near the coast was donated to the project.

West of the grassland biome lies the SRZ portion of the Nama-Karoo biome. A few museum
samples from this region were donated to the project, but the majority were collected from
the Augrabies Falls National Park at the north-west boundary between the SRZ and the YRZ.
Vegetation in the park is dominated by grasses with a few tall shrubs and some trees. Large

numbers of hyraxes were seen climbing trees to eat leaves and basking on the rocks



surrounding the boardwalk that leads to the main falls (la Grange, pers. obs. 2014). The

middens at Augrabies were extensive and consisted of unconsolidated dung pellets.
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4.5 - Sample preparation

Once collected, soil and visible organic material were removed from the bone surface. A
hand-held Dremel saw fitted with a 24 mm emery cut-off wheel was used to harvest
approximately 4-8 mm?® of bone from each specimen. In some cases (especially for museum-
accessioned samples) special effort was made to sample skeletal elements for which the
antimere was also present, and samples were taken from minimally invasive or previously
damaged parts of the skeleton. Fine sand paper was used to remove remaining particles
before the initial bone weight (mg) was recorded using a Sartorius/Mettler Toledo micro

balance.

Isotopically depleted lipids were removed from the samples by placing each bone fragment in
a separate vial and soaking in ~15ml of defatting solution (two parts chloroform: one part
methanol: 0.5 parts distilled water) for 12-20 hours. The solution was replaced if large
amounts of lipids were present. Samples were considered lipid-free once an oily film no
longer accumulated on the surface of the solution. This step was followed by a thorough rinse
with distilled H,O. From this point onwards, samples were handled with forceps to avoid

contamination with finger grease.

In order to remove the isotopically enriched mineral component of bone, samples were
treated with 0.1-0.3M hydrochloric acid (HCI) until a collagen pseudomorph remained. The
molarity of the acid depended on the size of the harvested bone fragment. Larger samples
required a higher molarity solution to accelerate decalcification, whilst smaller samples
required a more dilute solution to prevent disintegration. It has been demonstrated that
variations in the molarity of HCI has no effect on the isotope ratios of the resultant bone
collagen (Pestle 2010). Each sample was tested daily by visual inspection, and by prodding

with a needle to check whether or not it had decalcified. If the needle was not able to



penetrate the sample effortlessly, fresh HCI solution was added for an additional 24-hour

period, after which the test was repeated.

Once samples had fully decalcified they were drained, rinsed with distilled H,O, and the
collagen pseudomorph soaked in a 0.1M solution of sodium hydroxide (NaOH) for 12-20

hours to remove humic acid that may have leached into the sample before it was collected.

The above chemical treatments resulted in a sample pH of ~10. Samples were neutralised to
pH 7 over 7-14 days by soaking in distilled H,O. pH levels were tested every 2-3 days during
this period, and the H,O was replaced every 24-48 hours. Once neutral, samples were drained

and each vial sealed using parafilm. The parafilm was pierced and vials placed in a freeze

drier at -50°C for 12-20 hours.

Once fully desiccated, samples were left to equilibrate with atmospheric moisture until the
weight of each sample remained constant. The freeze dried weight (in mg) was then recorded
and the collagen yield calculated as a percentage of the initial bone sample weight. Between
0.45 and 0.65 mg of collagen was weighed into a tin capsule, which was then folded to

enclose the sample.

4.6 - Sample analysis and reproducibility of measurements

The samples were combusted in a Flash 2000 organic elemental analyzer and the gases
passed to a Delta V Plus isotope ratio mass spectrometer (IRMS) via a continuous flow
(ConFlo) IV gas control unit. All three items are made by Thermo Scientific, Bremen,
Germany. There were five separate runs with batch sizes ranging from 24-64 individuals. For
each run, two empty tin capsules (‘blanks’) and between 16 and 28 standards (materials of
known carbon and nitrogen isotope ratios) were included at intervals as controls to measure

the precision and stability of the instrument throughout the run. The in-house standards used



were chocolate (a commercial chocolate/egg mixture from an associate in the United States),
Merck gelatin (a protein gel produced by Merck), seal bone (a seal bone crushed,
demineralized and dissolved in acid, and then reconstituted in gel form in the UCT Stable
Isotope Laboratory), and Valine (DL Valine purchased from Sigma). A small number of
sucrose standards were also used. The sucrose standard was obtained from the stable isotope
laboratory at the Australian National University (ANU sucrose). Carbon and nitrogen isotope
values of all standards have been established by measurement against internationally
accepted reference materials distributed by the National Bureau of Standards and the
International Atomic Energy Agency. Nitrogen isotope measurements are expressed relative
to atmospheric nitrogen (AIR), while carbon is expressed relative to Pee-Dee Belemnite

(PDB).

The standard deviations of repeated determinations of 8'°C and 8N values for in-house
laboratory standards analysed together with the samples reported here and in Chapter Five
were < 0.1%o, with the exception of seal bone, for which the standard deviation was < 0.2%o
for 8'°N. 8"°C values of samples in this study are thus reproducible to within 0.1%o, while
8'°N values are reproducible to within 0.2%o (see Table 4.3 for a summary of standards used

and their reproducibility).

Table 4.3 - Details of laboratory standards included in each run, and reproducibility of 8"°C and §"°N
values obtained.

Laboratory Expected Expected Number of standards used Standard deviation
standard standard standard (by run number) (across all runs)
name 8"C (%0) 8N (%o) 1 2 3 4 5 8C (%o) 8N (%0)
Chocolate -17.6 43 16 16 12 0.1 <0.1
Merck gelatin -20.1 8.0 8 8 4 4 8 <0.1 0.1
Seal bone -11.0 15.8 4 4 4 4 4 <0.1 <0.2
DL Valine -26.8 12.1 4 4 4 4 8 <0.1 0.1
ANU Sucrose -10.6 4 <0.1 <0.1



Chapter Five

Results

5.1 - Collagen quality assessment

Collagen quality indicators include the percentage of collagen by weight relative to the initial
bone weight (collagen yield), the elemental ratio of carbon to nitrogen in the bone collagen
(C:N), and the percentages of carbon (%C) and nitrogen (%N) in the bone collagen by
weight. The collagen pseudomorph can also be examined for signs of collagen degradation;
collagen that is degraded appears 'furry' and breaks apart easily, while high quality collagen
results in a pliable, translucent pseudomorph of the original bone sample (Tuross et al.
1989b; la Grange, pers. obs. 2014; Sealy, pers. comm. 2014). Collagen yields are
unfortunately not available for all samples, due to the theft of the computer on which they
were recorded. This is not a significantly limiting factor since collagen yields are highly
variable depending on the method of collagen extraction used (Sealy et al. 2014); they are
therefore less reliable measures of collagen quality than C:N ratios, %C, and %N, all of

which are available for each sample.

A collagen yield of 22% is considered indicative of well-preserved collagen in modern bone
samples, although values as low as 1% and as high as 30% are considered acceptable (van
Klinken et al. 1999). Low collagen yields are typically indicative of collagen degradation,

although these can also result from extended HCI treatment, which causes collagen to



dissolve. High collagen yields usually indicate that the sample was not treated with HCI for a
sufficient period of time, and that a proportion of the mineral phase of the bone remains. The
C:N ratio of well-preserved collagen is ~3.2 (Ambrose 1990), although ratios ranging from
2.9 to 3.6 are considered acceptable (van Klinken et al. 1999). Higher C:N ratios indicate
contamination by extraneous carbon and/or loss of bone nitrogen. The carbon content of well
preserved modern bone collagen is between 15.3% and 47%, and acceptable %N ranges from
5.3% to 17.3%, with lower contents being correlated with decreasing collagen yield

(Ambrose 1990).

The collagen yields, C:N ratios, and the %C and %N are presented in Table 5.1. All samples
yielded pliable collagen pseudomorphs, indicating that the bone collagen is well preserved.
The mean collagen yield is 24.1 + 3.3%, with a range from 9.5 to 27.8% (n=37). This is
indicative of high collagen quality. Sample 14659 had the lowest collagen yield (9.5%). Since
this sample had an intact collagen pseudomorph, the low yield is attributed to extended HCI1
pre-treatment. The mean C:N ratio is 3.3 + 0.1, with a range of 0.3. All C:N ratios are within
the accepted 2.9 to 3.6 range. The %C values range from 37.3% to 53% (mean 43.6 + 2.2%),
and %N ranges from 13.3% to 19.2% (mean 15.6 = 0.9%) (n=210), indicating that collagen
quality is good, and one can have confidence in the carbon and nitrogen isotope ratios

measured on these samples.
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5.2 - Stable isotope ratios

The 8"°C and 8'°N values for all samples analysed are presented in Table 5.1 and plotted
against each other in Figure 5.1 (n = 210). The correlation coefficient (R? value) for this

bivariate plot is 0.01, indicating that no correlation between the regressed variables exists.

The 8"°C values range from -24.0%o to -14.8%o, with a mean of -20.3 = 1.9%o. The majority
of samples lie within the expected range for browser bone collagen (~-24.5%o to -15%o), and
only one individual falls within the expected grazer range (-15%o and higher). These are
empirically observed ranges for many species of confirmed browsers and grazers collected
across a number of habitats in East Africa, including savannah and montane forests (Ambrose
& DeNiro 1986). The 8'°N values of samples analysed for this thesis are highly variable,
ranging from 1.2%o to 19.5%o, with a mean of 10 £ 3.6%.. These values span the reported

ranges for both obligate and non-obligate drinkers summarised in Ambrose & DeNiro (1986).
5.2.1 - Carbon

Although many individuals fall within the expected 8'°C range for browsers or C; feeders,
this could be skewed by the large number of individuals collected in the WRZ, where both
browse and graze is C;. To circumvent this bias, samples were grouped according to the
rainfall seasonality of their collection locality (Figure 5.2). The distributions of 8'"°C values of
samples from both the SRZ and YRZ are statistically significantly different from those from
the WRZ (P < 0.001) but not from each another (P = 0.111) (Table 5.2).' Samples from the
WRZ have 8"°C values that range from -24%o to -16.1%o (mean 813C = -21.4 +1.1%o). They
therefore lie closest to the expected range of bone collagen 8'"°C values for C3 consumers.
The range of 8"°C values for the YRZ is smaller than that of the WRZ (from -22.1%o to -

16.8%o). This is likely due to the smaller number of samples. The mean 8'°C value of

! Calculated using the Mann-Whitney test for equal medians.
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-19.1 £1.4%o is more positive than that of the WRZ (P < 0.001), reflecting the availability and
consumption of some C, grass. SRZ §"°C values range from -23.1%o to -14.8%o. This is
similar to the range for the WRZ. The mean 8'"°C value of -19.8 +£1%o for SRZ samples is
slightly more negative than that of the YRZ, although this is not statistically significant (P =
0.111). The majority of samples lie closer to the expected range of bone collagen 8'"°C values

for browsers than for grazers.

As seen in Figures 5.2 and 5.3, many individuals are within the range of expected bone
collagen 8'°C values for browsers across all rainfall seasonality zones and all biomes except
Albany Thicket, where the distribution of 8'°C values is significantly more positive relative
to all other biomes (P < 0.001) except the Savannah (P = 0.173). There are no individuals
within the range of expected bone collagen 5"°C values for grazers. Overall, the majority of
rock hyraxes display a strong preference for browse vegetation, with grasses and succulents

forming a secondary contribution to their diets.

Relationships between 8'°C values and the two MAP data sets are explored using bivariate
plots in Figure 5.4. The strength of these relationships was assessed using trend lines, for
which the R? values were 0.01 for both MAP1 and MAP2. The lack of correlation between
8'°C and both MAP data sets indicates that rock hyraxes prefer browse vegetation regardless
of the amount of annual rainfall; more negative bone collagen 8'°C values are not constrained

to arid localities where grass is less abundant during droughts.



Chapter Five: Results
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Figure 5.2 - Bone collagen 8"°C values (this study) presented as frequency plots by rainfall zone. For plants,
ranges and mean 5'"°C values + two standard deviations for C; plants and +1 standard deviation for C, plants
are indicated (cf. Ambrose & DeNiro 1986; Cerling et al. 1997; Cerling & Harris 1999; Kelly 1999), and the
expected mean bone collagen 8'"°C values derived from a diet to collagen spacing of 3-4%o for C; and C,
consumers are shown (cf. DeNiro & Epstein 1978; Ambrose & Norr 1993; Caut et al. 2009).
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Figure 5.4 — Bivariate plots comparing the 8"°C values of individuals with (a) MAP1 and (b) MAP2
values for collection localities. Colours separate samples into 100 mm rainfall bins. Sample means for
each rainfall bin are indicated by the black triangles. Non-parametric local regression (LOESS) trend
lines were used to assess the relationship between the variables for all data points. The correlation
coefficient rounded to 2 decimal places is 0.01 for both plots.

5.2.2 - Nitrogen

8'°N values were first examined by locality to investigate intra-locality variability. A number
of localities had five or more observations, and half of these had §'°N ranges above 4%o.
Figure 5.5 is a map of the distribution of mean §'°N by locality, divided into the following
categories: very depleted (1-5%o), fairly depleted (5.1-7%o), moderate (7.1-11%o), fairly
enriched (11.1-15%o), and very enriched (15.1-20%o). The labelled localities have 8'°N ranges
above 4%o0 and five or more observations. Very enriched values occur in the Western (low
rainfall) parts of the country, while very depleted values are more widely distributed, a

pattern which is described in greater detail below. Bar graphs are used to indicate the number



of individuals in each of the 8'°N categories for these localities separately (Figure 5.6). The
largest range in 8'°N at a single locality is ~16.1%o at the West Coast Fossil Park, although
this results from a single very enriched individual. This individual's (UCT 15468) C:N ratio is
3.2 and its %C and %N are 41.6 and 15, respectively (Table 5.1). These figures are almost
identical to those of other samples collected from the same colony, indicating that there is no
evidence to suggest that its unusually high 3'°N value is the result of issues relating to
preservation or errors in sample preparation. Augrabies Falls National Park has a 3'°N range
of ~10.8%o. The majority of samples collected have intermediate 8'°N values, although there
is one sample that is very depleted and one that is very enriched. The range of 8'°N values at
the Namaqua National Park is ~8.4%o, where individuals have moderate to very enriched
8'°N values. 8"°N values of samples collected at Mertenhof have a range of ~4.9%o. Most
individuals are in the fairly enriched category, and one is in the very enriched category. The
Colchester section of the Addo Elephant National Park has a 8'°N range of ~4.1%o. Most
individuals are very enriched, and a few are fairly enriched. The ranges at these localities
indicate that 8'°N values are highly variable both within and between localities. Intra-locality
variability is in one case as high as 16.1%o, indicating that individuals subjected to identical

environmental conditions can have very different bone collagen 3'°N values.

Since large ranges were observed at single localities, sample 8'°N values were next compared
to environmental data. The strongest relationship found was between 3'°N and MAP (R* =
0.37 for MAP1, and 0.45 for MAP2), and a weaker relationship was found between 8'°N and
mean annual temperature (MAT) (R? = 0.25). Because of the stronger relationship, the MAP
data were extensively analysed in an attempt to quantify the degree to which they influence

bone collagen 8'°N values.

Patterns of 8'°N variability across precipitation increments are presented as bivariate plots in

Figure 5.7. All results of the regression analysis are statistically significant at the 95%



confidence interval. 3'°N values are on average slightly more positive in individuals living in
xeric areas relative to those living in mesic areas. Nevertheless, the range of '°N values in
the 100 mm precipitation bins in both data sets indicates that MAP is not the sole determinant
of 8"°N values in rock hyraxes. Overlap in 8'°N values across MAP bins shows that
individuals with very low 8"°N values (1-5%o) occur in areas with MAP of ~120 to 1000 mm.
Very high 8"°N values (15.1-20%0), however, are restricted to localities with <500 mm of
annual precipitation. This suggests that higher 8'°N can be associated with relatively arid

localities, but lower 8'°N is not necessarily an indicator of relatively wet environments.
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Figure 5.6 - (b) Bar charts indicating the number of individuals in each 1% 8'°N increment at the
localities highlighted in Figure 5.5.
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Figure 5.7 —Bivariate plots comparing the 8"°N values of all individuals to their corresponding MAP
values. Colours separate samples into 100 mm rainfall bins. Mean sample 8'°N values for each rainfall
bin are indicated by the black triangles. Non-parametric local regression (LOESS) trend lines were used
to assess the relationship between the variables for all data points. The R? value for (a) MAP1 rounded to
2 decimal places is 0.37. The R? value for (b) MAP2 rounded to 2 decimal places is 0.45.

Rainfall values were binned at 100 mm and 200 mm for both MAP1 and MAP2. As shown in
Figure 5.8, the majority of samples in the dataset were collected in localities with MAP <500
mm. Arid areas have a low locality to sample ratio relative to mesic localities, where low

numbers of observations at localities result in higher locality to observation ratios.
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Figure 5.8 - Frequency histograms for observations binned into 100 mm and 200 mm MAP increments.
The coloured bars represent the number of individuals collected, and the brown bars show the number of
localities sampled. (a) Frequency of observations binned at 100mm MAP1 increments. (b) Frequency of
observations binned at 100mm MAP2 increments. (c) Frequency of observations binned at 200mm
MAP2 increments. (d) Frequency of observations binned at 200mm MAP2 increments.

The range of 8'°N values for each 100 mm MAP increment is presented as a box and whisker

diagram in Figure 5.9. Ranges are highest for increments with MAP of 500 mm or less,



although this may be due to variations in sample sizes. There is a high degree of intra-bin
variability, as well as inter-bin overlap, in 8'°N values. This is particularly salient in arid
localities. Enriched values occur most frequently in arid areas, with the majority of arid-zone
samples exhibiting moderate to enriched values, and a few exhibiting very depleted values.

Depleted values occur in regions where MAP ranges from 100-199 mm to >1000 mm.
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Figure 5.9 - Box and whisker plots of 3'"°N values illustrating intra- and inter-gradient variability in "N
values binned at 100 mm and 200 mm MAPI and MAP2 increments. Outliers for each box plot are
indicated with open circles, and extreme outliers with asterisks.

A non-parametric regression model was attempted to explore the variability in 8'°N values
across rainfall gradients. This model was problematic as it did not adequately characterise the

relationships between 8'°N and MAP without the use of complex third order polynomial
p p



regressions or splines. Results using the polynomial regressions and splines were not
interpretable, and the model was abandoned. A linear regression model was therefore used to
estimate the degree to which 8'°N values differ between rainfall increments. Such models
assume that errors are independent and normally distributed, as well as homoscedastic
(having equal variance). They also ignore any clustering of values due to multiple

observations at certain localities versus single observations at others.

p—
[*))
—

10 ~
~ 5 O Og
©
2 0 o SRR H D
g s T 0 e

(b)

Residuals

Fitted values

Figure 5.10 - Bivariate plots showing the relationship between the residuals and the fitted values for (a)

MAPI and (b) MAP2 model data.
Residual values (the difference between each actual y value and the value predicted by the
line of best fit) are used to estimate the errors. To check the fit of the model for the data, it
was necessary to check whether the residuals are normally distributed and homoscedastic. To
check for homoscedasticity, the residuals were regressed with the fitted values (the predicted
y values on the regression line). The bivariate plots generated (Figure 5.10) show that the
errors are not fully homoscedastic (i.e. they are not randomly clustered around zero). The
slight u-shaped pattern seen shows that the higher and lower fitted values are more variable

than those in the middle; an indication that not all variables are accounted for by the model.



This further supports earlier suggestions that MAP is not the only determinant of the 8'°N

values.
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Figure 5.11 - Histograms estimating the normality of the distribution of residuals for (a) MAP1 and (b)
MAP2 model data. Although there is a degree of skewness, the distribution of residual values is not so
erratic that normality can be ruled out.

Histograms were used to check the normality of the residuals in Figure 5.11. Although the
histograms show some variability in the frequency of certain residual categories, the
distribution is sufficiently symmetrical that normality may be assumed. The results of the
have been interpreted as indicating that for every 100 mm increase in MAP using either
MAP! or MAP2, there is a 1%o decrease in 8'°N. The decrease is statistically significant at
the 95% confidence interval, with a standard error of 0.00, and a P value of <0.001 (Table

5.3).

To further quantify the decrease in 8'°N with increasing MAP, the data was binned at 100
mm rainfall increments so that the change could be estimated for each rainfall bin. The §'°N
shift for each bin was measured relative to the most arid rainfall increment (0-99 mm)
(hereafter referred to as the reference category). The results for the binned data are presented

in Table 5.3. Since there are so few observations in bins with >800 mm MAP, these



categories were combined. Using data from MAPI, it was found that the first rainfall
increment (100-199 mm) showed a positive shift of 0.76%o. in 8'"°N relative to the reference
category. This result was, however, not statistically significant at the 95% confidence interval
(P = 0.460). All other rainfall increments for MAP1 and MAP2 except two showed negative
shifts in 8'°N values with increasing MAP relative to both the reference category and their
preceding rainfall bin, although not all of the decreases were statistically significant. The first
exception is between the 500-599 mm and 600-699 mm bins for MAP1, where there is a
positive shift in 8'°N of 0.19%o in the more mesic bin. This result is statistically significant (P
<0.001). The second exception is between the 100-199 mm and 200-299 mm bins for MAP2,
where there is a positive 8'°N shift of 0.3%o in the more mesic bin. This result is, however,

not significantly different from the reference category (P = 0.066).

As seen in Table 5.3, 8"°N decreases more sharply between the bins with the highest MAP
(>500 mm) relative to the more arid bins (<500 mm). This could be due to the smaller
numbers of samples from these bins, potentially indicating that variability at mesic localities

has not yet been sufficiently resolved.

Table 5.3 - Results of the 8'°N model using data binned at 100 mm MAP increments. Shifts in §'°N
relative to the reference category are shown in the third (MAP1) and fourth (MAP2) columns, with lower
and upper estimates indicated in parentheses.

MAP Shift in "N (%) Standard error P value
( mm) MAP1 MAP2 MAP1 MAP2 MAP1 MAP2
100-199 0.76 (-1.27,2.79) -1.91 (-3.66, -0.16) 1.03 0.89 0.460 0.033*
200-299 -0.30 (-2.35, 1.75) -1.61 (-3.33,0.11) 1.04 0.87 0.773 0.066
300-399 -0.78 (-3.46, 1.90) -2.53 (-5.12, 0.06) 1.36 1.31 0.567 0.055
400-499 -1.06 (-4.16, 2.05) -3.59 (-5.81, -1.36) 1.57 1.13 0.502 0.002*
500-599 -2.29 (-5.69, 1.10) -5.92 (-8.63, -3.20) 1.72 1.38 0.184 <0.001*
600-699 -2.10(-5.37, 1.18) -6.34 (-9.12, -3.56) 1.66 1.41 0.208 <0.001*
700-799 -4.04 (-8.19, 0.10) -6.47 (-9.30, -3.65) 2.10 1.43 0.056 <0.001*
>800 -6.23 (-10.08, -2.37) -8.02 (-11.45, -4.59) 1.95 1.74 0.002* <0.001*

*Estimates that have P values of <0.05, indicating that 8'"°N values are statistically significantly different
from those in the reference category.



5.3 - Summary

The 8"°C values of rock hyraxes analysed in this study are closer to the expected bone
collagen values for browsers than grazers. There are small differences in the distribution of
8'°C values between different rainfall seasonality zones and vegetation biomes, some of
which are statistically significant, but there is no perceptible distinction in the distribution of
8'"°C values across South African MAP increments. Overall, mostly C; vegetation was
consumed by the majority of individuals collected from all localities, including those with

abundant C4 grass.

The 8"°N values presented were more robustly correlated with MAP than other environmental
variables investigated here. Exploring this correlation revealed that the delta values decrease
with increasing MAP on average, although xeric localities (less than 400 mm MAP) span the
total sample 8'°N range and exhibit high degrees of variability relative to mesic ones. Mean
8'°N values in some cases increase slightly from the aridmost MAP increments up to 400

mm, after which they decrease systematically for each additional 100 mm of MAP.



Chapter Six

Discussion and Conclusion

6.1 - Quantifying rock hyrax dietary preference: carbon mixing models

The 8'°C values presented in Chapter Five reflect preferential browsing in South African rock
hyraxes. Their degree of browse preference was explored further with the use of the linear

mixing model, as described in Chapter Two. The mixing diagram is presented in Figure 6.1.

Considering the requirements for using mixing models to their best potential (i.e. that
vegetation end points and diet to tissue discrimination should be known) it is recognised that
the fact that only animals were sampled in this study is a limiting factor. The C; consumer
end point was set at the most depleted 813Ccollagen value for the dataset (an individual from the
WRZ with a 8"°C value of -24%o). The global 8"*C mean for C; plants is ~-27%o, and rock
hyrax 813Cdiet to 813Ccollagen discrimination is around +3-4%o, consistent with a bone collagen
end point of -24%o for a pure C; consumer. In fact, such an end point will, if anything,
underestimate the C; contribution, since global C; plant means include very negative 81C
values from ground-level in closed canopy forests. Since no data presented here are from
such environments, the C; plant mean 8"C for the environments sampled in this study is
likely more positive than -27%.. The C4 consumer end point is predicted to be 10%o, i.e. 14%o
more positive than the C; endpoint, following the approximate 14%o spacing between C; and

C4 vegetation (after Cerling & Harris 1999).



Using the end points outlined above, mixing equations were used to quantify the relative
contribution of browse and graze to overall diet for the whole sample, and then for the WRZ,
YRZ, and SRZ separately. Results show that C; contribution to diet is 73.4% + 13.3% for the
sample as a whole, with a total of 200 individuals consuming more than 50% Cs, and 10
individuals consuming more than 50% non-Cs plants. The amount of C; consumed is greatest
among WRZ samples, with 81.4% C; and 18.6% non-C; consumed on average. Individuals
from the YRZ consume averages of 64.7% C; and 35.3% non-C;. For individuals collected
from localities in the SRZ, where C, grass is readily available, the average C; contribution to

diet 1s 69.1% and the C,4 or non-Cs contribution is 31.9%.

The results of the mixing model are superimposed on rainfall seasonality, vegetation biome,
and MAP base maps in Figures 6.2 and 6.3. The contribution of C3 vegetation to rock hyrax
diet was divided into categories, with higher percentage Cs categories reflecting the largest
degree of C; plant consumption. Figure 6.2 shows that individuals consuming the highest
percentages of C; vegetation on average (=76%) occur in all three rainfall seasonality zones
and all vegetation biomes except Albany Thicket, where the C; dietary component ranges

from 48% to 69%.

Although rock hyraxes from the WRZ are characterised by consistently high Cs; consumption
(>76% at most localities), those from three localities in the Succulent Karoo biome (Namaqua
National Park, Knersvlakte, and Aspoort) are within the 61% to 75% C; dietary contribution
category. The "*C enrichment exhibited by these individuals relative to those from other
WRZ localities likely reflects CAM consumption, since CAM plants are relatively abundant
in the Succulent Karoo. Hyraxes from two localities in the Richtersveld National Park have
the lowest mean Cs dietary contributions for the WRZ (between 51-60%). The Richtersveld is

situated in the Desert biome on the boundary between the WRZ and the ecotonal YRZ,



suggesting that the more positive 8'°C values are due to increased availability and

consumption of Cy4 grass during certain periods.

On average, rock hyraxes from the YRZ consume over 76% C; vegetation at all but two
localities. The first locality is Cape Saint Blaize on the South coast near Mossel Bay, where
the dietary contribution of C; plants was 66%. This is likely due to opportunistic summer
grazing of C, grasses. The second locality is in the Colchester section of the Addo Elephant
National Park in the Albany thicket biome, where mostly CAM plant consumption was
observed (la Grange, pers. obs. 2014). This is likely the cause of their lower mean C; dietary

contribution, which is in the 51% to 60% category.

Rock hyraxes from the SRZ exhibit the most variable C; dietary contributions relative to the
other seasonal rainfall zones. However, most localities show preferential C3 consumption
despite the abundance of C4 grass. There are only four localities where individuals consumed
less than 50% C; vegetation on average. Three are in the grassland biome (Wolwespruit,
Basberg, and Magaliesberg) and one is in the savannah biome (Brits Rooikoppies). Most of
the other localities in these biomes are characterised by Cs; consumption of 61% to 75%,
many are characterised by C; consumption of 76% and above, and a handful consume

between 51% and 60% C; vegetation.

Comparison between the percentages of C; vegetation consumed and MAP increments
(Figure 6.3) shows that high mean C; contribution to diet is observed across all MAP
gradients, and high mean C4 dietary contribution is not limited to mesic localities. Individuals
consuming less than 50% Cj; are found in localities with MAP values ranging from ~100-800
mm, and those consuming more than 50% Cj are found in all rainfall increments sampled.
Individuals incorporating 76% or more C; plants occur from the most arid localities in the

north-west to the most mesic localities on the south and east coasts. Intakes of over 60% C;



plants are observed in individuals across a wide range of MAP increments (~54 mm — 1000
mm). Lower %C; (<50%) is observed in individuals from localities with moderate to high
MAP values. This indicates that neither preferential browsing nor preferential grazing is

determined by the amount of annual rainfall.

The high degree of browsing relative to grazing observed in this study is consistent with the
observations of Lensing (1983) and Fourie (1983), who found that rock hyraxes in Namibia
and the Karoo consume mostly dicotyledon species. These results, however, contrast with the
majority of previous studies of rock hyrax diet, conducted in east Africa, which concluded
that rock hyraxes are preferential grazers (Hoeck 1975; DeNiro & Epstein 1978a). It was also
stated that the degree of grazing was greater during high rainfall periods (Walker et al. 1978;
Fourie 1983; Lensing 1983; Hoeck 1989; Zimman 2008). Since bone collagen provides an
averaged isotopic signal, the data presented here do not refute preferential grazing during the
growing season. Seasonal preference may be a factor, but since 8°C values show no
relationship to MAP (Fig. 5.4), this may not be attributable the need to consume Cj; plants
with better access to groundwater during droughts, as was suggested elsewhere (Chase et al.
2009, 2012). Furthermore, even in the SRZ, hyraxes analysed in this study do not show

sufficient °C enrichment to indicate preferential grazing on average.
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6.2 - Investigating the determinants of bone collagen 8§"°N

The first notable feature of the §'°N results presented in Chapter Five is that the data exhibit a
large range of values both within and between localities. Inter-locality variability is
unsurprising since samples were collected from diverse environmental contexts. Intra-locality
variability spans 87.9% of the range of variation in 6N values for the whole sample,
indicating that samples collected from the same geographic and temporal context are likely
influenced by more than just climate. A proportion of the high degree of nitrogen isotope
scatter found in this study could be attributable to the temporally-limited sampling strategy
employed. Given that the majority of individuals are from arid or semi-arid environments
which experience a large degree of inter-annual variability in the amount of MAP, the scatter
is not entirely unexpected, especially when one considers that rock hyraxes may be short-

lived relative to inter-decadal fluctuations in climate.

It is clear that MAP has an effect on bone collagen 8'°N, although this relationship is
somewhat less robust than expected, given that previous studies of mammalian bone collagen
8'°N and MAP have reported R* values between 0.53 and 0.98 (Grocke et al. 1997; Murphy
& Bowman 2006; Pate & Anson 2008), while R? values for this dataset range from 0.37 to
0.45. The lower R* values found here could indicate that physiology plays a role in
determining hyrax 6'°N values. At this stage, it remains unclear whether varying degrees of
fractionation due to urea recycling are contributing to the high degree of variation seen in
bone collagen 8'"°N, and/or whether diet to tissue discrimination against '’N might be highly
variable in South African rock hyraxes. The fact that rock hyraxes in this study mostly
browse also suggests that additional sources of foliar '°N variability, such as tree root depth

(Hogberg 1997; Evans & Ehleringer 1993), may also influence bone collagen 8'°N values.



Studies of South African plants have demonstrated that Cs plant §'°N and MAP are correlated
(R?=0.54) (Swap et al. 2004). In C, plants, however, the relationship is significantly less
robust. Since hyraxes consume mostly C; plants, the expectation is that there should be a
constant offset between plant and bone collagen 8N if plant 8N were the primary
determinant of tissue 8'°N. The relationship between rock hyrax bone collagen 8N and
MAP is somewhat different to the relationship between South African C; plants and MAP,
indicating that nitrogen isotopic diet to tissue discrimination may not be constant in rock
hyraxes, and that the degree of fractionation and its physiological mechanisms could be
variable and poorly understood. The fact that rock hyrax 8"°N is highly variable both at single
localities and between localities experiencing the same amount of MAP, and the overlap in
8'°N values between localities with very different MAP, suggests that urea recycling as a
response to water stress may not have a predictable or constant influence on tissue §'"°N

either.

Previous research on the relationship between bone collagen 8'°N and MAP has found that
8'°N values are higher at arid localities relative to mesic ones . The data presented here show
that very high 8'°N values are restricted to localities with less than 500 mm of MAP, but very
low 6"°N values were measured in individuals from both mesic and xeric environments. The
trend is that §'"°N values decrease very little for each 100 mm increase in MAP, and in some
cases become more positive, up to 400 mm, and decrease systematically for each 100 mm
increase in MAP thereafter. This contrasts with the findings of Heaton et al. (1986), Grocke
et al. (1997), Murphy & Bowman (2006), and Pate & Anson (2008), who report robust
relationships between lower 8'°N values and increasing MAP at localities experiencing less
than 500 mm of MAP, with markedly less steep decreases between more mesic

environments. The number of observations for the more mesic localities (500 mm MAP or



more) in this study is three times lower than the number of observations for xeric localities.
Hence, a possible explanation for the discrepancies between the data presented here and
previous research is that variability at mesic localities in this study may not yet be sufficiently

resolved.

6.3 - Conclusions and suggestions for future research

Previous studies of P. capensis diet have utilised a variety of methods, including field
observation, stable isotope analysis of body tissues and excreta, dental microwear analysis,
stomach content examination, and midden and dung palynology. These studies were carried
out on populations in east and southern Africa. Most results indicated that P. capensis is a
preferential grazer. The current study presents the first comprehensive quantitative analysis of
P. capensis feeding preference using a direct dietary proxy for a large number of individuals

sampled from a range of environmental contexts.

Several studies conducted in South Africa and Australia have demonstrated robust
relationships between plant and animal tissue 6'°N and aridity (e.g. Heaton et al. 1986, 1987;
Grocke et al. 1997). It was initially suggested that drought tolerant herbivore physiology
leads to higher 6'°N values when animals are water stressed, but other research has indicated
that higher plant 8'°N values in arid areas are responsible for much, if not all, of the °N
enrichment of animals in these regions (e.g. Murphy & Bowman 2006). Namibian and South
African P. capensis middens have been analysed, and relationships between midden §'°N and
aridity demonstrated (Chase 2010; Chase et al. 2011, 2012, 2015). To further investigate this,
this study analysed bone collagen "N values for a large sample of P. capensis individuals

collected from localities that experience vastly different amounts of annual precipitation.



The 6"C values for individuals collected from an array of environmental contexts presented
here indicate that South African rock hyraxes are preferential browsers. This contrasts with
the findings of DeNiro & Epstein (1978a), Walker et al. (1978), Hoeck (1989), and Zimman
(2008), who report preferential grass consumption by rock hyraxes in east Africa. DeNiro &
Epstein (1978a) report 6'°C values for hyrax bone collagen ranging from -16%o to -12.8%o.
Since only four individuals were sampled, it is likely that their dataset did not adequately
characterise dietary variability. Observational data from Walker et al. (1978), Hoeck (1989),
and Zimman (2008) reflect up to 78% C,4 grass consumption. The mixing model employed in
this study shows that no individuals consumed over 34% C,4 grass, and that only 10.3% of

individuals in areas with C4 grass preferred grazing to browsing.

It is therefore clear that South African rock hyraxes rely on C4 grass to a lesser extent than
east African ones. One explanation for the discrepancies between this study and the east
African studies is that observational data can be subjective - rock hyraxes foraging among
grass can appear to be grazing when they are actually selecting dicotyledonous shoots
between grasses. Secondly, since bone collagen gives an average life time signal, more
negative 6"°C values do not refute seasonal grazing preference. In order to systematically
investigate this, less long lived tissues should be sampled during different seasons. Since
hyrax incisors grow continuously, resulting in the deposition of new enamel at the cementum-
enamel junction, incisors can be serially sampled to determine whether there is variability in
8'°C along the growth axis. If variability exists, the §"°C value of the most recently formed
enamel can be taken as representative of the season of death. Hair samples could be taken
from live individuals during different seasons to see if these also reflect this variability.
Dental microwear could also be used to discern whether individuals graze or browse during

certain seasons, provided that season of death is known.



It would be useful to sample C; and C4 plants at collection localities in the SRZ so that
vegetation end points and their isotopic distance from one another can be more precisely
determined for each environment sampled. This will help to get a better idea of whether diet
to tissue fractionation in rock hyraxes is constant along the Cs to C4 continuum, allowing for

the more precise interpretation of mixing models.

The correlation between rock hyrax bone collagen 6'°N and MAP indicates an estimated 1%o
decrease in 6'°N for every 100 mm increase in MAP. This is similar to the findings of Heaton
et al. (1987), who report decreases of 1.1%o to 1.3%o for every 100 mm increase in MAP in
South Africa, and to Grocke et al. (1997) who report decreases of 0.8%o0 to 1.15%0 for
Australian macropods. The R* values for MAP versus 6'"°N in the dataset presented in this
study are, however, less robust than those previously reported, hinting at additional
physiological factors that may affect 6'°N. To determine whether the relationship between
bone collagen §'°N and MAP is influenced by rock hyrax physiology, the 8'°N of hyrax diets
needs to be characterized by sampling plants at collection localities and comparing their

nitrogen isotope values with those of hyrax bone collagen.

One explanation for the relatively limited correlation between rock hyrax bone collagen 6'°N
and MAP may be that MAP is not the best measure of aridity. A myriad of other factors, such
as soil composition, number of rain days, temperature, and annual variability in the amount of
rainfall could influence soil moisture. For example, hard, clay-like soils are more likely to
absorb rain slowly, leaving pools of water on the surface, particularly during long rainfall
spells. Looser sediments, on the other hand, would absorb rain very quickly, reducing the
amount of surface water available. It is also likely that soils in mesic environments with high
temperatures will experience a greater degree of moisture loss through evaporation than those

with lower temperatures. This could affect the relative openness of the soil nitrogen cycle,



thereby influencing the 6'°N values of plants and their consumers. It would be useful to
consider these factors in future analyses of rock hyrax 8'°N values, since their combined
influence on soil moisture may account for a greater proportion of variation in 8'°N across

environmental gradients.

Studies of South African rock hyrax middens have emphasised relationships between higher
8"°N values of hyraceum-rich accretions and increased aridity (Chase et al. 2009, 2010,
2011a, b, 2012, 2013; 2015; Meadows et al. 2010). In many cases, these records have shown
peaks and troughs in midden 8"°N that are concurrent with environmental shifts recorded in
well-recognised palaeo-aridity proxies. These shifts are usually between ~1 and 6%o. The
range of 6'°N values observed at single localities in this study shows that rock hyraxes
display a more variable response to identical climatic conditions, and that 8'°N shifts of

between 4%o and 16%o could be attributable to natural variation in their tissues and excreta.

Discrepancies between the range of 8'°N values presented here and those reported in the
studies of rock hyraxes middens could also be due to the nature of midden data, where
individual samples potentially average the isotope values of many individuals over several
decades, resulting in a smoothed record which could obscure the impact of the degree of

inter-individual variation observed in this study.

Sponheimer et al. (2003b) demonstrated that while faeces, like body tissues, have higher
8"°N values relative to diet, urine typically has lower 8'°N values. If rock hyrax physiology
were partly responsible for their elevated 6'°N values, the effect of urea recycling on nitrogen
efflux would result in high body tissue 8'°N and low hyraceum 8N during arid periods.
Since the majority of stable isotope analysis of middens has been carried out on hyraceum-

rich accretions, it is surprising that 6'°N peaks appear to be so well correlated with aridity,



although this could be due to the mixing of faeces and urine in middens. The relative
proportions of hyraceum and faeces in rock hyrax middens therefore needs to be quantified in
order to better understand the relationship between midden 8'°N and MAP. It would also be
useful to determine the diet to hyraceum and diet to dung discrimination for hyraxes
specifically. Additionally, sampling rock hyrax faeces during different seasons could provide
an indication of short-term variations in dietary choice and the carbon and nitrogen isotopic
composition of food sources since they reflect the dietary signal of only a few days (Codron

et al. 2005).

This study highlights the fact that variation in the diets of African mammals in different
environments warrants further investigation before firm environmental retrodictions can be
made. It has been demonstrated here and elsewhere (Sponheimer et al. 2003d) that South
African herbivores are less dependent on C4 grass than their east African counterparts. The
browse preference of South African herbivores therefore limits their utility for interpreting
past shifts in rainfall seasonality. The relatively low correlation between MAP and bone
collagen 8N values found here shows that studies quantifying additional determinants of

tissue 8'°N, such as metabolic effects and climatic variables other than MAP, are

fundamental future research avenues.
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