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Summary 

Investigations into the structure and functioning of shrub communities in the semi-arid Succulent 
Karoo of South Africa are a fairly recent phenomenon and there are shortcomings in current 
models of community dynamics. The Succulent Karoo biome is unique among semi-arid regions in 
the mild temperatures that accompany winter rainfall, and the dominance of a species-rich flora of 
shallow-rooted, leaf-succulent shrubs. By comparing communities across a gradient of degradation 
at a site in the north-eastern Succulent Karoo (Namaqualand), shrub community dynamics were 
studied in detail and are contrasted with those in other semi-deserts. 

In the least degraded communities 22 shrub species occurred in ten 5x5 m plots. Approximately 
half the species were leaf-succulent Mesembryanthemaceae, of which Ruschia robusta dominated 
the community in terms of abundance. The remaining species were nearly all non-succulents, 
chiefly in the Asteraceae. The most degraded communities contained only four shrub species and 
were entirely dominated by a single non-succulent species in the Aizoaceae, Galenia africana. The 
leaf-succulent species were extremely shallow-rooted, 70-100% of the root mass of these species 
occurred in the top 5 cm of soil, while the roots of non-succulent species occupied the full 30 cm of 
soil depth. The root mass fractions of all these species ranged from 0.11 to 0.37, but were not well 
differentiated between species. Approximately half the rain in this region falls in events < 5 mm in 
size that do not percolate deeply but are utilised by shallow-rooted species. Deeper-rooted species 
utilise larger volumes of water from larger rainfall events that percolate to deeper soil levels. Two 
elements of this winter rainfall regime are interpreted as key to the dominance of the Succulent 
Karoo by shallow-rooted leaf-succulent species: the high proportion of the rain that falls in small 
events, and the occurrence of the rainfall during winter when potential evaporation is low but 
temperatures are not so low as to prevent plant growth and water utilisation in this season. There 
was only minimal evidence for competition between a deeper-rooted species and two shallow
rooted species, reflecting vertical separation in rooting systems and the nature of the rainfall 
regime. However, competition was evident between conspecifics in all three species and between 
the two shallow-rooted species. Generally, the strengths of the competitive interactions were lower 
in a slightly rriore degraded community. Contrary to current models, fewer than 5% of adult shrubs 
of any species died in a severe drought, in which only 5 mm of rain fell in 10 months. Eighty-six 
percent of Ruschia seedlings survived for more than 23 weeks without water in a glasshouse 
experiment, but no Galenia seedlings survived longer than three weeks without water. 

Like those of other semi-deserts, the soils had very low concentrations of organic matter (c. 1 %) 
and total nitrogen (c. 0.1 to 0.4 mg.g-1

). Nutrients were, however, concentrated in the soil beneath 
shrubs; this enrichment occurred predominantly in the top 10 cm of soil and was associated with 
root abundance as well as leaf litter, but was not uniform among species. Organic matter, nitrogen 
and calcium were concentrated beneath Ruschia, while organic matter and sodium were 
concentrated, and pH was dramatically increased, beneath Galenia. It appears that growth rates are 
limited by nutrients more than water as both Ruschia and Galenia grew significantly faster in the 
field when supplied with additional nutrients, even during a year of severe drought. In the 
glasshouse the growth of both species was dramatically increased when supplied with additional 
water and nutrients but not when supplied with additional water alone. The nitrogen concentrations 
in the photosynthetic organs of numerous species increased when nitrogen was apparently more 
available in the soil but decreased again at a time when rainfall and growth rates were high. Among 
species there was wide range in the concentrations of nitrogen (6 to 27 mg.g-1

) but nutrient 
c_oncentrations varied little in response to browsing intensity. The browsing preferences of 
livestock were positively related to the nitrogen concentrations of species, but contrary to 
expectation, growth rates were not correlated with nitrogen concentrations. Browsing rates were 
markedly higher for most species when flowering. It is suggested that the high levels of folivory 
are a key component in the degradation of communities by browsers since the seeds are short-lived, 
poorly dispersed and the composition of communities appears to be limited by seed availability. 
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Chapter 1: 

Research Themes and the Succulent Karoo 

Research Themes 

To understand the driving forces of community dynamics is to understand the potential 

for communities to change. This is of enormous theoretical interest, and ultimately it is 

of enormous applied importance. More than half the world's land-surface is semi-arid 

(Thomas and Singhvi 1993). These regions are often regarded as having little value 

and the vegetation communities as expendable, and are being degraded by all the usual 

forces of human development, but perhaps more than other regions by overgrazing. 

Despite their low population densities, semi-arid regions provide livelihoods to 

multitudes of the worlds most marginalized peoples. Yet in many cases we do not 

understand the ecological processes of degradation and have little notion of the 

functioning of these plant communities. There are numerous commonalities between 

the semi-arid regions of the world. However, each of these regions evolved under 

different climatic conditions, with differing soils and with different base genetic stock. 

Understanding the commonalities and differences in community dynamics lies at the 

heart of both theo_retical and applied ecology. 

It is often assumed that the survival of plants in semi-desert environments, and 

indeed most other environments where resources are scarce, depends on plants' 

strategies for storing these resources and limiting their loss (e.g. Grime 1974, 1977). 

However, it is becoming increasingly clear that the survival of plants in these 

environments depends at least as much on their strategies of accessing the limited 
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resources (e.g. Tilman 1990, Goldberg and Novoplansky 1997, Gibson 1998). This 

profoundly influences our understanding of the dynamics of these communities as not 

only are resources limited by the abiotic environment, but these resources are limited 

by their acquisition by other plants in the community i.e. the biotic environment. The 

numerous research themes explored in this thesis are discussed briefly below within 

the context of strategies which determine access to limited resources. 

Light is rarely a limited resource in semi-desert ecosystems. Below-ground 

resources, however, frequently limit plant growth and survival. Plants' access to these 

resources depends entirely on their roots, and consequently root architecture 

fundamentally determines which resources plants access. The root architecture of 

entire communities has rarely been studied. In Chapter 2 I examine the root 

architecture of all the common perennials within a community in the Succulent Karoo. 

Where the root architecture of plants in other semi-desert communities has been 

studied, they have been found to be predominantly deep-rooted (Cannon 1911, Cody 

1986). Plants in the Succulent Karoo, however, appear to be predominantly shallow

rooted (Esler and Rundel 1999). 

The distribution of resources is discontinuous in time and space. Not only will 

plants' access to resources depend on the absolute abundance of resources, but on the 

distribution of these resources. Apart from the absolute abundance and seasonal 

aspects, the nature of the rainfall regime has been examined in detail in relatively few 

systems, but the size, frequency and timing of rainfall events will determine the 

distribution of water and other resources within communities. Where this has been 
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studied, it has been found to be ecologically important (Sala and Lauenroth 1982, 

1985). The nature of the rainfall regime is examined in Chapter 2. 

Droughts represent an unusually long period of resource limitation, and are 

particularly relevant locally as current models suggest that droughts bring about 

dramatic changes in the plant community. The role of drought in the Succulent Karoo 

is examined in Chapter 3. 

A greater understanding of the forces and dynamics of community change is 

crucial for the management of ecosystems. The states of communities across a gradient 

of degradation are compared in Chapter 3, and the causes of degradation investigated. 

Particular attention is paid to the availability of seeds, and to discontinuities in the 

availability of resources that are created by plants themselves. These discontinuities 

commonly have facilitative effects within the community, have been categorised as 

'fertile-island' (Aguiar and Sala 1999) and 'nurse-plant' (Callaway 1995) effects, and 

are frequently found in semi-desert regions. 

The growth of plants in semi-deserts has long been assumed to be limited primarily 

by water (e.g. F~nteyn and Mahall 1978, 1981, Ehleringer 1984, Franco and Nobel 

1990). However, the soils of most semi-deserts are also low in nitrogen. There is 

tantalising evidence to suggest that the availability of nutrients may limit the growth of 

these semi-desert plants more than the availability of water (Chapter 3). 

There may be complementarity in the strategies of co-occurring plants to access 

resources that are not distributed uniformly. This in itself implies that competition is an 
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important force in the dynamics of semi-desert plants. Competition among semi-desert 

plants is particularly relevant in both a global and a local context and is examined in 

Chapter 4. Globally, the role of competition in resource-poor environments continues 

to be debated (Tilman 1990, Grace 1995, Goldberg and Novoplansky 1997). Locally, 

current models predict that competition is relatively unimportant in structuring the 

communities of the Succulent Karoo, but this seems unlikely given the prevalence of 

competitive interactions in other semi-deserts. 

Nitrogen limitation in semi-desert and other systems may well be transferred 

from one trophic level to the next as the demand that animals have for nitrogen far 

exceeds that of plants (Mattson 1980). The role of nitrogen in determining the selection 

of forage by herbivores, and the role of nitrogen in mitigating the damage incurred by 

herbivores through higher growth rates (Coley et al. 1985), is important at both 

theoretical and applied levels, and is investigated in Chapter 5. 

These themes are discussed in more detail in the pages that follow and in the 

introduction to each chapter. 

4 



NAMIBIA 
BOTSWANA 

Nama 
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• Pretoria 

Fig. 1.1 · Extent of the Succulent Karoo and Nama Karoo biomes within southern Africa, showing the 
location of the study site near Paulshoek. (After Rutherford 1997) 
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• 
Introduction to the Succulent Karoo 

Position and species diversity 

The Succulent Karoo biome with more than 5000 species in an area of approximately 

100 OOO km2 has the highest species density recorded for any semi-arid vegetation, and 

more than 50% of the species are endemic to this biome (Milton et al. 1997). The 

within-community or alpha diversity is especially high relative to other semi-arid 

regions (Cowling and Hilton-Taylor 1999, Cowling et al. 1999). 

The Succulent Karoo is characterised by having a low annual rainfall 

(50-290 mm.yr-1
) but this rainfall is fairly reliable (the inter-annual coefficient of 

variation is less than 50%) and falls predominantly in the winter months (Milton et al. 

1997). Not only are there pulses of water availability during winter, but relative 

humidity is also much increased. Flowering, fruiting, germination and recruitment of 

both annuals and perennials are almost exclusively restricted to these winter pulses of 

water availability (Milton 1994, 1995a). 

The Succulent Karoo biome borders the Nama Karoo biome to the east. The Nama 

Karoo covers an area of approximately 600 OOO km2
. Rain falls predominantly in the 

summer ( or autumn and spring) months and is generally less reliable than that in the 

Succulent Karoo (Palmer and Hoffman 1997). The Nama Karoo has far fewer 

succulents, and the species diversity is markedly lower than that of the Succulent 

Karoo (Cowling and Hilton-Taylor 1999). Non-succulent, deciduous and evergreen 

dwarf shrubs and grasses are the most abundant growth forms in this biome (Cowling 

et al. 1994). 
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The Succulent Karoo biome covers the extreme western edge of South Africa and 

extends from Luderitz in Namibia southwards to areas approximately 150 km north 

and east of Cape Town (Fig. 1.1; Rutherford 1997, Cowling et al. 1999). The exact 

delimitation of the biome, however, varies somewhat between texts. The boundaries of 

the southern Succulent Karoo defined by Acocks (1988) extended further east than 

those presently used by Rutherford (1997). The Succulent Karoo is now considered, 

together with the fynbos biome, to form part of the greater Cape Floristic Kingdom, 

while the Nama Karoo forms part of the Palaeotropical Kingdom (Jurgens 1991, 

Cowling et al. 1999). The Succulent Karoo is conveniently divided into a northern 

Namaqualand-Namib domain and a southern Succulent Karoo domain. Rainfall in the 

Namaqualand-Namib Domain is strongly seasonal while in the southern Succulent 

Karoo receives rainfall year-round (Jurgens 1991, Cowling et al. 1999). 

Dwarf shrubs dominate the landscape in both the Succulent and Nama Karoo, and I 

will concentrate on the dynamics and interactions between shrubs in this thesis. My 

research was conducted near the village of Paulshoek towards the eastern edge of the 

Namaqualand-Namib domain (Fig. 1.1). The majority of previous studies on the 

vegetation dynamics of the Succulent Karoo have been conducted near Prince Albert in 

the southern Succulent Karoo. Most of the dynamics discussed in this thesis are 

considered representative of the Succulent Karoo rather than being restricted to the 

Namaqualand-Namib domain. Indeed the vegetation at the study site has more in 

common with the vegetation near Prince Albert than with some other vegetation types 

within the Namaqualand-Namib domain (e.g. Strandveld and Knersvlakte; Cowling 

and Hilton-Taylor 1999, Cowling et al. 1999). 
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The vegetation of the Succulent Karoo is unusual amongst semi-arid regions in the 

paucity of tall-shrub and graminoid growth forms, and in the abundance of geophytes 

and chamaephytes. The vegetation is largely dominated by low to dwarf shrubs and is 

enormously rich in leaf-succulent species, . of which the Mesembryanthemaceae are 

particularly speciose (Milton et al. 1997, Cowling et al. 1999). Aizoaceae, 

Asclepiadaceae, Asteraceae, Crassulaceae and Euphorbiaceae also contain many 

succulent members. Other families that are speciose include the Fabaceae, 

Hyacinthaceae, Iridaceae, Poaceae and Scrophulariaceae (Cowling and Hitlon-Taylor 

1999, Cowling et al. 1999). Additionally, the Chenopodiaceae, Geraniaceae, 

Oxalidaceae, Sterculiaceae and Zygophyllaceae are abundant and ecologically 

important (le Roux and Schelpe 1988, Cowling and Hilton-Taylor 1999). Despite the 

species richness of this biome, it has a low growth form diversity. Cowling et al. 

(1994) found that species richness across 11 Succulent Karoo sites was only weakly 

correlated (P<0.05) with growth form diversity. In contrast, the neighbouring Nama 

Karoo had significantly lower species richness but this was highly correlated with 

growth form diversity (P<0.001). Cowling et al. (1994) found that five growth forms 

accounted for more than 90% of the cover at all their Karoo sites. These were 

evergreen shrubs, deciduous shrubs, leaf-succulent shrubs, stem-succulent shrubs and 

grasses. A comprehensive explanation for this apparent contradiction between 

incredibly high species diversity and low functional diversity has yet to be proposed. 

Although still the subject of taxonomic debate, but because of their ecological 

importance, absolute abundance, and due to differences in growth-form the terms 

Aizoaceae and Mesembryanthemaceae are used here as equivalent familial categories. 

The mesembs are not considered to be a tribe or sub-familial grouping within the 
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Aizoaceae. Only non-mesemb members of the Aizoaceae are referred to as Aizoaceae 

in this thesis. Mesembryanthemaceae are referred to as 'mesembs' . 

Taxonomic nomenclature follows Arnold and DeWet (1993) except for recent 

revisions, which follow the Compton Herbarium. The latter applies principally to 

mesembs, which are poorly described. Where there has been difficulty in obtaining 

names for these species, voucher specimens have been deposited in the Compton 

Herbarium. 

Vegetation dynamics and land-use in the Succulent Karoo 

Pastoralism in the form of sheep ranching is by far the most common land-use practice 

in the Succulent Karoo. Most of this land is fenced and farmed on a commercial basis 

by individual farmers. Within Namaqualand, however, 25% of the land is owned 

communally by a number of farmers who run their livestock simultaneously on large 

unfenced ranges. Generally the communal rangelands are stocked at twice the density 

of commercial rangelands, but this is variable both at finer spatial scales and in time 

(Todd and Hoffman 2001). 

The Karoo has been subject to ecological and agricultural study for more than 50 

years. Until recently the perception of community dynamics and degradation in this 

system has followed the classical or Clementsian succession paradigm (Hoffman 

1999). This has led to much debate concerning increased desertification or the 

spreading of the Karoo at the expense of grasslands ( e.g. Bond et al. 1994, Dean and 

Macdonald 1994). This paradigm envisages some climax community that is pushed 

toward earlier successional stages by the disturbances of overgrazing and drought and 
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that the change in these vegetation communities progresses in a predictable and linear 

fashion from one stage to the next. Due to the concern of most of these studies with the 

improvement of the browsing value of the vegetation for livestock, both drought and 

browsing have been regarded as having a similar effect on community composition, 

pushing the community further back from some ( often hypothetical) climax stage. It is 

increasingly being realised by South African ecologists and land managers that this is 

an over-simplification and there has been a shift towards non-equilibrium, event-driven 

models (e.g. Walker et al. 1986, Westoby et al. 1989). According to these models the 

vegetation may persist in any one of a number of stable states. Transitions between 

states are possible but are dependent on a combination of rare events, commonly a 

climatic event combined with the application or removal of browsing and/or the 

susceptibility of the vegetation to change. Studies that have stressed the importance of 

non-equilibrium dynamics have often been based on rangeland systems that are at least 

somewhat degraded, and can therefore be argued to be a priori non-equilibrial. In 

reality, aspects of both equilibrium and non-equilibrium models may explain 

community dynamics (Mentis et al. 1989), and ideally mechanistic explanations should 

be sought. 

Heavy pastoral sheep browsing over the past 150 years has not led to a marked 

decrease in plant biomass on Karoo rangelands (Dean and Macdonald 1994). However, 

the productivity of these rangelands has deteriorated in terms of available forage, 

unpalatable plants making up an increasing proportion of the plant cover. The change 

in the composition of the vegetation · appears to have been very slow (Dean and 

Macdonald 1994) and removing browsers does little to reverse this change even after 

periods of 6-15 years (Milton 1994). In the Succulent Karoo, the available sites for 
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shrub · establishment become dominated by unpalatable species, and since annual 

turnover is less than 6% it is unlikely that composition can be significantly altered over 

time spans of a few years. This demographic inertia is further entrenched by a 

depletion of the palatable shrub seedbank (these seeds not remaining viable in the soil 

for more than 1-2 years) and the suppression of survival and growth of seedlings by the 

established shrubs. Browsing does not appear to dramatically increase the mortality of 

established palatable shrubs; instead it markedly reduces growth and seed set. 

Mortality occurs predominantly at the seedling stage. Thus change in the composition 

of the vegetation is gradual, but will occur due to the increased chance of an 

unpalatable shrub seedling occupying the space left by the death of a palatable shrub 

(Milton 1994, 1995a). 

Where the cover of perennial species is reduced, annuals and seedlings benefit 

from improved survival and increased species richness. Todd and Hoffman (1999) 

have shown that heavy browsing pressure at Paulshoek may increase the small to 

medium scale species richness of ephemeral species. Increased species richness has 

been found in a number of other rangelands, in response to moderate browsing 

pressure (West 1993). Competition between annuals may be important (sensu Welden 

and Slausen 1986), but annuals appear to have little effect on the mortality of perennial 

seedlings (Cunliffe et al. 1990, Milton 1995a). This reflects an ability of the seedlings 

of perennials to withstand long periods without water. In survival experiments carried 

out on potted seedlings of three species, those of Pteronia pallens and Tripteris sinuata 

(Asteraceae) survived 120 and 160 days without water. More remarkably, 80% of the 

seedlings of the leaf-succulent mesemb Ruschia spinosa were still alive after 400 days 

(Esler and Phillips 1994). 
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Both competition and facilitation may play important roles in vegetation dynamics 

of Succulent Karoo communities. Yeaton and Esler (1990) present a model of cyclical 

succession for the common plant species in the southern Succulent Karoo. Many of the 

non-succulent shrubs depend upon nurse plants in the form of mound-forming leaf

succulents (mesembs) for the establishment of their seedlings. The mound-forming 

mesembs trap not only seeds, but other organic material, improving soil fertility and 

the water retention capacity. Shrubs of the non-succulent guild later out-compete the 

succulents and replace them. The small seeds of the mesembs are easily trapped in the 

open soil, and in their study 65% of individuals of this growth form established in open 

areas between shrubs (Yeaton and Esler 1990). 

Periodic disturbance in the form of drought has recently been proposed to be the 

driving force of change in the vegetation dynamics of the Succulent Karoo (Cowling et 

al. 1999, Esler et al. 1999). However, the effects of drought on Karoo vegetation have 

only rarely been documented, and the results are conflicting and often anecdotal ( e.g. 

von Willert et al 1985, Milton et al. 1995). 

By developing detailed computer spatial models, Wiegand et al. (1995) and 

Wiegand and Milton (1996) argue for the periodic die-back of the shrubs, due to their 

establishment in cohorts, or to drought, leading to a window of opportunity for the 

establishment of leaf-succulents (mesembs) which are later replaced by a new set of 

shrubs. Management action taken at this time to promote the establishment of palatable 

species may be the key to success. Few data, however, exist to support this prediction. 
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By drawing on the spatial models and usmg slender evidence for drought 

intolerance, short life-spans (Jurgens et al. 1999), functional equivalence (Runde! et al. 

1999) and above-ground clumping (Eccles et al. 1999) among the shrubs of the 

Succulent Karoo, current theoretical models predict that competitive interactions play a 

minor role in the dynamics of these communities. In these theoretical models it is 

argued that there is little niche differentiation among the numerous leaf-succulent 

species that dominate the Succulent Karoo, and that regular community turnover due to 

drought induced mortality and short life-spans continuously re-arranges competitive 

hierarchies (Cowling et al. 1999, Esler et al. 1999). These models are speculative and 

remain untested. However, inferential evidence exists for both intraspecific and 

interspecific competition among shrubs within the Succulent Karoo (Yeaton and Esler 

1990, Esler and Cowling 1993, Stokes 1994). 



Community Dynamics in Semi-Arid Environments 

Competition and facilitation 

Grime's (1974) view that plants in semi-arid areas do not compete or that competition 

is not important in structuring the plant communities of these areas has been repeatedly 

falsified (Fonteyn and Mahall 1978, 1981, Robberecht et al. 1983, Ehleringer 1984, 

Milton 1994). Tilman (1987, 1990) holds the contrary view that competition is equally 

important along all productivity gradients. Notwithstanding the fact that Grime's 

(1974) view is unsubstantiated, the importance and intensity of competition in semi

arid vegetation continues to be hotly debated in the literature (e.g. Tilman 1987, Grace 

1991, 1993, 1995, Grubb 1992). 

Goldberg and Novoplansky (1997) propose a new hypothesis to reconcile the 

views of Grime with those of Tilman and others. This hypothesis envisages plants 

having pulsed access to soil resources, both water and nutrients. The concentration of 

nutrients in the soil may be fairly constant between seasons but will only be available 

for absorption by plants after a rainfall pulse. Competition occurs primarily during 

these pulse periods when resources are available but the effects of this competition will 

be manifest during longer interpulse periods when resources are unavailable, in that the 

plants best able to acquire the limited resources during pulses (at the expense of their 

neighbours) are likely to best survive the interpulse periods when water and nutrient 

resources are not available. The hypothesis predicts that Grime's view will be 

supported only when survival during interpulse periods is independent of ( or 

negatively correlated with) growth during pulse periods, or where the availability of 

soil resources is independent of (or positively affected by) plants' performance. It is 
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hard to imagine a scenano to which these circumstances apply. Goldberg (1990) 

emphasises that sequestering of resources by plants within a community affects the 

level of resources available to other plants in that community, and that plants will 

respond to the resource availability levels set, in part, by the extent of uptake by 

neighbouring plants. The question is thus one of whether any additional resources that 

may have been available to a plant in the absence of competition would have allowed 

the plant to better survive the interpulse period. 

Only among the monospecific stands of Copiapoa cinerea in the Atacama Desert, 

where mean annual precipitation is 25 mm, has competition been found not to 

influence spatial distribution patterns ( dispersion). This result, however, was not due to 

the death of adult plants during drought or interpulse pe1iods, but to the difficulty of 

seedling establishment (Gulmon et al. 1979). 

There has been little focused study on competitive interactions between shrubs in 

the Succulent Karoo. Detailed studies of competition between perennial plants have, 

however, been conducted in other semi-arid regions, particularly North America. In the 

Sonoran and Mojave deserts, competition for water has been shown to d~termine 

dispersion of plants, to lower leaf water potential and, in some cases, to limit growth 

and reproductive output (Fonteyn and Mahall 1978, 1981, Robberecht et al. 1983, 

Ehleringer 1984). Competition is effective both within species (Robberecht et al. 1983, 

Ehleringer 1984) and between species (Fonteyn and Mahall 1981). Moreover, 

competitive inhibition between functional groups has been observed. on the Patagonian 

steppe where removal of grasses resulted in a 25% increase in shrub production (Sala 

et al. 1997). 
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Separation of resource uptake occurs both spatially and temporally in potentially 

competing plants of different functional groups. Nobel (1997) found spatial 

stratification in the rooting depths of co-occurring C3, C4 and CAM plants. When the 

C3 succulent Agave deserti and the C4 bunchgrass Hilaria rigida grow together, the 

Agave roots even more shallowly and Hilaria roots into deeper soil layers than when 

grown separately, thus further segregating their rooting systems (Franco and Nobel 

1990). Interestingly Hilaria acts as a nurse plant for Agave and is crucial for its 

establishment. However, this nurse effect improved water uptake for Agave only in 

drier-than-average years, presumably as a result of the soil shading afforded by 

Hilaria. 

Nursing effects and patterns of cyclical succession have been reported from a 

number of semi-arid communities and this form of facilitation is vital to the 

establishment of many species (Callaway 1995). A distinction can be made between 

those species that are dependent on nursing for all of their life-cycle and those that are 

only dependent on nursing for establishment. A plant may benefit from being nursed in 

a number of ways. Shade from the nurse plant canopy will reduce direct irradiance on 

the patient plant, thereby reducing leaf temperature and potentially reducing 

transpiration rate. Under certain rainfall conditions, and where the nurse plant is deeper 

rooting than the patient plant, shading from the nurse canopy increases the amount of 

water available to the patient, despite competition from the nurse plant (Franco and 

Nobel 1990). In Paulshoek (Allsopp 1999), and in many other semi-arid areas 

(Schlesinger et al. 1996), nutrients accumulate under perennial shrubs, thus potentially 

increasing the availability of nutrients to nursed plants. Under extremely high browser 
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densities, however, the greatest benefit from nursing may simply be that it offers 

protection from the pervasive effects of browsing and trampling. 

Availability of nutrients to plants and animals 

Grubb (1992) contends that plants in semi-arid environments may be limited by 

nutrients, particularly nitrogen, when water is available. Certain species may be able to 

utilise additional nutrients and increase their rate of growth. The growth rate of other 

species, however, may be genetically constrained and will therefore not benefit from 

the addition of nutrients (Grubb 1994, 1998). The role of nutrients in the dynamics of 

semi-desert communities has hardly been examined. Gutierrez et al. (1988), however, 

found that the addition of nitrogen altered the composition of the annual community in 

the Chihuahuan desert more than the addition of water. Furthermore, it increased the 

biomass of most species. 

Access to nutrients is as vital to herbivores as it is to plants. Since animals have far 

higher rates of utilisation of nitrogen than plants (Mattson 1980), this nutrient is likely 

to also be particularly limiting to herbivores in semi-desert environments where a 

scarcity of nitrogen stems from the lowest trophic levels (i.e. in the soil). It therefore 

seems likely that herbivores will develop strategies to maximise nitrogen acquisition 

by, for instance, browsing selectively from plant species and plant parts that have 

relatively high levels of nitrogen (Freeland and Janzen 1974). Plants on the other hand 

may have developed strategies that render their organs unpalatable to these herbivores. 

Unpalatability is achieved primarily through chemical antifeedant and toxic means. 

Alkaloids and tannins (polyphenols) occur widely within three of the dominant 
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families: Asteraceae, Aizoaceae and Mesembryanthemaceae. Members of the 

Asteraceae also contain ethereal oils, non-volatile sesquiterpene lactones, insecticidal 

isobutyl amides and cyanogenic compounds (Hegnauer 1964). Spiny plants occur 

throughout the Karoo, but the spines appear to have limited deterrent value (Cooper 

and Owen-Smith 1986, le Roux and Schelpe 1988). Milton (1991) found that 

spinescent plants were associated with drainage lines and inferred that since mammals 

were likely to gather there in high densities seeking moisture, spines may be as much 

selected to prevent trampling as to deter herbivory. 

Prior to colonisation, the Karoo was primarily grazed by vast herds of springbok 

(frequently comprising many thousands of animals). These animals followed no fixed 

pattern of migration but moved from patch to patch, following unpredictable rainfall 

events that produced flushes of plant growth (Skead 1980). It is reasonable then to 

assume that browsing patterns were unpredictable. In some years plants that were 

highly defended were at an advantage. In other years plants that invest all their 

resources in growth and reproduction and very little in defence, would be advantaged 

(Bazazz et al. 1987). This may have led to the simultaneous selection of both palatable 

and unpalatable plants in each functional and phylogenetic group. 

The only discernible pattern in the distribution of palatability across phylogenetic 

groups in the Succulent Karoo appears to be that a range of palatabilities is represented 

in each group. Most families, and in fact many of the common genera, have both 

palatable and unpalatable members (le Roux and Schelpe 1988, Shearing 1994). 

Similarly, there does not appear to be any functional group that is especially associated 

with either palatability or unpalatability. 
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The search for pattern in the defensive properties of plants has long eluded 

ecologists. A number of theories have been proposed but none has found widespread 

and unequivocal support (e.g. Feeny 1976, Coley et al. 1985, Grubb 1992). Grubb 

(1992) predicts that if a plant is less able to mitigate the effects of herbivory or more 

likely to attract herbivory, relative to neighbouring plants in the landscape, then this 

plant will be more highly defended. Coley et al. (1985) predict that plants that have 

evolved to cope with low resource availability, will be slower growing and more 

highly defended. Both authors are likely to agree that if a plant has the ability to 

rapidly replace tissues lost to herbivores, such a plant is likely to be less defended. 

Although only three species were studied, Stock et al. (1993) found evidence for this in 

Karoo plants. The rate of regrowth after clipping was positively related to palatability. 

Conclusion 

The extent to which the community dynamics of semi-arid regions has been studied 

varies immensely between regions. Many North American ( e.g. Mojave and Sonoran) 

and South American (e.g. Patagonia) semi-deserts have been fairly well studied, while 

many African and Asian semi-deserts remain largely unstudied. Investigations into the 

dynamics of the Succulent Karoo have been relatively recent and have tended to focus 

on the peculiarities of this system. In this thesis I draw on investigation conducted in 

other systems and attempt to link or contrast these with dynamics in the Succulent 

Karoo, as well as exploring novel dynamics which emerge from this study and are 

likely to be of wider relevance. 
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Chapter 2: 

Interactions Below Ground: Rainfall, Soils and Roots 

Introduction 

This chapter explores the roles of climate, soil characteristics and root form in 

structuring a single semi-arid community specifically, and the Succulent Karoo 

generally. In other words, the largely abiotic provision of below-ground resources, 

and the morphological variation in the shrubs that access them, is explored here. As 

the Succulent Karoo has, until recently, received comparatively little attention from 

ecologists, the studies reported here are largely descriptive. They deal initially with 

climate and soil patterns broadly within the Succulent Karoo, and contrast these with 

those of other winter-rainfall semi-arid regions globally. Most studies, however, focus 

on the study site near Paulshoek in the eastern Succulent Karoo. 

Like most of the Succulent Karoo, the rangeland around Paulshoek 1s 

predominantly a shrubland (Cowling et al. 1994) and is defined floristically as 

Namaqualand broken veld (Acocks 1988). Two basic habitiats are recognised within 

the Paulshoek are~, plains and rocky-slopes. This thesis focuses on the plains and the 

vegetation will be discussed in detail in Chapter 3. The range land surrounding 

Paulshoek is browsed by a high density of sheep and goats (heavily-browsed) but is 

contiguous with rangeland that has been browsed by substantially lower densities of 

livestock (moderately-browsed) for at least the last 40 years. The study site on 

moderately-browsed rangeland has suffered the least degradation by humans and 

livestock. Interactions between plants, and between plants and the environment, are 
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likely to have been the least disrupted in this plant community. It was therefore 

chosen for a detailed study of the shrubs' interaction with soil properties and for an 

examination of the rooting systems of the plant community; it is referred to here as 

the 'study site' . Soils are also examined more widely within the study area 

surrounding Paulshoek and from a more distant site as an indication of the range in 

soils that occurs within the Succulent Karoo. 

The Succulent Karoo derives the majority of its rainfall from westerly frontal 

systems that pass over the southern tip of the continent during winter (Desmet and 

Cowling 1999). Mean annual rainfall may be as low as 50 mm in the northern coastal 

regions but is dramatically higher on high-lying regions of the western escarpment. In 

addition to the absolute volume, other aspects of the rainfall derived from these 

frontal systems influence the structure of plant communities. Rainfall events are 

generally of a low intensity and small in volume. The annual coefficient of variation 

of rainfall is also low relative to that found in the Nama Karoo and other semi-arid 

regions with a similar mean annual rainfall (Hoffman and Cowling 1987). Although 

the importance of winter temperatures that are warm enough to support plant growth 

has recently been stressed (Esler and Rundel 1999), the low coefficient of variation is 

widely understood to be the primary driving force in Succulent Karoo vegetation that 

is supposedly dependent on reliable annual rainfall (Hoffman and Cowling 1987, 

Cowling et al. 1994, Cowling and Hilton-Taylor 1999, Desmet and Cowling 1999, 

Esler et al. 1999). I suggest, however that both the dependence of the Succulent 

Karoo vegetation on reliable annual rainfall and the role of the coefficient of variation 

have been overstated, and that the importance of small rainfall events, and its 

interaction with other aspects of the climate of the region, have been under-estimated. 
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Soils in semi-arid areas are frequently poor in organic matter and in nitrogen. In 

many semi-arid regions organic matter and nitrogen accumulate in the soil beneath 

shrubs, creating ' fertile islands' (for a r~view see Aguiar and Sala 1999). This 

phenomenon has been found at numerous sites in North America (Garcia-Moya and 

McKell 1970, Evans and Ehleringer 1994, Schlesinger et al. 1996) and South 

America (Rostagno et al. 1991, Aguilera et al. 1999, Bisigato and Bertiller 1999). In 

North America, extractable phosphate, potassium, chloride and silicate have also been 

found to be concentrated under shrubs (Schlesinger et al. 1996), while in South 

America, extractable phosphate and exchangeable potassium, magnesium and sodium 

were concentrated under shrubs (Rostagno et al. 1991 ). The properties of the fertile

island are likely to depend on the species of shrub involved, but in the above studies 

the role of individual species was not investigated. Fertile-islands under the most 

abundant shrub on the least degraded rangeland, Ruschia robusta a shallow-rooted 

leaf-succulent mesemb, are compared with those under the most abundant shrub of 

degraded rangeland, Galenia .africana a deeper-rooted non-succulent member of the 

Aizoaceae, and with those under a tussock-grass, Stipagrostis ciliata, which is most 

abundant on more infertile soils. Ruschia robusta communities occur on both 

moderately-browsed and heavily-browsed rangeland, and G. africana communities on 

heavily-browsed rangeland within the Paulshoek area. The S. ciliata community lies 

to the west of Paulshoek, is closer to the town of Garies, and at a lower elevation. 

The survival and growth of semi-arid plants is primarily limited. by below-ground 

resources, yet the rooting systems of Karoo plants have been little studied. The most 

detailed studies took place about 60 years ago, and concerned five shrub species in a 
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decidedly mesic part of the Succulent Karoo (Scott and van Breda 1937, 1938, 1939). 

Despite the lack of detailed descriptions, the flora of the Succulent Karoo is 

understood to be very shallow-rooted, due primarily to the dominance of the flora by 

mesembs (Hoffman and Cowling 1987, Esler and Rundel 1999, Midgeley and van der 

Heyden 1999), and current understanding of the dynamics of the Succulent Karoo is 

centred largely on the shallow-rooted morphology of these shrubs (Esler et al. 1999). 

Non-succulent shrubs, and hence the flora of the Nama Karoo, are understood to be 

deeper-rooted (Scott and van Breda 1937, 1938, Hoffman and Cowling 1987, 

Midgeley and van der Heyden 1999), and are therefore likely to be functionally 

distinct (Cody 1986). Both succulent and non-succulent shrubs occur at the study site 

and the rooting systems of shrubs in this community are studied in detail here. 

By contrasting patterns in the Succulent Karoo with those in the Nama Karoo and 

with other those in winter-rainfall semi-deserts, I explore here: 

• the relevance of the size of rainfall events, their seasonality and frequency to 

the composition of the vegetation, 

• the role that plants of various species and functional types have m the 

formation of fertile-islands in the soil beneath their canopies, 

• the root architecture of the major plant types of this region, and its relation to 

the rainfall regime. 
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--------------------------· 

Materials and Methods 

Climate 

Daily rainfall records going back 50-100 years for 27 stations were supplied by the 

South African Weather Bureau and used to examine underlying patterns in the climate 

of the Succulent and Nama Karoo. The positions of the stations across the two Karoo 

biomes are indicated in Fig. 2.1. The relationship between mean annual rainfall and 

the mean annual number of rninfall events in the Succulent and Nama Karoo was 

compared statistically using linear regressions. Additional data for the stations were 

supplied by the South African Weather Bureau. 

A rainfall gauge was established at the study site in 1996 and has been monitored 

ever since. A small manual climate station was set up in the Paulshoek village at the 

end of 1998 and is monitored daily. From the records of these two stations, mean 

monthly minimum and maximum temperatures, monthly rainfall and mean monthly 

rainfall figures were calculated. 

Since there is high stochasticity in many aspects of the annual climate in the 

semi-arid regions of South Africa, and the climate of these regions has approximately 

a ten year cyclicity (Schulze 1997), the climate data gathered near Paulshoek are 

likely to represent long-term means poorly. The nearest fully equipped weather station 

to the study site, at a similar elevation and situation relative to the frontal weather 

systems, is at Springbok. Although this 1s nearly 100 km north-northwest of 

Paulshoek, these climatic data are likely to represent the Paulshoek area best. 

Modelled climatic data for Paulshoek are very similar to those of Springbok (model 
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developed by the Centre for Computing Water Research) and the composition of the 

vegetation at the two sites is similar (personal observation). Mean monthly minimum 

and maximum temperatures have been calculated from 13 years' data, and mean 

monthly rainfall from 40 years' data, for Springbok (up to 1999; data supplied by the 

South African Weather Bureau). 

Soils 

In order to demonstrate the range of soils in the study area and in Namaqualand 

generally, soil samples were taken from three landforms in the study area (near the 

village of Paulshoek) and from two landforms near the town of Vanrhynsdorp in 

southern Namaqualand (100 km south of Paulshoek). The study area can be broadly 

divided into two landforms, plains ( at the study site) and rocky-slopes, that make up 

approximately equal areas of the land surface (A. Petersen and M.T. Hoffinan 

unpublished data). Heuweltjies make up the third landform in the study area, and 

occur as distinct patches of approximately 20-30 m in diameter on the plains. 

Heuweltjies are formed by the subterranean activities and frass dumps of harvester 

termites, typically Microhodotermes viator, may be thousands of years old, and have 

soil characteristics dramatically altered from those of the surrounding plains 

(Midgeley and Musil 1990, Dean and Yeaton 1993, Milton et al. 1997). They 

comprise a small land area near Paulshoek but are widespread in the Succulent Karoo. 

Two landforms were chosen near the town of V anrhynsdorp as they represent 

extremely different soil types, namely red sand plains and fine textured quartz pebble 

plains, but occur under similar climatic conditions. Nine replicate soil samples of the 

top 10 cm of the soil profile were taken for chemical and particle size analysis from 

open microsites (between plants) in each landform during 1998 and 1999. 
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This thesis focuses on the communities of the plains around Paulshoek and soil 

samples from four plains communities are examined here: a Ruschia robusta 

(mesemb) community on moderately-browsed rangeland (at the study site), a 

R. robusta community on heavily-browsed rangeland ( communal rangeland), a 

Galenia africana (Aizoaceae) community on some the most degraded rangeland, and 

a Stipagrostis ciliata (Poaceae) community on moderately-browsed rangeland with 

more infertile soils than the other three sites. The four communities are defined by the 

most abundant species; R. robusta is the most abundant shrub in two mixed-species 

communities, there are few other perennials in the G. africana community, and 

virtually no other perennials in the S. ciliata community (see Chapter 3 for details of 

the structure and composition of the first three communities). The soils of all three 

communities are derived from granite-gneiss parent material (Watkeys 1999). The 

S. ciliata community occurred on a patch of soils near the base of a slope, whereas the 

R. robusta and G. africana communities occurred on more open plains. The chemistry 

of semi-desert soils is not uniform within communities, some of the nutrients most 

important for plant growth being concentrated in 'fertile islands', where organic 

matter collects beneath old shrubs (Garcia-Moya and McKell 1970, Schlesinger et al. 

1996, Aguiar and Sala 1999). Soil samples were taken from under adult shrubs or 

tussocks of the most abundant species, and from open areas between these species, at 

each site. In each case soil was taken from similar open areas between plants and from 

beneath large adult plants (R. robusta c. 60 cm in diameter and c. 35 cm in height, 

G. africana c. 65 cm and c. 55 cm, S. ciliata c. 23 cm and c. 22 cm) growing on their 

own (not in clumps). At the first three sites, during 1998 and 1999, nine samples were 

taken of the top 10 cm of soil, bet\veen shrubs and under shrubs, except at the 
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R. robusta site on heavily-browsed rangeland, where twelve replicate samples were 

taken between shrubs. At the fourth site, four collections were made between tussocks 

and under tussocks. 

The enrichment of the soil below shrubs at the study site was also tested using a 

different technique in a separate study. The above studies compare soil in the open 

with that under large adult shrubs of the target species. In the R. robusta communities, 

shrubs occur in mixed species assemblages. These shrubs frequently occur in clumps 

with other species that range in size from seedlings to large adults. In order to explore 

the greater complexity of this system, the above-ground cover of shrubs within a 1 m 

radius of a soil core was correlated with soil nutrients and root mass. In the 1998 

summer a 60-m transect was laid-out at the study site. At 2 m intervals the cover of 

each shrub within a 1 m radius was measured as the angle from the centre of the core 

to the edges of each shrub. This method incorporates both size and distance effects of 

each shrub on the soil core. Where the core fell within the centre of a shrub, the cover 

value for that shrub would be 360°. The total cover value for each core is the sum of 

all angles within the 1 m radius. The cover of functional groups comprising only 

shallow-rooted species or only deeper-rooted species was calculated as the sum of 

angles for these species alone. At each interval a soil sample was extracted from 

depths of 0-10, 10-20, and 20-30 cm using a soil-corer with a diameter of 10 cm. In 

addition to chemical and particle analyses, each 0-10 and 10-20 cm soil sample was 

sieved through a 2-mm mesh, the roots within these samples were separated from 

other organic material, and the dry mass determined. The use of a soil-corer allowed 

precision in extracting a similar volume of soil in each of the 0-10 and 10-20 cm 



samples, but due to the presence of rock in the 20-30 cm profile, root sampling was 

inconsistent. 

In all cases the methods of soil analysis were identical and followed the 

recommendations of Allen (1989). For each soil collection, after removing any 

surface litter or dung, a core with a diameter of about 10 cm, was removed and 

thoroughly mixed in the field. A sub-sample was then taken and oven-dried in the 

laboratory at 70°C for at least 48 hours. Values for pH were determined 

electrometrically from a paste (10 g soil and 25 ml solution) with deionized water and 

with 1 M KCL Total organic fraction was determined from the loss-on-ignition after 8 

hours at 375°C. Chemical analyses were performed after heated digestion in 

concentrated sulphuric acid with mercuric oxide and hydrogen peroxide for 3-4 hours. 

Total nitrogen and phosphorus concentrations were determined using a continuous 

flow auto-analyser; nitrogen by the micro-kjeldahl method involving the formation of 

an indophenol blue compound, and phosphorus by the formation of a molybdenum 

blue complex; standards were prepared with acetophenetidin and KH2P04. Total 

potassium and sodium concentrations were determined by flame emission 

photometry. Total calcium and magnesium concentrations were determined by atomic 

adsorption photometry (using nitrous oxide and acetylene to avoid interference). 

Particle fractionation was performed using a long-bed laser particle sizer (Malvern 

Mastersizer X and MSX14 sample presentation unit) after disaggregating samples on 

a whirlimixer in a sodium pyrosphosphate solution. For particle fractionation, only 

three soil samples were analysed from each site. 
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Community composition at the study site 

Ten 5 x 5 m plots were surveyed at the study site, separated from each other by 50 m 

along transects set out in the spring of 1999. In each plot the identity of all perennials 

was noted. Individual shrubs, excluding seedlings, were counted, their diameters 

measured to the nearest 5 cni, and used to calculate the cover for each species (as the 

sum of all areas of the circles described by the mean diameters of the shrubs). 

Roots 

Isolated adult plants of most perennial species were chosen at random at the study 

site. Replicate adult plants, of a range of sizes, of the seven most abundant shrub 

species were excavated. In addition, seedlings and young shrubs of each of these 

species were excavated to gain an understanding of root development, but these root 

data were not analysed statistically. Replicate plants of three other shrub species that 

occurred at the site but were more abundant in other habitats, and three interstitial 

perennial herb species, were excavated. Adult plants of a number of other shrub 

species were excavated to confirm that they conformed to either the shallow-rooted or 

the deeper-rooted functional group. The root systems were excavated by hand in the 

spring and summer of 1998; the techniques varied :from the use of paintbrushes to 

trace fine roots within loose soil, to the use of cold chisels for extracting deep roots 

from the crumbling bedrock. Root architecture was recorded in diagrams and 

photographs as excavations progressed. Roots were classed as "fine" if the diameter 

was< 2mm, and otherwise as "coarse". Roots were stratified into four depths (0-5, 5-

10, 10-20, and 20-30 cm), bagged, and the dry mass values determined separately. 

The crumbling bedrock layer occurred at a depth of 25-30 cm. A very small 

proportion of the root mass of three species extended beyond 30 cm. This root mass 

29 



was included in the calculation of root mass fractions, but was excluded from the 

calculations of root mass proportions in the four soil depths. In addition to the root 

mass fraction (root/whole plant mass), the ratio of the mean diameter of the root 

system to the mean diameter of the canopy was calculated as an index of the lateral 

extent of the root system. The root mass fraction and the proportions of roots in each 

of the four soil depths were compared among the seven most abundant shrub species 

in ANOVA's and Tukey's (HSD) tests, after square-root arcsine transforming the root 

mass proportion data. This transformation normalises proportionate data that tend to 

have a binomial distribution (Zar 1984). 

Statistical significance in preliminary studies 

In descriptive or preliminary studies such as these, the risk of making Type II 

statistical errors is likely to be greater than the risk of making Type I errors, i.e. it is 

more important to identify potential trends in the functioning of this community, 

which can be more rigorously tested by later investigations and falsified, than to 

ignore potential trends by the construction of narrow null-hypotheses and significance 

levels. Therefore, an indication of the significance (P-values) of all individual 

statistical tests is given, but Bonferroni adjustments are not performed for significance 

at the 'table-wide level' (Rice 1989, Cabin and Mitchell 2000). This allows the reader 

to assess the potential significance of results for themselves, and is especially 

practical for future investigations in this area. In many instances the same hypothesis 

has been tested in more than one study (or at more than one site). Where a result is 

repeated in every study this lends validity to the result even if it is not significant at 

the 'table-wide level' in all studies. 
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Results 

Climate 

The stations used for analysis of the Succulent and Nama Karoo climate include those 

with the coldest and hottest temperatures in the Karoo: Sutherland and Warmbad 

respectively (Table 2.1). Although the lowest mean monthly temperature was 

recorded within the Succulent Karoo, the mean monthly minimum temperature is 

generally higher over most of the Succulent Karoo than over the Nama Karoo, and 

Nama Karoo stations tended to record more days with temperatures< 0°C. The mean 

monthly maximum temperature of the hottest month was generally higher for Nama 

Karoo than for Succulent Karoo stations, and Nama Karoo stations tended to record 

more days with temperatures > 30°C or 35°C. The Succulent Karoo therefore 

generally has warmer winters and cooler summers than the Nama Karoo, and the 

yearly temperature fluctuation is greater in the Nama Karoo. Rainfall in the Nama 

Karoo is highest in the autumn or summer months, while in the Succulent Karoo it is 

highest in the winter months. Mean annual rainfall recorded at the stations used in this 

study ranged between 46 mm and 287 mm in the Succulent Karoo, and between 

72 mm and 330 mm in the Nama Karoo. Within the geographical area of the 

Succulent and Nama Karoo biomes, rainfall ranges from about 50 mm to> 500 mm 

(Desmet and Cowling 1999). While strictly within the geographical boundaries of 

these biomes, the vegetation at the high rainfall sites within the Succulent Karoo is 

predominantly renosterveld ( a vegetation type usually found within the Fynbos 

biome), and at those within the Nama Karoo, savanna, grassland, or even thicket. As 

expected, for any given mean annual rainfall, the coefficient of variation was 

considerably lower for Succulent Karoo than for Nama Karoo stations. These trends 
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have been well documented for the two Karoo biomes (Hoffman and Cowling 1987, 

Schulze 1997, Desmet and Cowling 1999). 

What has been less well demonstrated is that for any given mean annual rainfall, 

Succulent Karoo stations will have a greater number of rainfall events than Nama 

Karoo stations (Fig. 2.2). There is an extremely strong positive, linear, correlation 

between the mean annual rainfall and the number of rainfall events in both biomes, 

and the slopes of the regressions (rate of increase in rainfall events with mean annual 

rainfall) are very similar for the two biomes. The elevation of the regression for 

Succulent Karoo stations is significantly (P<0.001) higher than that of the regression 

for Nama Karoo stations. So for any given mean annual rainfall a station in the 

Succulent Karoo receives approximately six more rainfall events a year than a station 

in the Nama Karoo. The mean size of the rainfall events in the Succulent Karoo will 

therefore also be smaller than that in the Nama Karoo (6.2 mm for stations in the 

Succulent Karoo, and 8.2 mm for stations in the Nama Karoo). Succulent Karoo 

stations receive more rainfall in events that are < 10 mm, and Nama Karoo stations 

receive more rainfall in events of> 10 mm (Table 2.1). 

Paulshoek and Springbok both lie near the top of the western escarpment on the 

southern African land mass and receive the majority of their annual rainfall from 

westerly fronts generated by temperate cyclones. The two stations are fairly similar in 

altitude, longitude and latitude, but Paulshoek has a more easterly situation, near to 

the Nama Karoo biome. The climate ofPaulshoek is consistent with this situation in 

that maximum temperatures appear to be slightly higher, and minimum temperatures 

slightly lower, than those at Springbok (Fig. 2.3). The more easterly situation of 
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Paulshoek also means that it lies, to some extent, in the rain shadow of the escarpment 

and accordingly receives markedly lower rainfall than Springbok. Indeed the annual 

rainfall in the Paulshoek area declines dramatically over a short distance from the 

high-lying west to the topographically flatter east, where the study site is located 

(M.T. Hoffman, unpublished data). There is also some indication of autumn and 

spring peaks in rainfall at Paulshoek (Fig. 2.3). However, the climate means for 

Paulshoek are based on short-term data sets in an area where monthly rainfall is 

highly stochastic from year to year (Fig. 2.4). The long-term climate trends found for 

Springbok are therefore far more reliable. 

Soils 

Surface soil (0-10 cm) at the study site consisted of 59% sand, 32% silt and 9% clay, 

and was classified as sandy-loam, but the fine particle fraction increased with depth, 

such that at 20-30 cm, clay made up 16%, silt 37% and sand 47% of the soil volume, 

and was classified as loam. The particle fractions of other surface soils were very 

similar, except for those near Vanrhynsdorp, where the soils of the fine-textured 

quartz pebble plains had a far higher silt content and were classified as loam, while 

the red 'sands' had a much lower silt and a higher sand content. 

Despite some differences in soil texture and nutrients, the two outgroup soils near 

Vanrhynsdorp were very similar in pH to plains and rocky-slope soils near Paulshoek 

(Table 2.2). The pH (in both H20 and KCl) of heuweltjie soils in the study area was 

strongly alkaline and dramatically higher than that of the other soils. The cation 

concentrations of heuweltjie soils were also dramatically higher, and the 

concentration of calcium was exceptionally high. The fine-textured soils near 
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V anrhynsdorp had high concentrations of cations, particularly potassium. The red 

' sands' near Vanrhynsdorp had the lowest concentrations of all nutrients and were 

exceptionally low in nitrogen. Plains soils at the study site were also low in nitrogen. 

Rocky-slopes, heuweltjies and fine-textured soils all had nitrogen concentrations 

around 0.5 mg.g-1
, associated with the higher organic fractions of these soils. Levels 

of nutrients at the study site fall midway between the highest (fine-textured and 

heuweltjie soils) and the lowest (red 'sands') in all the soils sampled here. 

On the plains in the study area, the organic fraction of the soil is significantly 

increased under shrubs of R. robusta and G. africana (Table 2.3). Also the pH is 

increased under shrubs in the G. africana community and both the R. robusta 

communities. However, the pH (in open and under-shrub microsites) is higher in the 

G. africana community than in the two R. robusta communities. In open microsites, 

the soil nitrogen concentration was also higher in the G. africana community than in 

the R. robusta communities, but was not significantly increased under shrubs in the 

G. africana community. In contrast, there was a large and significant increase in 

nitrogen under R. robusta shrubs in both communities. Calcium also increased 

significantly under R. robusta shrubs but not under G. africana shrubs. The 

concentration of sodium, on the other hand, increased significantly under G. africana 

shrubs but not under R. robusta shrubs. Phosphorus concentrations increased 

significantly under R. robusta in the heavily-browsed community but not in the 

moderately-browsed community. The soils of the S. ciliata community were infertile 

relative to those of the other three communities, and nutrient concentrations were not 

significantly increased under S. ciliata tussocks. In fact, the concentration of all 

nutrients declined slightly under these tussocks. 
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In the transect study, the organic fraction, nitrogen and calcium concentrations of 

the top 10 cm of soil were positively correlated with the cover of shallow-rooted 

shrubs (Table 2.4), most of which were R. robusta (Table 2.5). The cover of shallow

rooted shrubs was additionally associated with higher nitrogen concentrations at 20-

30 cm, and with a higher organic fraction in the 10-20 cm soil layer. Neither pH or 

phosphorus concentration was significantly correlated with the cover of these shrubs 

in this study. The cover of deeper-rooted shrubs, predominantly asteraceous species, 

and a relatively minor cover of G. africana (Table 2.5), was significantly correlated 

only with an increase in the organic fraction of soil, but this occurred at both 0-10 cm 

and at 20-30 cm. The cover of all shrubs combined also correlated only with the 

organic fraction of soils, this time with the soil in the top 20 cm, but as expected, the 

correlation in the top 10 cm was stronger than that with either group of shrubs alone. 

As with the cover of shallow-rooted shrubs, root mass in the top 10 cm of soil was 

correlated with the concentration of organic matter, nitrogen and calcium. However, 

these are auto-correlated as the root mass in the top 10 cm was also highly correlated 

with the cover of shallow-rooted shrubs (Fig. 2.5). Surprisingly, root mass in the 10-

20 cm soil layer was correlated with the cover of shallow-rooted shrubs, but the root 

mass in this soil layer was not significantly correlated with the cover of deeper-rooted 

shrubs. Root mass in both the 0-10 and the 10-20 cm layers comprised approximately 

0.1 % of the total soil mass. Although root mass in the top 10 cm of soil was positively 

correlated with shrub cover, some root biomass was found in even the most open 

microhabitats. 
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There was little difference in the mean concentrations of nutrients between 

depths. The pH did, however, decline slightly with depth. Along the transect, pH and 

the concentrations of organic matter, potassium and calcium were strongly, positively 

correlated between depths (significant correlations between all the depth layers), 

indicating that patches of higher availability of these nutrients were, in fact, cores 

extending through the soil profile. Correlations in phosphorus and sodium between 

depths were not as strong (only two significant correlations between the depth layers), 

and in nitrogen and magnesium correlations were poor ( only one significant 

correlation between the depth layers). In the top 10 cm of soil, the concentrations of 

nitrogen, phosphorus, potassium and magnesium were all significantly positively 

correlated, except for nitrogen and potassium in which the correlation was not 

significant. Sodium was significantly negatively correlated with all these nutrients in 

this soil layer. There were few significant correlations between nutrients in the deeper 

soil layers. 

Roots 

The shrub species at the study site could be clearly separated into two functional 

groups, shallow-rooted and deeper-rooted. All shallow-rooted species were mesembs, 

and shrubs of all other families were deeper-rooted. Among the seven most abundant 

species (Table 2.5), only in the 5-10 cm soil profile did the deeper-rooted species and 

two of the three mesembs have a similar proportion of root mass (Table 2.6). 

However, Ruschia aggregata was significantly more shallow-rooted than the other 

two mesembs and R. robusta was slightly deeper-rooted than Leipoldtia schultzei. 

None of the seven species differed significantly in root mass fraction. In root/canopy 

diameter ratio the only significant differences were with Ruschia aggreagata, which 
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had a relatively greater lateral rooting extent than both Euphorbia decussata and 

Hirpicium alienatum. All species, with the exception of L. schultzei, had lower root 

mass fractions as adults than they did as seedlings. 

Ruschia robusta is by far the most abundant species at the study site (Table 2.5). 

It was unusual among the mesembs at the study site in that a small proportion of the 

root mass extended into the deeper soil layers (Fig. 2.6), and it had the smallest 

root/canopy diameter ratio of the mesembs. Leipoldtia schultzei is a relatively small 

shrub, and a very high proportion of the total root mass of L. schultzei was made up of 

fine roots, forming a dense mesh of roots in the shallow soil (Fig.2. 7). Few roots, 

however, extended below 10 cm. Ruschia aggregata had a very shallow root system; 

virtually no roots occurred below 5 cm (Fig. 2.8). It had fewer fine roots than 

L. schultzei, but much like R. robusta had long woody lateral roots that extended a 

considerable distance from the stem, and it thus had a large root/canopy diameter 

ratio. 

None of the mesembs possess a true taproot. The deeper-rooted shrubs all have 

taproots, but it is least developed in Tripteris sinuatum (Fig. 2.9). Although the 

greatest proportion of its root mass occurred below 10 cm, T sinuatum had a wide 

rooting system. Most of the roots of this species, while still > 2 mm in diameter, were 

fairly narrow yet fleshy, enabling the plant to root extensively within the soil profile 

and to have some water storage capacity in the roots. In contrast, the root system of 

Hirpicium alienatum was dominated by a taproot (Fig. 2.10). The roots were woody, a 

large proportion were thick and did not extend far horizontally. The root system of 

Euphorbia decussata also did not extend far horizontally. The root mass fraction was 
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the lowest of the seven common species, and only a small proportion of the root mass 

extended below 20 cm (Fig. 2.11 ). The roots, like the stems, were succulent and 

exuded a white latex when damaged. Galenia africana was the least abundant of the 

seven shrub species at the study site (Table 2.5), but is the most abundant species on 

severely degraded rangeland. A taproot generally dominated the rooting system and 

most fine roots occur at depths >10 cm (Fig. 2.12). The roots were woody, extended 

some distance laterally, but were fairly sparse. 

There were consistent differences between the root systems of shallow- and 

deeper-rooted shrub at the seedling stage. Shallow-rooted species initially develop a 

taproot which extends to about 10 cm, but numerous lateral roots develop 

simultaneously at a depth of less than 5 cm (Fig. 2.13). It is assumed that the taproot 

is lost in the subsequent development of many species. Deeper-rooted species, on the 

other hand, initially develop a taproot which branches little or not at all before 

reaching a depth of about 20 cm (Fig. 2.13). 

The proportional root mass of three other shrub species that occurred at the study 

site is presented in Fig. 2.14. All three species are most abundant in other habitats. 

The root system of Cheiridopsis denticulata (mesemb) was very similar to that of 

R. aggregata. Cheiridopsis denticulata is most abundant on extremely shallow soils 

over flat rock strata. Eriocephalus microphyllus (Asteraceae) was unlike the other 

deeper-rooted shrubs in that the taproot was poorly developed. Numerous narrow 

roots branched from a rootstock a short · distance below the soil surface and extended 

obliquely to deeper soil layers. Eriocephalus microphyllus is far more abundant on 

rocky-slopes than on the plains. Zygophyllum retrofractum was fairly similar in 

38 



rooting structure to G. africana, but is most common on specialised soil patches that 

are more basic, of a higher nutrient status, and rockier than those of the plains (but 

less basic and lower in nutrients than heuweltjies). 

Interstitial perennial herbs establish in the open between shrubs. Three species 

occurred fairly commonly at the study site, Hypertilis salsoloides (Aizoaceae), Aizoon 

canariense (Aizoaceae), and Aptosimum indivisum (Scrophulariaceae). They had roots 

in both the shallow soil layers and in some deeper layers, but generally had few at 

20-30 cm (Fig. 2.15). 

Among all ten shrub species the differences in root systems were consistent 

between shallow- and deeper-rooted species. Again there were some significant 

differences in the relative proportions of root biomass within the mesembs, 

C. denticulata and R. aggregata being more shallow-rooted than L. schultzei and 

R. robusta. There were also differences between shallow- and deeper-rooted species 

in root/canopy diameter ratio. Cheiridopsis denticulata and R. aggregata were 

significantly wider-rooted (relative to canopy width) than four of the deeper-rooted 

species. Although there was considerable variation in the root mass fraction within 

some species, there were some significant differences among the ten shrub species, 

notably between ·the six species with the highest root mass fraction and 

Z. retrofractum, which had the lowest root mass fraction. There was no simple 

relationship between root mass fraction and the maximum rooting depth. Not 

surprisingly, however, the deeper-rooted species tended to have smaller root/canopy 

diameter ratios. Root/canopy diameter ratios were related to root mass fraction in two 

different ways. There was a non-significant positive relationship among the deeper-
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rooted species. As most of these species had roots to similar depths and had a high 

proportion of coarse roots, a larger root/canopy diameter ratio simply reflects the fact 

that these species had more roots. In contrast, there was a non-significant negative 

relationship among mesembs as the mesembs with lower root/canopy diameter ratios 

were slightly deeper-rooting and had a higher proportion of coarse roots as a result. 

The two species, E. microphyllus and L. schultzei with the highest root mass fraction 

also had the highest proportion of their root mass in fine roots. Apart from 

E. microphyllus, the deeper-rooted species had only a small proportion of their total 

root mass in fine roots, whereas the proportion of fine roots among mesemb species 

tended to be higher but was more variable among species. The root mass fraction, 

root/canopy diameter ratio, and maximum rooting depth were also variable among 

mesembs, but was remarkably consistent among the three Asteraceous species, 

E. microphyllus, H alienatum, and T sinuatum. 
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Fig 2.1 Map of the Succulent Karoo and Nama Karoo biomes (sensu Rutherford and Westfall 1986) showing the localities of the study site and climate stations, from which data were obtained for analysis. 



Table 2.1 Climate statistics that are likely to be relevant to the form and function of vegetation, for 27 stations with long-term data sets, in the Succulent Karoo and Nama Karoo biomes. Statistics are annual means, except wet mth = month with mean maximum rainfall, mth max = mean maximum temperature of the hottest month, mth min = mean minimum temperature of the coldest month. MAR = mean annual rainfall , CV = annual. coefficient of variation of rainfall. Data from the South African Weather Bureau. 

number of rainfall events da:i::s with teml!erature 
MAR (mm) CV{%} ·wet mth 1-Smm 5-l Omm I0-20mm >30mm all >lmm mean {mm) mth max mth min >35°C >30°C <0°C <-5°C 

Succulent Karoo 
Alexander Bay 46 55 Jun 9 I I 0 II 4.2 24.4 8.8 6 26 0 0 Port Nolloth 66 46 Jun 10 3 I 0 14 4.7 20.3 8.4 3 14 0 0 Hondeklipbaai 89 48 Jun II 4 2 0 18 5.0 21.4 7.2 Garies 148 37 Jui 13 6 3 1 23 6.5 32.4 6.4 Ill 0 Vredendal 151 37 Jun 21 6 3 0 30 5.0 30.5 6.7 27 89 0 0 Okiep 157 36 Jun 14 6 4 0 24 6.5 30.3 6.8 13 85 I 0 Vanrhynsdorp 158 37 Jun 17 7 3 1 28 5.6 30.5 6.7 27 89 0 0 Springbok 197 36 Jun 13 7 4 2 26 7.5 29.7 8.2 13 85 I 0 Calvinia 228 44 Jun 20 7 6 1 34 6.7 30.8 3.5 16 86 22 0 Kamieskroon 234 38 Jun 15 7 6 2 30 7.9 
Oudtshoorn 239 34 Apr 24 7 6 1 38 6.3 31.4 4.5 28 100 4 0 Touws River 256 41 Apr 19 9 6 1 35 7.3 30.6 2.6 15 78 24 0 Sutherland 266 35 Jun 22 9 7 1 39 6.8 27.1 -2.4 0 24 107 27 Robertson 287 31 Aug 26 8 8 1 43 6.7 30.8 5.1 16 80 4 0 

Nama Karoo 
Warmbad 72 46 Feb 5 2 2 0 9 8.0 37.4 4.1 114 195 2 0 Augrabies 83 60 Mar 6 2 3 0 11 7 .5 37.1 4.3 97 184 I 0 Pofadder 117 60 Mar 7 3 3 1 14 8.4 33.0 5.1 30 120 3 0 Kenhardt 120 58 Feb 11 4 2 1 18 6.7 36.3 1.7 76 168 12 0 Brandvlei 142 47 Mar 4 5 3 2 13 10.8 33.6 1.8 44 128 17 0 Upington 178 55 Mar 12 5 4 2 23 7.9 35 .5 4.1 74 165 12 0 Fraserberg 207 45 Mar 16 6 5 1 28 7.4 30.8 -0.5 8 76 57 4 van Wyksvlei 210 50 Mar 13 6 5 1 25 8.4 34.3 1.0 48 136 32 2 Beaufort West 236 50 Jan 16 6 6 I 29 8.1 32.3 4.3 27 103 19 0 Carnarvon 249 47 Mar 18 5 7 I 31 8.0 31.4 1.0 10 86 37 3 Prieska 252 50 Feb 16 7 5 3 30 8.3 35.0 I.I 59 150 34 Willowmore 255 52 Mar 21 8 6 1 36 7.1 29.9 2.8 13 66 18 0 Douglas 330 44 Feb 19 9 8 2 38 8.7 34.9 1.0 52 147 38 2 ~ 
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Fig. 2.2 Relationship between the mean annual rainfall and the mean annual number of 
rainfall events > 1mm, for Succulent Karoo (diamonds) and Nama Karoo (open squares) 
stations. The slopes of the two regressions are not significantly different but the 
elevations are significantly different at the *** P<0.001 level. 
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Fig. 2.3 Climate diagrams for the study site, Paulshoek, and the nearest climate station, with long-term 
data, at a similar elevation and situation, Springbok. Mean rainfall data at Paulshoek are for 1996 - 2000 
and mean temperatures are for 1999 - 2000. Mean rainfall data at Springbok are for 1968 - 1998 and mean 
temperatures for 1987 - 1999. Latitude, longitude, altitude, mean annual temperature and mean annual 
rainfall are indicated. (Data for Springbok from the South African Weather Bureau.) 
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Fig. 2.4 Total monthly rainfall at the study site (near Paulshoek) from the beginning of 1997 to the end of 2000. 

44 



Table 2.2 Chemical and physical properties of soils (mean ± I SE) collected from five sites in 
Namaqualand: from three sites near the Paulshoek and, as outgroups, from two sites near 
Vanrhynsdorp. Three collections, of three samples each, were made at each site during 1998 and 1999. 
A core of the upper 10 cm of soil was sampled from open (between shrub) microsites in each case. 

Paulshoek sites Vanrhynsdor(! sites 

plains rocky slopes heuwelt,jies sands fine textured 

pH (H20) 6.30 ±0.10 5.83 ±0.24 9.69 ±0.2 1 6.62 ±0. 12 6.65±0. 16 

pH(KCI) 5.4 1 ±0. 19 5.03 ±0.30 8.59 ±0.14 6. 12 ±0.1 8 6.24 ±0. 18 

Organic fraction (%) 1.20 ±0. 10 2.75 ±0.40 2.5 ±0.20 0.59 ±0.05 2.54 ±0.17 

Nitrogen (mg.g-1
) 0.07 ±0.03 0.52 ±0.04 0.54 ±0.05 0.02 ±0.01 0.62 ±0.06 

Phosphorus (mg.g-1
) 0.21 ±0.02 0.26 ±0.03 0.67 ±0.04 0.06 ±0.01 0.34 ±0.03 

Potassium (mg.g·') 3.79 ±0.39 2.82 ±0.27 7.86 ±0.34 1.50 ±0.14 17.0 ± 1.25 

Calcium (mg.g-1
) 0.7 1 ±0.08 1.76 ±0.54 21.30 ± 1.60 0.42 ±0. 13 1.88 ±0.2 1 

Magnesium (mg.g"1
) 0.99 ±0. 10 1.4 1 ±0. 15 6.10 ±0.60 0.33 ±0.05 4.61 ±0.75 

Sodium (mg.g·') 0.38 ±0.06 0.48 ±0.08 1.48 ±0.27 0.08 ±0.02 4.39 ±0.29 

texture sandy loam sandy loam sandy loam sandy loam loam 
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Table 2.3 Chemical properties of soils (mean ± 1 SE) collected from open and from under-shrub microsites in four communities on the plains near Paulshoek, Namaqualand. Collections of the upper 10 cm of soil were made from between and beneath Ruschia robusta shrubs in a moderately-browsed community and in a heavily-browsed community, from between and beneath Galenia africana shrubs in a degraded community, and from between and beneath Stipagrostis ciliata tussocks in a moderately-browsed community during 1998 and 1999. Significantly higher values (t-tests) in under-shrub microsites are indicated * P<0.05, ** P<0.01, *** P<0.001. 

moderately-browsed heavily-browsed degraded Moderately-browsed Ruschia robusta community Ruschia robusta community Galenia a[!icana community Stil!_ag_rostis ciliata communi!Y 
oeen under-shrub oeen under-shrub oeen under-shrub oeen Under-tussock 

pH (H20) 6.30 ±0.13 6.60 ±0. 15 * 6.40 ±0.20 7.10 ±0.27 * 7.30 ±0.30 8.40 ±0. l 8 ** 7.40 ±0.25. 7.09 ±0.07 
Organic fraction (%) 1.20 ±0.1 l 2.40 ±0.18 *** 1.30 ±0.20 2.40 ±0.40 ** 1.00 ±0.20 l.40 ±0.14 * 0.85 ±0. 11 0.78 ±0.12 
Nitrogen (mg.g"1

) 0.07 ±0.03 0.27 ±0.07 ** 0.08 ±0.02 0.26 ±0.06 ** 0.19 ±0.04 0.24 ±0.04 0.03 ±0.02 0.00 ±0.00 
Phosphorus (mg.g·1

) 0.21 ±0.02 0.19 ±0.02 0. 18 ±0.01 0.4 I ±0.09 ** 0.40 ±0.07 0.55 ±0.09 0.1 0 ±0.01 0.09 ±0.0l 
Potassium (mg.g"1

) 3.79 ±0.39 3.40 ±0.34 2.28 ±0.14 2.50 ±0.25 3.26 ±0.44 4.00 ±0.39 1.59 ±0.09 1.55 ±0.12 
Calcium (mg.g-1

) 0.71 ±0.08 I .40 ±0.36 * 0.79 ±0.13 l .60 ±0.3 I ** 1.74 ±0.73 2.50 ±0.55 0.70 ±0.08 0.59 ±0.07 
Magnesium (mg.g"1

) 0.99 ±0.10 1.20 ±0.18 1.06 ±0.17 1.47 ±0.27 1.45 ±0.24 1.90 ±0.32 0.48 ±0.03 0.40 ±0.02 
Sodium (mg.g"1

) 0.38 ±0.06 0.41 ±0.05 0.52 ±0.10 0.63 ±0.15 0.49 ±0.07 0.84 ±0.10 * 0.26 ±0.05 0.17 ±0.04 



Table 2.4 Correlation coefficients (r2) of the chemical properties of soil cores from the 0-10, 10-20, and 
20-30 cm soil layers, and the cover of shrubs or root mass in the soil core, sampled along a transect at the 
study site. All significant correlations were positive* P<0.05, ** P<0.01, *** P<0.001, NS P>0.05 (n=8). 

Shrub Cover 

Soil deeth Shallow-rooted Deeeer-rooted All shrubs Root mass 

pH (H20) 0-lOcm -0.03 NS 0.04 NS 0 NS -0.31 NS 
10-20 cm 0.04 NS 0.19 NS 0.17 NS 0.24 NS 
20-30 cm 0.18 NS 0.21 NS 0.32 NS 

Organic fraction -0-10 cm 0.54 •• 0.50 •• 0.87 ••• 0.50 •• 
10-20 cm 0.46 •• 0.29 NS 0.62 •• 0.27 NS 
20-30 cm 0 NS 0.41 * 0.18 NS 

Nitrogen 0-lOcm 0.61 •• 0.02 NS 0.35 NS 0.87 ••• 
10-20 cm 0.06 NS 0 NS 0.02 NS -0.15 NS 
20-30 cm 0.70 •• -0.01 NS 0.14 NS 

Phosphorus 0-10 cm 0.09 NS -0.05 NS 0 NS 0.24 NS 
10-20 cm 0.01 NS -0.25 NS -0.07 NS 0 NS 
20-30 cm -0.J NS -0.16 NS -0.21 NS 

Potassium 0-lOcm 0.05 NS -0.02 NS 0 NS 0.12 NS 
10-20 cm 0.03 NS 0.05 NS 0.06 NS -0.07 NS 
20-30 cm -0.0 l NS -0.05 NS -0.05 NS 

Calcium 0-10 cm 0.51 •• 0.02 NS 0.32 NS 0.71 •• 
10-20 cm 0.28 NS 0 NS 0.l NS 0.06 NS 
20-30 cm 0 NS -0.1 NS -0.06 NS 

Magnesium 0-lOcm 0.13 NS 0 NS 0.06 NS 0.28 NS 
10-20 cm 0.02 NS -0.01 NS 0 NS -0.05 NS 
20-30 cm -0.l NS -0.02 NS -0.07 NS 

Sodium 0-10 cm -0.03 NS 0 NS -0.0l NS -0.09 NS 
10-20 cm 0 NS 0.1 NS 0.04 NS 0.43 * 
20-30 cm -0.3 NS 0 NS -0.12 NS 

(a) y = 0.0027x + 0.15 
(b) 2 

r2= 0.37 ••• • 2 
r2 = 0.01 NS • 

~ 1.5 • ~ 1.5 • 9 9 • • u, 
u, u, 
u, "' "' • E 
E .. 0 0 •• • • e e 0.5 

0.5 ·~ • • • • • • .. :~ • 0 • 0 
0 100 200 300 400 500 0 100 200 300 400 500 

cover (sum of angles) cover (sum of angles) 

(c) 
y = 0.0026x - 0.070 2 

(d) 
2 

• r2=0.31 ** • r2 = 0.05 NS 

~ 1.5 1.5 
9 9 u, u, u, u, 
"' "' • E E 
0 0 • e 

0.5 e o.5 ~ • •# •• 0 -·~ • • • 0 
0 100 200 300 400 500 0 100 200 300 400 500 

cover (sum of angles) cover (sum of angles) 

Fig. 2.5 Relationships between root mass and plant cover along a transect at the study site. Root mass in the 
0-10 cm soil profile and (a) shallow-rooted shrubs, (b) deeper-rooted shrubs. Root mass in the 10-20 cm soil 
profile and (c) shallow-rooted shrubs, (d) deeper-rooted shrubs. ** P<0.01, *** P<0.001, NS P>0.05 (n=28) 

47 



Table 2.5 Percentage cover and number of perennial shrubs (mean± I SE), in 25m2 plots 
at the study site (n=IO). Perennial herbs and geophytes were also present in these plots but 
comprised a very small proportion of total cover. 

Species 

Shallow-rooted shrubs 

Ruschia robusta 

Leipoldtia schultzei 

Ruschia aggregata 

Other shallow-rooted shrubs 

Deeper-rooted shrubs 

Tripteris sinuata 

Hi,picium a/ienatum 

Euphorbia decussata 

Galenia africana 

Other deeper-rooted shrubs 

Total 

Family 

Mesembryanthemaceae 

Mesembryanthemaceae 

Mesembryanthemaceae 

Asteraceae 

Asteraceae 

Euphorbiaceae 

Aizoaceae 

Cover 

12.4 ± 2.2 

1.5 ± 0.8 

0.8 ± 0.4 

1.6 ± 0.5 

2.6 ± 1.1 

l.9 ± 0.5 

2.5 ± 0.7 

0.7 ± 0.4 

2.1 ± 0.8 

25.7 ± 1.3 

Number 

32.4 ± 5.3 

17.4 ± 11.3 

5.3 ± 1.8 

20.6 ± 8.3 

19.8 ± 9.6 

16.6 ± 5.0 

6.4 ± 1.7 

1.7 ± 0.7 

9.9 ± 2.2 

130 ± II 
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Table 2.6 Differences in peri:;entage root mass (square root - arcsine transformed) at each of four soil depths, root mass fraction, and root/canopy diameter ratio among the seven most abundant shrub species at the study site. Different letters aligned horizontally indicate significant differences among species (Tukey's HSD). The F-ratio for each ANOVA is also indicated* P<0.05, ** P<0.01, *** P<0.001, NS P>0.05. 

Ruschia Leipoldtia Ruschia Euphorbia Tripteris Hirpicium Galenia agg_rez..ata schultzei robusta decussata sinuata alienatum africana 
Percentage of root mass at: 
0-Scm a b b C C C C 5-10 cm a b b b b b b 10- 20 cm a b b C C C C 20 - 30 cm a a ab ab b b b 
Root mass fraction a a a a a a a Root /canopy diameter ratio a ab ab b ab b ab 

F-ratio 

42 *** 
8 *** 

93 *** 
7 ** 

3 NS 
4* 
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Fig. 2.6 Ruschia robusta plant architecture showing the root system and the mean(+ 1 SE) root mass at four soil 
depths. ( coarse roots > 2 mm in diameter; fine roots < 2 mm in diameter; n = 4; range in mean canopy diameters 
35 - 73 cm, and canopy masses 122 c 542 g) 
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Fig. 2.7 Leipoldtia schultzei plant architecture showing the root system and the mean(+ 1 SE) root mass at four soil depths . ( coarse roots > 2 mm in diameter; fine roots < 2 mm in diameter; n = 3; range in mean shoot canopy diameters 29 - 34 cm, and canopy masses 77 - 127 g) 
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Fig. 2.8 Ruschia aggregata plant architecture showing the root system and the mean(+ 1 SE) root mass at four soil depths . ( coarse roots> 2 mm in diameter; fine roots< 2 mm in diameter; n = 4; range in mean canopy diameters 16 - 36 cm, and canopy masses 28 - 258 g) 
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Fig. 2.9 Tripteris sinuata plant architecture showing the root system and the mean ( + 1 SE) root mass at four soil depths. ( coarse roots > 2 mm in diameter; fine roots < 2 mm in diameter; n = 3; range in mean canopy diameters 15 - 53 cm, and canopy masses 18 - 338 g) 
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Fig. 2.10 Hirpicium alienatum plant architecture showing the root system and the mean ( + 1 SE) root mass at four soil depths. ( coarse roots > 2 mm in diameter; fine roots < 2 mm in diameter; n = 3; range in mean canopy diameters 12 - 37 cm, and canopy masses 12 - 139 g) 
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Fig. 2.11 Euphorbia decussata plant architecture showing the root system and the mean ( + 1 SE) root 
mass at four soil depths . (coarse roots> 2 mm in diameter; fine roots< 2 mm in.diameter; n = 3; range in mean canopy diameters 11 - 36 cm, and canopy masses 14 - 167 g) 
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Fig. 2.12 Galenia africana plant architecture showing the root system and the mean(+ 1 SE) root mass at four soil depths. ( coarse roots > 2 mm in diameter; fine roots < 2 mm in diameter; n = 3; range in mean canopy 
diameters 15 - 54 cm, and masses 13 - 202 g) 
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Fig 2.13 Plant architecture showing ( a) the root system typical of a shallow-rooted shrub 
seedling, Leipoldtia schultzei, and (b) the root system typical of a deeper-rooted shrub 
seedling, Hirpicium alienatum . 
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Fig 2.14 Mean(+ 1 SE) root mass, at four soil depths, of three shrub species less abundant at the study 
site: (a) Cheiridopsis denticulata, (b) Eriocephalus microphyllus, (c) Zygophyllum retrofractum. 
(Coarse roots> 2 mm; fine roots< 2 mm; n = 3) 
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Fig 2.15 Mean(+ 1 SE) root mass, at four soil depths, of three perennial interstitial herb species that occur at 
the study site: (a) Hypertilis salsoloides (n=4), (b) Aizoon canariense (n=3), (c) Aptosimum indivisum (n=4). 
( Coarse roots > 2 mm; fine roots < 2 mm) 
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Discussion 

Climate 

Like the three other major winter-rainfall semi-arid regions of the world, the Mojave, 

Patagonia and South Australia, the majority of rainfall in the Succulent Karoo comes 

from westerly frontal systems. The Succulent Karoo is also similar to the Mojave, 

Patagonia and South Australia in that the semi-arid winter-rainfall region abuts a 

semi-arid summer rainfall region that derives most of its rainfall from high-intensity 

convection storms. Unlike the Mojave and Patagonia, however, the aridity of the 

Succulent Karoo is not primarily due its location in the rain-shadow ( east) of a major 

mountain range (West 1983, Soriano 1983). The Succulent Karoo also differs from 

these two regions in that while the rain falls predominantly in winter, the temperatures 

at this time are sufficient to allow for the growth of all plant types (Esler and Rundel 

1999), and very little of the precipitation falls as snow. In the Mojave and Patagonia 

winter temperatures are too low to allow for the growth of shrubs and much of the 

precipitation is stored in the soil until the onset of warmer temperatures that facilitate 

growth (West 1983, Soriano 1983, Esler and Rundel 1999). The aridity of 

Namaqualand (northern Succulent Karoo) is simply due to its position north of the 

centre of the temperate cyclones that pass over the tip of Africa in winter, driven by 

the prevailing westerly winds (Desmet and Cowling 1999). The southern Succulent 

Karoo is more similar to central South Australia in that the aridity is a consequence 

both of their respective positions north of the centre of passing temperate cyclones, 

and in that parts of these regions lie in the rain-shadows of minor mountain ranges 

(Specht 1972, Desmet and Cowling 1999). 
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Precipitation produced by the frontal systems in the Succulent Karoo is largely 

gentle, and since this region lies beyond the centre of the temperate cyclones, most of 

the passing fronts deposit only small volumes of rainfall. Along the coast and lowland 

areas, regular winter fogs are an important component of the precipitation (Desmet 

and Cowling 1999). Due to its easterly location close to the Nama Karoo however, the 

study area, like much of the southern Succulent Karoo, receives some rainfall from 

summer convection systems as well as from winter frontal systems. 

The vegetation at the study site and over much of the southern Succulent Karoo 

consists of a mix of deeper-rooted non-succulent and shallow-rooted leaf-succulent 

shrub species (Table 2.4, Acocks 1988, personal observation). Deeper-rooted species, 

e.g. Tripteris sinuatum and Hirpicium alienatum, occur in both the Succulent and 

Nama Karoo, but the centre of abundance of this functional group lies within the 

Nama Karoo (Roessler 1959, Hoffman and Cowling 1987, Shearing 1994). On the 

other hand, mesemb species occur predominantly in the Succulent Karoo, which is the 

centre of abundance for this functional and phylogenetic group (Cowling et al. 1994, 

Cowling and Hilton-Taylor 1999). 

It has been widely recognised that the frontal rainfall of the Succulent Karoo is 

associated with a low coefficient of variation for mean annual rainfall, and this has 

been taken to represent the reliability of the annual rainfall in this region (Hoffman 

and Cowling 1987, Cowling et al. 1994, Cowling and Hilton-Taylor 1999, Desmet 

and Cowling 1999, Esler et al. 1999). The susceptibility of mesembs to drought has 

then been used to argue for the crucial role of reliable rainfall in the selective regime 

of the Succulent Karoo flora (Hoffman and Cowling 1987, Milton et al. 1997, 
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Cowling et al. 1999). The evidence for the susceptibility of mesembs to drought 

comes principally from observations of a single drought that occurred at a site in the 

Richtersveld region of Namaqualand, and is reported to have killed 80% of the 

vegetation, which comprised mostly mesembs (von Willert et al. 1985). A drought 

near the boundary of the southern Succulent Karoo, however, killed more non

succulent shrubs (associated with Nama Karoo flora) than mesembs (Milton et al. 

1995), and a number of studies have demonstrated the tremendous drought tolerance 

of mesemb seedlings (Chapter 3, Esler and Phillips 1994, Lechmere-Oertel and 

Cowling 2001). A drought at the study site in 1998 (Fig. 2.4), no less severe than that 

in the Richtersveld, killed fewer than 5% of the shrubs, and less than 5% of any 

mesemb species (see Chapter 3 for details and a criticism of the relevance of drought 

to the dynamics of the Succulent Karoo ). The importance of reliable rainfall to the 

Succulent Karoo therefore appears to be highly over-estimated. During even the most 

extreme drought years in the Succulent Karoo, some rain is likely to fall (Fig. 2.4, 

Chapter 3) that can be taken up by the shallow root systems of mesembs and used to 

recharge their water storage organs. The coefficient of variation of annual rainfall is 

therefore not a measure that is particularly relevant to mesembs. A measure of the 

number of consecutive months without rain that is likely to occur in severe droughts, 

e.g. with an expected frequency of once every 50 or 100 years, might be more 

meaningful. 

It has been suggested that freezing temperatures may restrict the distribution of 

succulents. For the Karoo, Werger (1986) suggests that succulents are likely to be rare 

where temperatures regularly drop below -4°C. Temperatures in the Succulent Karoo 

are generally not as low as those in the Nama Karoo, and few places regularly have 
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Cowling et al. 1999). The evidence for the susceptibility of mesembs to drought 

comes principally from observations of a single drought that occurred at a site in the 

Richtersveld region of Namaqualand, and is reported to have killed 80% of the 

vegetation, which comprised mostly mesembs (von Willert et al. 1985). A drought 

near the boundary of the southern Succulent Karoo, however, killed more non

succulent shrubs (associated with Nama Karoo flora) than mesembs (Milton et al. 

1995), and a number of studies have demonstrated the tremendous drought tolerance 

of mesemb seedlings (Chapter 3, Esler and Phillips 1994, Lechmere-Oertel and 

Cowling 2001). A drought at the study site in 1998 (Fig. 2.4), no less severe than that 

in the Richtersveld, killed fewer than 5% of the shrubs, and less than 5% of any 

mesemb species (see Chapter 3 for details and a criticism of the relevance of drought 

to the dynamics of the Succulent Karoo ). The importance of reliable rainfall to the 

Succulent Karoo therefore appears to be highly over-estimated. During even the most 

extreme drought years in the Succulent Karoo, some rain is likely to fall (Fig. 2.4, 

Chapter 3) that can be taken up by the shallow root systems of mesembs and used to 

recharge their water storage organs. The coefficient of variation of annual rainfall is 

therefore not a measure that is particularly relevant to mesembs. A measure of the 

number of consecutive months without rain that is likely to occur in severe droughts, 

e.g. with an expected frequency of once every 50 or 100 years, might be more 

meaningful. 

It has been suggested that freezing temperatures may restrict the distribution of 

succulents. For the Karoo, Werger (1986) suggests that succulents are likely to be rare 

where temperatures regularly drop below -4°C. Temperatures in the Succulent Karoo 

are generally not as low as those in the Nama Karoo, and few places regularly have 
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temperatures below -4°C. However, Sutherland is the coldest place in southern Africa 

and lies just within the Succulent Karoo biome. It has an annual mean of 27 nights 

below -5°C, and the lowest temperature recorded at this site was -14°C, yet 

succulents are abundant there (personal observation). Many succulent species are 

therefore capable of withstanding very low temperatures and these low temperatures 

do not appear to restrict the distribution of any of the major families of southern 

African succulents. These low winter temperatures are, however, likely to limit 

growth in these plants. It is particularly interesting that the most prominent shrubs 

near Sutherland are large stem-succulents, e.g. Tylecodon paniculata, which may have 

deeper-rooted architecture than those of the mesembs in this study (personal 

observation). These shrubs structurally resemble many succulent shrubs in the Mojave 

semi-desert and are likely to function in similar ways. 

Despite early recognition of the ability of leaf-succulents shrubs to benefit from 

very small rainfall events (Compton 1929), the role of small rainfall events in the 

selective regime of the Succulent Karoo flora appears to have been under-estimated. 

Frontal systems produce more rainfall events for any given mean annual precipitation 

than rainfall derived from convection systems, and these rainfall events are generally 

smaller in volume. It is likely that it is the fact that the annual rainfall is derived from 

a large number of small rainfall events, rather than from a few large rainfall events, 

that leads to the rainfall of the Succulent Karoo having a low coefficient of variation. 

Not only does most of the rain fall in events that are < 10 mm in volume but this rain 

falls predominantly in winter when temperatures are lower, and evaporation from the 

surface soil will be dramatically lower than during the hot summers. Water will 

63 



therefore be available for uptake and utilisation by plants with shallow roots for 

longer periods during winter. 

Roots 

The maximum rooting depths of even the deeper-rooted species recorded in this study 

are exceptionally shallow for semi-arid regions and for shrubs, on a world scale 

(Canadell et al. 1996). Recent, comprehensive literature syntheses calculated a mean 

maximum rooting depth of 9.5 ± 2.4 m for semi-deserts, and 5.1 ± 0.8 m for shrubs 

(Canadell et al. 1996). Furthermore, only 50% of all roots in semi-desert were found 

in the top 30 cm (Jackson et al. 1996). However, the criterion for the inclusion of data 

in these syntheses is strongly biased towards studies of deep-rooted plants as they 

ignore studies where plant roots do not reach a depth of 1 m. Moreover, these 

statistics were calculated largely from data for cold semi-deserts. The mean root mass 

fraction for warm semi-deserts, at 0.4, was only slightly higher than that found for the 

common species at Paulshoek (0.3), but that for cold semi-deserts was much higher at 

0.8 (Jackson et al. 1996). Realistic statistics on the rooting characteristics of warm 

serni..,desert plants are therefore lacking. Other studies, principally on plants of warm 

semi-deserts, have concluded that many semi-desert plants are shallow-rooted 

(Barbour 1973). 

The suggestion that semi-desert plants have high root mass fractions has been 

criticised by Barbour (1973), and many mesophytic plants have been shown to have 

higher root mass fractions. Given the variation in root mass fraction for perennials 

across biomes (0.1 to > 0.85; Barbour 1973, Jackson et al. 1996) and within a single 

semi-arid community in the Mojave semi-desert (0.10 to 0.55; Garcia-Moya and 
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McKell 1970), the root mass fractions of the community at the study site were low 

and the variation small. The higher root mass fractions of seedlings relative to adult 

plants found here is consistent with previous studies of semi-desert shrubs (Barbour 

1973). 

The maximum rooting depths recorded here are shallower than those recorded for 

early, detailed studies of five shrub species in a mesic part of the southern Succulent 

Karoo (Scott and van Breda 1937, 1938, 1939), but are similar to more recent 

estimates for deeper-rooted shrubs in the Nama Karoo (Hoffinan and Cowling 1987) 

and for mesembs at another site in Namaqualand (Esler and Rundel, 1999). The 

findings of this study strongly support the generalization that leaf-succulent shrubs 

(mesembs) are extremely shallow-rooted and non-succulent shrubs are significantly 

deeper-rooted. In their study, Scott and van Breda (1937) excavated G. africana 

shrubs and found that some roots extended beyond 1 m in depth. Bedrock at the study 

site prevented the penetration of roots much beyond 30 cm. It is likely, however, that 

a small proportion of the roots of shrubs such as G. africana and Eriocephalus 

microphyllus would extend beyond this depth in a deeper soil profile. 

The Mojave (Cody 1986) and Patagonia (Soriano 1983, Sala et al. 1989) semi

deserts contain numerous deeper-rooted shrub species. This is also likely to be true of 

South Australia (Carrodus and Specht 1965), but there appear to be few data on the 

root systems of plants in this semi-arid region. Roots of many adult non-succulent 

shrubs in the Mojave extend to a depth of at least 1 m (Cody 1986), and the taproots 

of common shrubs in Patagonia extend to 35-45 cm before branching (Soriano 1983). 

More importantly, plants in both Mojave and Patagonian communities can be 
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differentiated into shallow- and deeper-rooted functional groups. In the Mojave (Cody 

1986, Nobel 1988), and in other warm semi-deserts of North America (Cannon 1911), 

the shallow-rooted species are typically stem-succulent Cactaceae. In Patagonia the 

shallow-rooted species are typically grasses (Soriano 1983, Sala et al. 1989). Both the 

Mojave Cactaceae and the Patagonian grasses have most of their roots in the top 

15 cm of soil (Cannon 1911, Soriano 1983, Cody 1986, Nobel 1988). Species with 

root systems that are intermediate between shallow- and deep-rooted functional 

groups occur in the Mojave. Near Paulshoek the roots of Euphorbia decussata may 

represent an intermediate form, although it is more similar to deeper-rooted than to 

shallow-rooted shrubs. 

Differences in rooting depth and rooting structure have been used to explain the 

co-existence of the large number of species in Mojave communities (Cody 1986). 

More detailed studies in the Namib Desert (Yeaton 1990) and in the Sonoran semi

desert (Nobel 1997), have shown that differences in rooting depths among co

occurring species allow species access to different kinds of pulses of resources. 

In the Mojave, shallow-rooted succulents in the Cactaceae and Agavaceae have 

been shown to respond to small rainfall events by root growth, water uptake and 

increased rates of photosynthesis. These events may be as small as 6 mm and still 

infiltrate dry soil in the rooting zone sufficiently for uptake to commence (i.e. reach a 

soil water potential of -0.SMPa; Nobel 1988). The dominant grass on the North 

American short-grass steppe, Bouteloua gracilis, exhibits similar responses to rainfall 

events of 5 mm, which is particularly relevant as both this region and the study site 
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receive a similar proportion of their rainfall in events of <10 mm (Sala and Lauenroth 

1982, 1985, Sala et al. 1992). 

Using the long-term rainfall data for Springbok, rainfall events of <10 mm were 

found to account for 81 % of the rainfall events and 42% of the total rainfall over the 

last century. The depth of infiltration of a rainfall event of any given size can be 

calculated from the field capacity of the soil by the following equation: 

w 
D=---

()vfc - ()vi 

where: D ( cm) is the depth that rainfall penetrates the soil 
W ( cm) is the size of the rainfall event 
Bvfc is the water content (v/v) at field capacity 
Bvi is the initial water content (v/v)of the soil 
(Hanks and Ashcroft 1980) 

I estimated Bvfc using soils from the field mixed in pots ( at saturation and after 

thorough drying), but since my estimate of soil volume is crude, a more conservative 

estimate was also calculated from the relationship between bulk density and organic 

fraction (Jeffrey 1970), which has been measured more accurately. This gives a 8 vfc of 

between 0.27 (my estimate) and 0.19 (from Jeffrey 1970). Assuming a rainfall event 

of 10 mm and soil at 10% of field capacity, this leads to infiltration to a depth of 

between 4.1 and 5.8 cm. While it is true that the initial water content will periodically 

be considerably higher than 10%, it is also true that most of the small rainfall events 

will be considerably smaller than 10 mm. Moreover, water from larger rainfall events 

will first wet the upper soil before penetrating deeper. It therefore seems reasonable to 
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expect that at least half the total rainfall will not infiltrate the soil to depths much 

greater than 5 cm. 

The abundance of mesembs in the Succul.ent Karoo (Acocks 1988, Cowling et al. 

1994) reflects the ability of root systems concentrated in the top 5 cm of soil to use 

small rainfall events effectively. At the end of a long dry summer, R. robusta, 

Leipoldtia schultzei, and Ruschia aggregata were able to fill their leaves to apparent 

maximum turgidity within 24 hours after a rainfall event of less than 10 mm, 

effectively increasing their leaf water content by about 40% in each case (P.J. Carrick 

unpublished data). 

Mesembs are highly adapted to these small rainfall events. ill addition to the rapid 

uptake of water from surface soils, succulent leaves and the ability to switch rapidly 

between CAM and C3 photosynthesis (von Willert et al. 1985) frees these plants of 

the need to use soil-stored water between rainfall events. The tremendous drought 

tolerance of these plants also suggests that the permeability of roots, like those of 

North American Cactaceae (Nobel 1988), responds to changes in the soil water 

potential (Chapter 3). ill contrast, non-succulent shrubs are limited in their ability to 

store water, and need to access larger pools of soil stored water, which will be present 

for longer. These are present only in the deeper soil. Drought-deciduous shrubs, in 

particular, need to access sufficient water to justify their investment in leaf tissue. 

The co-existence of mesembs and deeper-rooted shrubs, predominantly 

Asteraceae, at the study site and in the southern Succulent Karoo reflects the nature of 

the rainfall, and the depth of infiltration. ill the Nama Karoo, rainfall events <10 mm 
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make up a smaller proportion of the total rainfall and mesembs usually have a low or 

negligible cover (Acocks 1988; Cowling et al. 1994). For instance, at Brandvlei, a site 

at a similar latitude to the study site but further east in the Nama Karoo, mean annual 

precipitation is 141 mm but falls mainly in summer and only 30% of the total rainfall 

and 62% of the events occur as rains of <10 mm. It is likely that the reduced number 

of small rainfall events and the increased evaporation potential in the Nama Karoo 

create an environment to which the mesembs are poorly adapted. Indeed, Ruschia 

spinosa, one mesemb that is widespread in the Nama Karoo, has a taproot descending 

to 25 cm or more (P.J. Grubb and P.J. Carrick, unpublished data). Further west in the 

Succulent Karoo, the opposite is true. At Hondeklipbaai, on soils of a similar texture 

to the study site, and at a similar latitude but further west near the Namaqualand coast, 

the mean annual precipitation is much lower at 89 mm, but 61 % of the total and 87% 

of events fall in rains and mists of <10 mm. Here the vegetation is dominated almost 

entirely by mesembs and other shallow-rooted succulents (personal observation) . 

. Relative to the Succulent Karoo, shallow-rooted plants in the Mojave make up a 

minor part of the flora (Cody 1986, Esler and Rundel 1999). This has been attributed 

to the inability of plants to make effective use of the winter rainfall as the low 

temperatures retard plant growth. Winter rainfall is therefore stored in the soil until 

the spring when temperatures are conducive to growth and water-uptake in plants 

(Esler and Runde! 1999). In Patagonia, shrubs are also largely dormant in winter, but 

growth and water-uptake in shallow-rooted grasses is maximal at that time (Sala et al. 

1989, Soriano 1983). Despite the low Patagonian winter temperatures, the grasses 

take-up water immediately after it infiltrates the soil. The apparent discrepancies in 

seasonal water use between the Mojave and Patagonian semi-deserts warrant further 
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investigation. Are grasses better able to grow at low temperatures than shrubs, and if 

so why are grasses not more abundant in the Mojave? Do small rainfall events have 

an ecological role in these systems which recharge deep soil-water stores during 

winter? 

In Patagonia, the presence of grasses was found to suppress the productivity of 

shrubs and reduce the infiltration of water to deeper levels to a small degree, but the 

shrubs had no competitive effect on the grasses (Sala et al. 1989). Little evidence was 

found for competition between mesembs and deeper-rooted shrubs near Paulshoek 

(Chapter 4). It is likely that these two functional groups respond to different pulses of 

resource availability that correspond with rainfall that infiltrates to different depths. 

Only water from large rainfall events and from a number of small rainfall events that 

follow in quick succession is available to deeper-rooted shrubs. Water from isolated 

small rainfall events is likely to evaporate rapidly from the shallow soil in the absence 

ofmesembs. 

Competition between grasses and mesembs seems likely since both are shallow

rooted. Grasses are widespread in the Nama Karoo but have a very patchy distribution 

in the Succulent Karoo (Acocks 1988, Cowling et al. 1994, personal observation). 

Midgeley and van -der Heyden (1999) suggest that the intense summer aridity limits 

the expansion of grasses, particularly C4 grasses, into the Succulent Karoo. However, 

C4 grasses in the genera Stipagrostis and Cladoraphis are encountered on coarse 

textured soils within the Succulent Karoo. Where they are found, these grasses usually 

dominate the community strongly in terms of abundance, despite the low temperatures 

during the growing season which are generally not suited to C4 grasses (Vogel et al. 
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1978, Ellis et al. 1980). Coarser soils will permit the deeper percolation of rainfall, 

and preliminary investigations indicate that grasses of the genus Stipagrostis appear to 

be somewhat deeper-rooted than most mesembs (Midgeley and van der Heyden 1999, 

P.J. Grubb and P.J. Carrick unpublished data). Many of the Succulent Karoo soils are 

sandy-loams (Ellis and Lambrechts 1986), but are nevertheless dominated by 

mesembs (personal observation). Particle fraction analysis here indicated that the soils 

of the Cladoraphis spinosa community were slightly coarser textured than those of 

the study-site. However, the soils of the Stipagrostis ciliata community were very 

similar in texture to those of the study-site, indicating that there is some overlap in 

texture between soils that are dominated by grasses and soils that are dominated by 

mesembs. It seems likely therefore that it is the infertile nature of the grass dominated 

soils that primarily limits mesembs from establishing and the effects of soil texture 

are secondary. Since these infertile soils are particularly poor in nitrogen, the C4 

grasses have a distinct advantage over the C3 mesembs due to their higher nitrogen 

use efficiency (Brown 1978). Under the conditions of winter-rainfall and 

predominantly small rainfall events, it appears that mesembs are competitively 

dominant on soils of higher nutrient status. 

Soils 

Soils in the Paulshoek area, like those over most of the Karoo (Watkeys 1999), are 

generally structureless (lack distinct horizons) but are sorted to some extent (finer 

particles increase with depth). The soils of the study area are largely colluvial, having 

been formed in situ by the weathering of the parent granite-gneiss rock (Ellis and 

Lambrechts 1986, Watkeys 1999). Like those of other semi-arid areas, the soils 

around Paulshoek are poor in nitrogen and organic matter (Garcia-Moya and Mckell 

71 

I' 
I 



1970, Specht 1972, Bisigato and Bertiller 1999, Watkeys 1999). Levels of calcium in 

the soils of the study area were also low. However, the concentrations of total 

phosphorus, potassium and magnesium were fairly high even on an agronomic scale 

(Ellis and Lambrechts 1986). Plant growth is therefore unlikely to be limited by the 

latter nutrients, but may well be limited by nitrogen. Compared with other winter

rainfall semi-deserts, the total nitrogen concentration was lower than those reported 

for south Australia (Specht 1972), and for some Succulent Karoo soils (Lechmere

Oertel and Cowling 2001), but was similar to concentrations reported for Mojave 

(Garcia-Moya and Mckell 1970), Patagonia (Bisigato and Bertiller 1999) and other 

Succulent Karoo soils (Dean and Yeaton 1993). Phosphorus and potassium 

concentrations were higher than those of other Succulent Karoo soils (Dean and 

Yeaton 1993, Lechmere-Oertel and Cowling 2001), and similar to or slightly higher 

than those of south Australia {Specht 1972). The pH values were more variable, both 

locally and on a global scale, but those of Succulent Karoo soils are generally lower 

than those reported for other winter-rainfall semi-deserts. 

Strong edaphic control of community structure and composition has been 

demonstrated near Paulshoek (Lloyd 1989a, 1989b) and broadly within the Succulent 

Karoo (Cowling and Hilton-Taylor 1999, Schmiedel and Jurgens 1999). Despite 

receiving similar mean annual rainfall, the vegetation on the soils examined in my 

studies differs in growth-form and composition. 

The soil of fine-textured quartz pebble plains are relatively nutrient-rich; the 

vegetation is unique in its species richness, and in the minutism that has evolved in 

these plants (most of them mesembs), many consisting of no more than a single leaf

pair (Cowling et al. 1999, Cowling and Hilton-Taylor 1999). The minute size of these 
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plants may be partly an adaptive advantage to avoiding high solar radiation (both 

incident and reflected by the quartz pebbles) and in reducing sand scouring by wind, 

but the key advantage is likely to be access to water in the uppermost surface soils 

(Midgeley and van der Heyden 1999). Not only is soil water in this area derived from 

very small rainfall events and fine mists (Table 2.1, Desmet and Cowling 1999), but 

the fine-texture of the soil will further reduce water infiltration. Run-on areas support 

plants oflarger stature (Schmiedel and Jurgens 1999, personal observation). 

The red ' sands ' are dominated by a single spiny grass, Cladoraphis spinosa, 

which is shrub-like in its growth form; true-shrubs e.g. G. africana and geophytes 

occur occasionally in these soils. Although the slightly coarser texture of these soils 

might facilitate the infiltration of rainfall to depths that are too deep for most 

mesembs, but still too shallow for most deeper-rooted shrubs, it is the infertility of the 

soils that is likely to be the primary factor in preventing shrubs from growing there. 

Grasses, predominantly in the genus Stipagrostis, are the most abundant growth-form 

on infertile sands and sandy-loams in both the Succulent and Nama Karoo. On the 

most infertile sands, where both nitrogen and phosphorus are exceedingly low, C. 

spinosa dominates. (P.J. Grubb and P.J. Carrick unpublished data). 

Nest-mounds of many ant species have increased levels of organic matter and 

plant nutrients (Beattie 1985). In the Succulent Karoo, large nest-mounds or 

heuweltjies are commonly formed by the harvester termite, Microhodotermes viator, 

or less-commonly the harvester ant, Messor capensis (Milton et al. 1997). The 

concentration of organic matter in heuweltjies facilitates the deeper infiltration of 

rainfall, and dran1atically alters the levels of nutrients in the soil (Dean and Yeaton 
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1993). Significantly higher levels of all major nutrients, except sodium, have been 

repeatedly found on heuweltjies, relative to those in the surrounding soil (Midgeley 

and Musil 1990, Dean and Yeaton 1993). The floristic composition on heuweltjies is 

also frequently altered, relative to that on the surrounding soils, but the pattern of 

change is not uniform (Midgeley and Musil 1990, Dean and Yeaton 1993). In the 

study area, heuweltjies are generally bare, or may contain the mesemb, Ruschia 

grisea, but these plants only occur on patches with a somewhat lower pH (pH820 8.2; 

P.J. Carrick unpublished data). The inability of plants to grow on heuweltjies in the 

study area, despite their high nutrient levels, might be due to their high pH. In other 

areas heuweltjies often contain more palatable species and these are made artificially 

bare by preferential browsing of these areas by livestock (Steinschen et al. 1996, 

personal observation). 

Deeper-rooted shrubs are most abundant on the rocky-slopes, particularly 

asteraceous species, e.g. Eriocephalus microphyllus and Pteronia incana. Mesembs 

are far less abundant on rocky-slopes than on the plains, and the species that do occur 

on rocky-slopes tend to be deeper-rooted, e.g. Aridaria noctiflora (coarse roots to >30 

cm; P.J. Grubb and P.J. Carrick unpublished data). Shrubs that have succulent stems 

as well as succulent leaves are, however, more abundant on rocky-slopes than on 

plains and can be deeper-rooted, e.g. Euphorbia mauritanica (Scott and van Breda 

1939, personal observation). The large volume of rock in the soil on rocky-slopes 

serves to concentrate the rainfall in the soil between rocks and consequently it 

infiltrates to greater depths (Nobel et al. 1992). Rocks also serve . to concentrate 

organic matter in the available soil. In fact, the soil nutrient status of rocky-slopes is 

very similar to that under R. robusta shrubs (Table 2.3). The higher nutrient 
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availability between rocks might lead to higher rates of mineralization, similar to 

those frequently found under shrubs in semi-arid regions and associated with higher 

densities of micro-organisms and rates of water infiltration (Aguilera et al. 1999, 

Whitford 1999). 

The vegetation of areas of the plains has undergone severe degradation primarily 

due to shrub clearing by humans, but also due to the browsing of flowers and leaves 

by extremely high densities of livestock (Chapter 3). More than 20 species of shallow

and deeper-rooted shrubs are found in the least degraded areas, but the composition 

and abundance of species declines with degradation; at the most degraded sites cover 

is reduced and G. africana is the only shrub to occur in substantial numbers (see 

Chapter 3 for more details). While the vegetation of degraded areas of the plains may 

change dramatically, the soil does not appear to undergo dramatic changes. The most 

substantial apparent ,/,/fer~"ce in soil characteristics is evident in the G. africana 

community. Relative to the two less degraded R. robusta communities, the organic 

fraction is lower, while pH and the concentration of cations are higher. However, this 

pattern is not consistent across degraded communities. In another degraded 

G. africana community the organic fraction was lower, and pH higher, but the 

concentration of cations was slightly lower (Chapter 3). 

Allsopp (1999) has also investigated the development of fertile-islands in the soil 

beneath shrubs in the Paulshoek area. She found, with G. africana, that the magnitude 

of the effect increased with the size of the shrub, indicating that these . shrubs created 

the fertile-islands and did not simply establish on patches of increased fertility. 

Allsopp (1999) found that pH increased beneath a number of species of shrubs, but 
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was most dramatically increased beneath G. africana shrubs, which is consistent with 

the findings of the studies here. The results of Allsopp (1999) are not consistent with 

the studies here in that, in her study, the organic fraction did not increase beneath 

shrubs but the nitrogen concentration under G. africana shrubs did. Allsopp (1999) 

also found no significant increase in total phosphorus beneath shrubs, which is 

generally consistent with this study (the exception being R. robusta shrubs at the 

heavily-browsed site), but she did find higher available phosphorus under R. robusta 

and G. africana. 

The higher nitrogen concentration beneath R. robusta shrubs is consistent with 

the findings of Allsopp (1999), and with studies of a number of shrub species in North 

and South America (Garcia-Moya and McKell 1970, Rostagno et al. 1991, 

Schlesinger et al. 1996, Aguilera et al. 1999, Bisigato and Bertiller 1999). The studies 

here, however, contrast with those of Garcia-Moya and McKell (1970) and Evans and 

Ehleringer (1994) for North America, and with those of Rostagno et al. (1991) for 

South America, where the total soil nitrogen concentration was found to decrease 

significantly with depth, both below shrub canopies and in the open. This unusual 

finding means that shallow-rooted species do not necessarily have greater access to 

soil nitrogen than deeper-rooted species, which in this nitrogen-poor system would be 

likely to considerably increase their growth rates and be a selective advantage. 

The higher levels of nutrients beneath shrubs are associated with input from plant 

tissues. The process, however, is not straightforward. Higher correlations with root 

biomass than with plant cover suggest that root tissue inputs contribute at least as 

much as above-ground tissues to soil enrichment. The higher organic fraction at 
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20-30 cm beneath deeper-rooted shrubs is likely to be due, at least in part, to the 

greater fine root mass of these shrubs at this depth. However, the higher organic 

fraction and root biomass at 10-20 cm beneath shallow-rooted shrubs, but not beneath 

deeper-rooted shrubs is puzzling, as is the higher nitrogen concentration beneath 

shallow-rooted shrubs at 20-30 cm. Leaching and mixing of the soil by invertebrates 

might play a role in explaining the latter result. Two possible processes might explain 

the correlation between cover of shallow-rooted shrubs and root biomass at 10-20 cm. 

When the entire soil profile is wet for long periods, mesemb roots might extend into 

this deeper soil. Alternatively, roots of deeper-rooted shrubs proliferate in the 

relatively fertile and unoccupied soil below shallow-rooted shrubs. In excavations 

roots appeared to proliferate in organic rich patches of soil. 

Significant soil nitrogen enrichment occurs where the increases in the organic 

fraction are greatest (under R. robusta and other shallow-rooted shrubs). The greater 

enrichment of the surface soil in organic matter and nitrogen corresponds with the 

proportion of the plant canopy that touches the ground. Ruschia robusta has a 

hemispherical shape, many of the lateral branches touching the ground. The branches 

of G. africana, and most deeper-rooted shrubs, form a more acute angle with the stem 

and the canopy is more open, while only the bases of the near-vertical culms and 

leaves of Stipagrostis ciliata are in contact with the ground. There is also some 

correlation with the likely longevity of the plants. Ruschia robusta is likely to be 

longer-lived than G. africana, and S. ciliata relatively short-lived. Deeper-rooted 

shrubs such as Tripteris sinuata and Hirpicium alienatum, however, are likely to be at 

least as long-lived as R. robusta (e.g. Wiegand et al. 2000). 
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The levels of cations suggest additional complexity in the soil enrichment 

process. Cation enrichment differs between shrub species. Ruschia robusta does have 

higher foliar calcium concentrations than many other shrubs (Chapter 5) and mesembs 

are known to accumulate calcium in their tissues, in the form of calcium oxalate 

crystals (Milton et al. 1994). On the other hand, G. africana does not have higher 

foliar sodium concentrations than other shrubs in this area (Chapter 5). It is 

particularly interesting that R. robusta ( or shallow-rooted) shrubs enrich the soil in the 

three nutrients that are most deficient in the soil at this site (namely organic carbon, 

nitrogen and calcium). 

Conclusion 

Soils within the Succulent Karoo vary considerably in nutrient concentrations but are 

less variable in texture; most are sandy-loams. In addition to climate, soils exert 

considerable control over the growth form and composition of the vegetation. The 

distribution of grasses within the Succulent Karoo appears to be primarily under 

edaphic control as they occur predominantly on the most infertile sandy soils. Like 

those of most semi-arid regions the soils in the study area are low in organic matter 

and nitrogen, but are relatively high in phosphorus, potassium and magnesium. Soils 

on the plains are generally lower in nutrients than those on rocky-slopes, but on the 

plains occasional large patches (heuweltjies) are dramatically enriched by the action 

of termites, and small patches are significantly enriched beneath shrubs. Organic 

matter, nitrogen and calcium are concentrated in the top 10 cm of soil beneath the 

most abundant mesemb, Ruschia robusta, and pH usually increases modestly beneath 

these shrubs. The increased nutrient concentrations beneath R. robusta shrubs were 

found in three separate studies, at two sites, and therefore indicates that the generality 
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of this effect on the soil is robust. Beneath Galenia africana, the pH and sodium 

concentrations are increased substantially, but organic matter is increased only 

moderately and nitrogen is not increased significantly at all. Deeper-rooted shrubs, 

predominantly Hirpicium alienatum and Tripteris sinuata, enrich the organic fraction 

of both the 0-10, and the 20-30 cm soil layers beneath their canopies, but in this 

preliminary study, they do not significantly enrich the soil in any other nutrients. It is 

clear that fertile-islands beneath shrubs are not uniform. Although organic matter 

accumulates beneath most shrubs, individual species enrich the soil in different 

nutrients. In contrast, the grass Stipagrostis ciliata, does not significantly enrich the 

soil in any way. Under the shrubs the soil appears to be enriched by inputs from plant 

roots as well as from senesced leaves and litter that collect beneath shrub canopies. 

All the shrubs examined in this study are shallow-rooted and have fairly low root 

mass fractions relative to global averages for semi-deserts and for shrubs. In 

particular, the roots of mesemb species were exceptionally shallow-rooted, having 

70-100% of their root mass in the top 5 cm soil profile. These species are clearly 

distinguished as a separate functional group from deeper-rooted species, which have 

the majority of their roots in the 5 to 30 cm soil profile. Non-succulent deeper-rooted 

species are abundant in the Nama Karoo, which receives convectional summer rainfall 

distributed largely in rainfall events > 10 mm. The abundance of shallow-rooted leaf

succulent mesembs in the Succulent Karoo appears to primarily be a consequence of 

two aspects of the winter rainfall regime: frontal rainfall, distributed largely as rainfall 

events of <l O mm which do not percolate beyond the shallow soil profile, and winter 

temperatures which are warm enough to permit shrubs to grow. The importance of the 

relative reliability of the annual rainfall, which is based on very few observations of 
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drought susceptibility in mesembs, has been over-emphasised. Growth and survival 
strategies of shrubs in these two functional groups appear to be adapted to the size of 
rainfall events that are prevalent in the Succulent and Nama Karoo regions. 

This analysis emphasises the potential that future climate change has to alter the 
flora of the Succulent and Nama Karoo. Not only by changes in the total annual 
rainfall but by changes in the weather systems that produce this rainfall, and the 
consequent changes in the nature of the rainfall i.e. the season, frequency and size of 
rainfall events. 
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Chapter 3: 

Community Dynamics and Community Degradation 

Introduction 

An attempt is made, in this chapter, to describe the process of degradation of the 

Paulshoek rangeland in as complete a way as possible. I shall also deal with the 

dynamics of the perennial plant community as a whole but I shall concentrate on two 

species, those most abundant on most and least degraded rangeland respectively. As 

these are preliminary studies and there have been few previous studies relating to the 

dynamics of communities in this area, or to similar communities within the Succulent 

Karoo, many of the conclusions are, of necessity, speculative. 

Much of the Paulshoek rangeland is being, or has been, severely degraded. The 

most obvious and pervasive cause of degradation is browsing. The rangeland is 

browsed primarily by goats and sheep, but there are also a number of semi-feral 

donkeys present. Browsing on the Paulshoek rangeland is communal; members of the 

Paulshoek community enjoy equal access to the rangeland for their livestock. 

Communal browsing practices on Paulshoek are likely to degrade the rangeland 

vegetation far more than commercial browsing practices where the rangeland is 

owned or rented by a single farmer and can be divided into fenced camps for 

livestock. The mean livestock density on the Paulshoek rangeland is considerably 

higher on the communal rangeland than it is on neighbouring commercial rangeland, 

it is also considerably higher than that recommended by the Department of 

Agriculture to ensure a sustainable plant community for browsing (Todd and Hoffinan 
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2001). Furthermore the communal rangeland is browsed continuously throughout the 

year, whereas rotational browsing, allowing the vegetation periods of rest, is practiced 

on commercial rangeland (Todd and Hoffman 2001). Spatially, however, the 

Paulshoek rangeland is not browsed evenly. Livestock are centred at stockposts. 

During the day they move and browse continuously through a localised region of the 

rangeland (led by a herder) but return every night to the stockpost. Consequently the 

rangeland area immediately adjacent to the stockpost has the highest browsing 

densities. Browsing density decreases concentrically from the stockpost, giving rise to 

a piosphere effect (sensu Lange 1969). 

Direct human activity frequently increases rangeland degradation. Browsing 

rarely results in the removal of entire shrubs from the rangeland community whereas 

the harvesting of shrubs for firewood, building material etc. around settlements and, 

to a lesser extent around stockposts, does. Over time few shrubs remain around these 

settlements. The systematic removal of all plants from the rangeland is most extreme 

in areas that have been cleared for ploughing. Small patches of the rangeland have 

been ploughed in the past but, despite being left fallow for many years, remain largely 

bare and are re-colonised by very few perennial species. 

The shrub Galenia africana (Aizoaceae) is the one conspicuously abundant 

species on severely degraded rangeland, including old ploughed lands. It is the 

characteristic species of highly disturbed areas throughout the Succulent Karoo, over 

much of the Nama Karoo, and even in parts of the Fynbos biome (personal 

observation). It is viewed as a weedy pest by farmers and results in considerable 

economic damage, as it can cause dropsy (water-belly) in livestock (Vanderlugt et al. 
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1992), and due to its early-successional nature, is resistant to eradication. 
Ruschia robusta (Mesembryanthemaceae) is the most abundant shrub on the least 
degraded lands. It is common, and often dominant, within the eastern part of Acocks' 
(1988) Narnaqualand Broken Veld (Hermann 1960). The shrub matrix formed 
primarily by R. robusta is a fairly diverse perennial community that appears to be 
replaced by a species poor community, dominated by G. africana, with increasing 
disturbance of the rangeland. 

Periodic disturbance in the form of droughts has been proposed as an important 
component of the community dynamics in the Succulent Karoo (Esler et al. 1999). 
According to this model, the primarily shallow-rooted shrubs of the Succulent Karoo 
are sensitive to droughts which occur infrequently but lead to the death of large 
proportion of the perennial plants. The gaps thus formed are then colonized by 
functionally similar species from the species pool in the seedbank. If the perennial 
species of the Succulent Karoo are adapted to recovery from such disturbance, why 
then has human-induced disturbance at Paulshoek, and elsewhere throughout the 
region, led to the disappearance of the diverse perennial community and its 
replacement by little more than a single new species? 

A severe drought occurred on the Paulshoek rangeland during 1998. Only 
46 mm of rain fell in 1998, approximately one-third of the mean annual precipitation, 
and only 5 mm in the ten months between July 1997 and April 1998 (Fig. 3.1). This 
presented an exceptional opportunity to describe the effects of drought on the plant 
community at Paulshoek. 
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In addition to limitation by water, semi-arid plants may face limitation by 

nutrients. That the growth or survival of semi-arid plants might be limited by nutrients 

has been largely ignored, despite the fact that the organic fraction of semi-arid soils is 

extremely low, and nutrient cycling is frequently restricted (Whitford 1999). 

Furthermore, it has now been widely found that in so-called fertile islands, where 

organic matter and nutrients are concentrated under old shrubs, plant cover is greatly 

increased (Garcia-Moya and McKell 1970, Schlesinger et al. 1996, Aguiar and Sala 

1999). As limitation by water or nutrients is likely to be a driving force in the 

dynamics of this community, an investigation of the interaction is relevant. 

In this chapter, a degradation sequence is initially identified and the vegetation 

communities are described. An ordination is used as a validation of the sequence of 

degradation. Seedbanks at sites along the degradation gradient are also described. The 

dynamics of this community are then investigated in the following ways. 

• Inferring interactions . between species and functional groups from their 

association with microhabitats provided by other species and from traits of the 

species, chiefly rooting depth ( established in Chapter 2). 

• Examining the response of common species to drought both in the field and, 

for G. africana and R. robusta, in glasshouse experiments. 

• Examining the response of G. africana and R. robusta to increased nutrient 

availability in the field and to increased nutrient and water availability in the 

glasshouse. 
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Materials and Methods 

Position of sites along the degradation gradient 

Six sites were chosen subjectively along a hypothetical degradation gradient in which 

site 1 and site 6 represent the least and the most degraded vegetation respectively 

(Fig. 3.2). Moving down the degradation gradient from site 1 to 6 will be referred to 

as "across the degradation gradient". Site 1 is situated in commercial rangeland on the 

farm 'Rooiwal'. Site 2 is approximately 500 m from the first but the two sites are 

separated by a stock fence at the boundary between the Rooiwal commercial 

rangeland and the Paulshoek communal rangeland. The fence separating the 

Paulshoek rangeland from Rooiwal was erected approximately 40 years ago and 

Rooiwal has carried considerably lower densities of browsing stock ever since. Today 

this area of Rooiwal is browsed, principally in the winter months, at a density of about 

1 Small Stock Unit (roughly equivalent to an adult goat or sheep) to every 18 ha, 

while on Paulshoek browsing is continuous throughout the year, and the density is 

roughly one Small Stock Unit to every 6 ha but it is more variable (M. T. Hoffman 

and P. J. Carrick unpublished data). 

Sites 2, 3 and 4 are approximately 500 m apart and are successively closer to a 

permanent stockpost -to which the stock return every night. The sites are thus 

effectively browsed at successively higher densities. Site 4 curves around the 

stockpost at a distance of 20-30 m and is therefore at the core of this piosphere. The 

three sites have been browsed principally by a single herd of sheep and goats for the 

last 1 0 years. 
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Site 5 is 3 km distant from the stockpost, and is situated in an area that was 

previously used as a settlement site before the establishment of the Paulshoek village 

at its present location. The area has been highly degraded by the harvesting of shrubs 

and by intense browsing in the past. It is also likely that parts of this site were 

previously ploughed. Site 6 is nearly 2 km away from the stockpost and is situated in 

rangeland that had been previously cleared and ploughed in order to plant crops of 

wheat or oats but has been left fallow and open to re-colonisation for at least 50 years. 

Browsing intensity increases from site 1 to 4 but then is probably lower again at sites 

5 and 6, under present conditions. All six sites are situated in topographically similar 

habitats, on the plains or lowlands (the rocky slopes of the uplands have a distinct 

vegetation composition; A. Petersen and M. T. Hoffman unpublished data). 

Sampling along the degradation gradient 

At each site transects were laid out perpendicular to the gradient of degradation 

during the spring of 1999. Ten 5 x 5 m plots were surveyed at each site, separated 

from each other by 50 m along the transect. Soil depth was measured at each comer of 

the plot by hammering a sharpened steel pole into the soil until it encountered 

bedrock. In each plot the identity of all perennials was noted. Individual shrubs were 

counted, their diameters measured (to the nearest 5 cm), and the microhabitat, in 

which each was growing, recorded as one of the following six categories: open (bare 

soil), within the skeletons of dead shrubs, within the canopy of live R. robusta shrubs 

(shallow-rooted), within the canopy of G.africana shrubs (deeper-rooted), within the 

canopy of other shallow-rooted shrubs (mesemb shrubs other than R. robusta), within 

the canopy of other deeper-rooted shrubs (non-mesemb shrubs other than 

G. africana). 
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All shrubs could be clearly separated into either shallow-rooting or deeper

rooting growth-forms (Chapter 2). All mesembs were shallow-rooted and all shallow

rooted shrubs were mesembs. These shrubs had the majority of their roots in the top 

5 cm of the soil profile. Deeper-rooted shrubs included members of a number of 

families. None is truly leaf-succulent, although Euphorbia decussata is stem

succulent. The roots of these shrubs were fairly evenly distributed within the top 

30 cm of the soil profile but tended to have relatively more roots, particularly fine 

roots, at 10-20 cm. 

Since R. robusta and G. africana were so abundant along the degradation 

gradient, these species formed separate microhabitat categories of shallow-rooted and 

deeper-rooted shrubs respectively. These two shrubs were also differentiated from 

their general rooting categories, as an understanding of their roles in the dynamics of 

this community is a primary aim of this chapter. 

Species abundances across the degradation gradient 

The total plant cover of each plot was the sum of the areas of all shrubs calculated as 

the area of the circle described by the mean diameter of each shrub. The percentage 

cover at each site is presented in the six microhabitat categories described above. Due 

to the irregular shape of skeletons, the diameters of skeletons were not measured but 

their percentage cover was estimated visually in each plot. In order to correct for 

errors in estimation ( due to perspective) the combined area of each species in each 

plot was also estimated. A m(;:an correction factor could thus be calculated, from the 

ratio of calculated and estimated cover, and the cover estimate for skeletons corrected 

accordingly for each plot. 
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________ ..... _ 

Shrubs were assigned to three size classes for analysis: adult shrubs, young 
shrubs, and seedlings. Shrubs with a mean diameter of 15 cm or more were classed as 
adults, those with a diameter of less than 15 cm were classed as young shrubs except 
where they consisted of a single unbranched stem of less than 10 cm in height, in 
which case they were classed as seedlings. 

Analyses of the occurrences of the most abundant species and life-forms are 
presented graphically according to site and microhabitat. Following the significance 
of the interaction of species by site in a two-way ANOVA, one-way ANOVA's were 
conducted on the most abundant species and groups of life-forms. Where the one-way 
ANOVA's were significant, · and the assumptions of normality were not strongly 
violated, Tukey's (HSD) multiple comparisons tests were carried out, for each 
species, in order to determine which sites differed significantly in shrub abundance. 
Tukey's test is appropriate for testing this hypothesis and suitably conservative (risk 
of Type I error is minimised~ Zar 1984 and Sokal and Rohlf 1984) as the test was 
repeated for a number of species. 

Species density in six microhabitats along the degradation gradient 

In order to ascertain the 'preferred' microhabitat of each species and size class the 
number of shrubs in an equivalent area (1 m2

) of each microhabitat is presented. This 
is the mean for all plots in the first three sites that have at least 1 % cover of the 
relevant microhabitat type. The analysis was not repeated for the last three sites since 
the cover of all species ( and consequently the microhabitats provided by these 
species) except G. africana was extremely low at these sites. 
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Ordination of sites along the degradation gradient 

Ordination techniques were used to assess visually the similarities between plots 

across the entire degradation gradient. Two-dimensional ordinations based on the 

abundance of adult plants in each plot could then be correlated with environmental 

factors (Gauch 1982), in this case soil variables. More importantly, the correlation 

allows an objective evaluation of the relative positions of the sites, i.e. it serves as a 

test of the hypothetical degradation gradient (which was chosen subjectively). 

A single axis ( one-dimension) in the ordination space is sought which best 

correlates with the change in each variable. The correlation between the position of 

plots on this axis and the values of any particular variable is given by the correlation 

coefficient (Pearson's r2
; McCune and Mefford 1999). The correlation vector could be 

chosen in any direction across ordination space and therefore much higher correlation 

coefficients are likely than would be expected in regression analyses; statistical 

significance is not tested as ordinations are simply a means of analysing pattern. 

The ordination was conducted usmg Nonmetric Multidimensional Scaling 

(NMS) procedures. Although this method is computationally complex, it has a 

number of advantages: there is no assumption of linearity in the change of abundances 

across samples (plots and sites), it is a non-parametric method and therefore does not 

assume normality in the distribution of the underlying data, and it copes well with 

samples that are arbitrarily or unevenly spaced along an underlying gradient (Gauch 

1982, McCune and Mefford 1999). 

89 



Soils along the degradation gradient 

Samples were taken of the top 10 cm of soil between shrubs ( open micro habitats) at 

each site during 1998 and 1999. Twelve replicate soil samples were collected at site 2, 

nine at sites 1 and 5, and six at sites 3, 4 and 6. Methods of analysis follow the 

recommendations of Allen (1989). Only those soil variables with meaningful 

variation between sites were correlated with the ordination. 

For each soil collection, a core with a diameter of about 10 cm, was removed 

and thoroughly mixed in the field, after removing any surface litter or dung. A sub

sample was then taken and oven-dried in the laboratory at 70°C for at least 48 hours. 

Values for pH were determined electrometrically from a paste (10 g soil and 25 ml 

solution) with deionized water and with 1 M KCL Total organic fraction was 

determined from the loss-on-ignition after 8 hours at 375°C. Chemical analyses were 

performed after heated digestion in concentrated sulphuric acid with mercuric oxide 

and hydrogen peroxide for 3-4 hours. Total nitrogen and phosphorus concentrations 

were determined using a continuous flow auto-analyser; nitrogen by the micro

kjeldahl method involving the formation of an indophenol blue compound, and 

phosphorus by the formation of a molybdenum blue complex; standards were 

prepared with acetophenetidin and KH2P04. Total potassium and sodium 

concentrations were determined by flame emission photometry. Total calcium and 

magnesium concentrations were determined by atomic adsorption photometry (using 

nitrous oxide and acetylene to avoid interference). Particle size analysis was 

performed using a long-bed laser particle sizer (Malvern Mastersizer X and MSX14 

sample presentation unit) after disaggregating samples on a whirlimixer in a sodium 

pyrosphosphate solution. 
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Analysis of seedbanks 

An analysis of the seedbank at certain sites also allows a companson of the 

abundances of perennial plants and their seeds, and an examination of the dynamics of 

germination over time. Furthermore, since sampling of the plots along the degradation 

gradient took place over a period of three months immediately after a drought year, it 

could not represent the long-term abundances of ephemeral plants accurately. It was 

hoped that an indication of the types of annuals and biennials present at the three sites 

would be obtained from the seedbank study. 

For the seedbank study, soil samples were collected from the field in the 1998 

spring. Soil samples were taken from three sites along the degradation gradient: 1, 2 

and 5. Six samples were taken from under large adult shrubs and six from open areas 

between shrubs at each site. Soil was taken from under R. robusta at sites 1 and 2, and 

from under G. africana at site 5. Only the top 5 cm of soil was sampled (after 

removing surface litter and dung), it was thoroughly mixed and removed to the 

glasshouse in Cape Town for the germination trial. Since some Karoo plants are 

known to need cold temperature cues to induce germination (Milton et al. 1997), the 

soil samples were subjected to a regime of 1 °C nights and laboratory daytime 

temperatures (which usually reached 30°C) for two weeks before starting the 

germination trial. In the glasshouse, 600g from each soil sample was placed in a 

separate punnet for germination. The soil was spread over a 12 cm deep, rich organic 

mix ( of approximately neutral pH) in the punnets and a thin layer of acid-washed sand 

spread over the soil to limit desiccation. Although the organic mix and the sand were 

free of viable seeds, four control punnets, which consisted only of the organic mix and 

91 



sand, were also prepared in order to identify any seedlings that might establish from 

seeds which blew in. 

The punnets were inspected every two weeks, newly emerged seedlings marked 

( after they passed the cotyledon stage) and later identified. After five months very few 

newly germinated seedlings were found and the experiment was terminated. 

Throughout the autumn and winter in which the trial took place, the punnets were not 

shaded, were watered once daily and treated with a fungicide periodically. Over this 

period the temperature in the glasshouse ranged between 8 and 38°C, and the relative 

humidity between 30 and 90%. 

Ordination of seedbanks 

NMS ordinations were also performed on species abundances obtained from the 

seedbank study: for all species, and separately for perennials and annuals-cum

biennials. 

Effects of drought on adults in the field 

The effects of the 1998 drought on species along the degradation gradient were 

investigated in two ways. Since, after the first large rainfall event of 1999, it was 

possible to identify plants that had died in the 1998 drought, and to distinguish them 

from skeletons that had died prior to this (leaves were shrivelled and dead but mostly 

still attached to stems), percentage mortality could be calculated for each species and 

compared using a Chi-square test. A more detailed analysis was attempted by 

assigning shrubs within each plot a leaf-survival index according to the proportion of 

the canopy which still bore live leaves: 0 for shrubs with no living leaf material, 1 for 
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shrubs with 1-25% of the canopy bearing live leaves, 2 for shrubs with 26-50%, 3 -

51-75%, 4 - 76-100%. Trends across sites and microhabitats (in this case categorized 

as one of the following: open, skeletons, clumped, nurses or patients i.e. plants 

growing under nurses) were evident for a number of species, but only R. robusta and 

G. africana occurred in sufficient numbers across a number of sites for analysis using 

an ordinal logistic regression model. This technique is similar to generalised linear 

modelling, but is designed specifically to cope with ordinal data ( e.g. the leaf-survival 

index) as the response variable. In this case, the potentially correlative factors (site 

and microhabitat) and the covariates (shrub-diameter and soil-depth) are 

simultaneously added to the model. However, only those terms which contribute 

significantly are included in the final regression model. 

Effects of drought on seedlings in a glasshouse experiment 

In the autumn of 1999 a droughting experiment was initiated on seedlings of 

G. africana and R. robusta. Under glasshouse conditions, seedlings that had just 

initiated development of the first leaf pair were planted individually into square pots 

(9 cm tall, 9 cm wide at the top and 6.5 cm wide at the base). Each pot contained an 

equivalent quantity of a 1: 1 mix of acid-washed sand and field soil. The sand served 

to reduce the silt and clay content of the field soil and improve drainage. Growing 

each seedling separately in a pot allows the watering treatments to be precisely 

controlled and identical for each seedling, and eliminates interactions between 

seedlings that may occur when a number of seedlings are grown together in a single 

container. 
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The seedlings were watered to field capacity, once every two days, for 30 days, 

before initiating the drought treatment. Eight seedlings of each species were chosen at 

random to act as controls. The control seedlings were watered once every four days in 

winter and once every two days in summer, for the duration of the experiment. Thirty 

five seedlings of each species were subjected to the experimental treatment in which 

the period of drought was successively increased, i.e. the number of days for which 

seedlings were droughted increased in the following sequence: 2, 3, 4, 5, 6, 7, 9, 11, 

13, 21, and then they were not watered again. The pots were watered to field capacity 

after each period of droughting. This droughting sequence is likely to allow some 

drought hardening in the seedlings and more accurately represents field conditions 

than suddenly withholding all water after a period of being well-watered, as was done 

by Esler and Phillips (1994). The experiment was terminated in the summer of 2000, 

266 days after initiating the drought treatment and after a continuous period of 160 

days without water. 

From the experimental treatment, six R. robusta and six G. africana pots were 

randomly chosen and weighed over the period of successive droughting in order to 

quantify the change in water content. At the end of the experiment, soils from the pots 

were dried in an oven at 70°C, and weighed in order to obtain a value for 0% water. 

Soil water potential was calculated using the filter-paper technique of Deka et al. 

(1995). 

The heights of droughted seedlings were fairly similar throughout the 

experiment as there was little growth in either species ( G. africana 6.5 ± 0.3 cm and 

R .. robusta 4.3 ± 0.2 cm), but of the control seedlings, G. africana was considerably 
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taller (14 ± 0.8 cm and R. robusta 5.1 ± 0.8 cm). Temperatures in the glasshouse were 

fairly similar to those at the field site but tended to be slightly higher. Mean weekly 

minimum and maximum temperatures in the glasshouse were 9 - 27°C 

(range 7 - 33°C) in winter, and 14 - 35°C (range 12 - 41 °C) in summer. Mean weekly 

minimum and maximum relative humidities were 35 - 86% (range 25 - 90%) in 

winter, and 38 - 83% (range 35 - 90%) in summer. 

Nutrient treatments on adults in the field 

A 1600-m2 fenced exclosure was erected at site 2. The mesh size was such that it 

excluded livestock but allowed access to the indigenous rodents and lagomorphs. 

Seven pairs of adult shrubs of G. africana and of R. robusta were selected at random, 

from within the exclosure, providing that each plant grew alone (had no other shrub 

within the canopy or touching the canopy), and was similar in size ( canopy diameter 

of G. africana c. 100 cm, R. robusta c. 80 cm). One plant in each pair was designated 

as the control plant and the other as the treatment plant. In the 1998 autumn, five 

similar shoots on each shrub were individually marked with aluminium tags and the 

lengths of the shoots measured. To ensure that all the tagged shoots were comparable, 

they had to be similar in length, unbranched, unshaded, terminal shoots from the top 

of the each shrub. Using non-experimental plants 30 similar shoots of each species 

were harvested, measured, dried, weighed, and a predictive relationship established 

for dry mass, based on the length of the shoots (r2=0.92 in both species). 

Thirty grams of commercially available fertiliser (N:P:K 2:3:2) were sprinkled 

evenly over 0.5 m2 of soil at the base of treatment plants (the equivalent of a moderate 

agricultural application). Then 10 1 of water was applied to the 0.5 m2 of soil at the 
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base of both control and treatment plants ( equivalent of 25 mm rainfall). The true 

horizontal rooting extent of these shrubs was much greater than 0.5 m2 (see 

Chapter 2). The nutrient and water applications were therefore small for each plant, 

but ensured that the entire treatment was accessible to, and targeted at, the focal 

shrub. At approximately yearly intervals the cumulative stem lengths (including all 

lateral branches) of the tagged shoots were measured as a relative index of growth 

rate, and the number of reproductive shoots on the tagged shoots counted. 

After the first year the nutrient and water treatments were re-applied, and where 

the tagged shoots had died or broken, they were replaced by shoots with a cumulative 

length equivalent to the mean for that shrub. At the end of the second year the 

experiment was terminated, and the tagged shoots were harvested, dried and weighed. 

The mean cumulative stem growth for each plant was compared between treatments 

for the first year, for the second year and for the two years together. Growth in dry 

mass over the two years, and the relative growth rates (Evans 1972) for all measures 

were also compared using t-tests. 

Nutrient and water treatments on seedlings in a glasshouse experiment 

One-year-old seedlings of G. africana and R. robusta were collected in the field in the 

summer of 1998/1999 and soon afterwards planted into cylindrical planter-bags filled 

with field soil (soil dimensions: 7 cm diameter and 11 cm high). To ensure that the 

seedlings had established in the bags, before initiating the experiment, they were 

placed in a glasshouse and watered, initially every day, then every second day, for 

three months. Experimental treatments were initiated at the beginning of the 1999 

autumn. Ten replicate seedlings of each species were assigned to each of three 
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treatments: high water- high nutrient, high water- low nutrient, and low water- low 

nutrient. Seedlings were ranked according to size and assigned to treatments 

sequentially such that seedlings of every size were equally represented in each 

treatment. In the high nutrient treatment, 3 g of 'Osmocote plus (31)' was added to the 

soil in each seedling bag (the equivalent of a moderate commercial application). 

'Osmocote' is an osmotically controlled release fertilizer, i.e. nutrients are released 

evenly over a 16-18 month period from small granules coated in an osmotically active 

membrane. Granules contain all essential trace elements and the three major nutrients 

in the following ratio: N 15%, P 4.2%, K 10.2%. In the high water treatments the soil 

was watered, to field capacity, every two days for the first two months, then with the 

onset of winter, the soil was watered only once every four days. In the low water 

treatment the soil was watered, to field capacity, once every seven days during the 

autumn and once every fourteen days from the onset of winter. High rates of 

evaporation in the autumn necessitated the more frequent watering regime, but it was 

only applied for one month of the experiment. The experiment was terminated after 

six months. 

Before the initiation of the experiment, all seedlings were weighed; a small 

number of non-experimental seedlings, of a range of sizes, were harvested and dried 

in order to quantify the relationship between wet mass (at saturation) and dry mass. At 

the end of the experiment all plants were watered to saturation, then harvested, dried 

and weighed. The cumulative stem length of every plant was measured each month 

for the duration of the experiment. The position of seedlings was randomised every 

two weeks. Where the growth indices conform to the assumptions of an ANOV A, 

parametric statistical analyses were performed (ANOV A and Tukeys multiple 
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comparisons tests). Where residuals were significantly non-normal, Kruskal-Wallis 

tests were used. 

The mean water content of the soil in each treatment was established by 

weighing, and soil water potential was calculated using the filter-paper technique 

(Deka et al. 1995). Temperatures were similar to those in the field except that 

maximum temperatures during winter months were slightly higher in the glasshouse. 

Mean weekly minimum and maximum temperatures in the glasshouse, were 13 - 28°C 

(range 10 - 35°C) for the autumn month, and 9 - 27°C (range 7 - 33 °C) during the 

winter months. The range in relative humidity was similar in the field and glasshouse, 

but humidities were more frequently high in the glasshouse. Mean weekly minimum 

and maximum relative humidities were 37 - 85% (range 30 - 85) during autumn, and 

35 - 86% (range 25 - 90%) in winter. 
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Results 

Ordination of sites along the degradation gradient 

The scatter of plots in the NMS ordination,. based on species abundances, is highly 

correlated with the ranking of sites along a hypothetical degradation gradient 

(Pearson's r2=0.86; Fig. 3.3). This indicates that the position and ranking of sites is 

floristically consistent with the hypothetical gradient of degradation. The vector of the 

correlation has been aligned with the horizontal axis so that the procession of plots 

across the horizontal axis follows the site degradation ranking from the most degraded 

( site 6) on the left to the least degraded ( site 1) on the right. 

Although there was no assumption that the sites would be equally different from 

each other, the linear ranking scale ( one to six) produced a strong correlation. 

However, sites 5 and 6, and sites 1 and 2 do not differentiate themselves clearly along 

the horizontal axis, possibly indicating overlapping levels of degradation between 

plots at these sites. While plots within sites 5 and 6 are fairly tightly clumped, plots in 

sites 1, 2, and to a lesser extent 3, are widely scattered in ordination space, indicating 

floristic heterogeneity at the plot scale. This heterogeneity (or small-scale patchiness) 

is successively lost with increasing degradation. The two most abundant species, 

R. robusta (r2=0.69)' and G. africana (r2=0.59) are also correlated with the horizontal 

axis, but the correlations are in opposite directions. No species was correlated with the 

vertical axis at the r2>0.3 level. 
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Ordination of seedbanks 

The floristic separation of samples at site 5 from those at sites 1 and 2 is repeated in 

ordinations of the seedbank data. Samples from site 5 are fairly clumped, while those 

of sites 1 and 2 are scattered and not differentiated, indicating a greater, and 

overlapping, variation in the seed content of soils from the latter samples (Fig. 3.4a). 

This pattern occurs in ordinations of the perennial species (Fig. 3 .4b) and the annual

cum-biennial species separately (Fig. 3.4c), as well as in the ordination of all species 

combined (Fig. 3.4a). Surprisingly, samples collected from under shrubs are not 

clearly differentiated from those collected from gaps, despite samples from under 

shrubs generally having higher numbers of seeds. Seeds of perennials at site 5 provide 

the only exception. 

Soils along the degradation gradient 

pH was the only soil variable to show a high correlation with the vector of the 

degradation gradient (horizontal axis) in the ordination of the six sites (Pearsons 

r2=0.85; Table 3.1). Total organic fraction showed some correlation with the 

degradation gradient (r2=0.55), but no other soil variable was found to correlate with 

any vector across the ordination at the r\ 0.35 level. While pH increased across the 

degradation gradient, the organic fraction tended to decrease, and nitrogen peaked at 

sites in the middle of the degradation gradient (Table 3 .1 ). There was little other 

variation in the soil chemistry between sites along the degradation gradient, nor was 

there much variation in soil texture. Soil depth was similar at four of the six sites but 

was somewhat deeper at site 4, and markedly deeper at site 6. 
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Species abundances across the degradation gradient 

Species richness decreased across the degradation gradient (Table 3.2). More 

perennial species were present at site 1 than at any of the other sites. For example, 27 

and 26 species were found at sites 1 and 2 respectively, but only 10 and 6 occurred at 

sites 5 and 6. The total number of adult shrubs declined similarly, from a mean of 71 

and 60 per plot at sites 1 and 2, to 12 and 16 per plot at sites 5 and 6 respectively. This 

pattern was, however, not true of the seedbank study (Table 3.3). Species richness, of 

both perennial and annual species, was marginally higher in the soil seedbanks at site 

5 than at site 1 or 2. The seedbanks at all three sites showed a predominance of short

lived and annual species and, on average, the seedbanks contained more seeds per 

species of annual than of perennial. There were also more seeds of G. africana than of 

R. robusta in the soil seedbank collections (total of 210 vs 88), and G. africana seeds 

occurred in a greater number of plots. 

Total shrub cover was 26% at site 1 and decreased with degradation to 7% at 

site .5, but increased again at site 6 due to the increased cover of G. africana (Fig. 3.5). 

Galenia africana is the only species that increased in cover across the degradation 

gradient from site 1 to 6. Ruschia robusta made up the largest proportion of shrub 

cover at site 1 but declined towards site 4 and is absent at sites 5 and 6. The cover of 

other shallow-rooting shrubs was similar at sites 1 and 2 (about 3.5%) but then 

declined rapidly and was virtually zero from site 3 onwards. The cover of deeper

rooting shrubs other than G. africana was fairly high at site 1, 9%, declined rapidly to 

only 3.6% at site 2, but a very low cover persisted across the degradation gradient 

even to sites 5 and 6. 
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Both the cover and abundance (Fig. 3.6) of skeletons decreased in three steps 

across the degradation gradient, being highest at site 1, significantly lower at sites 2, 3 

and 4, and finally very low at sites 5 and 6. Not surprisingly, skeletons themselves 

almost always occurred in open microhabitats but formed an important microhabitat 

for other shrub species. 

Nursed perennial herbs occurred rarely in the open, despite the abundance of 

this microhabitat type (Fig. 3.7). They occurred most frequently under skeletons, 

under G. africana shrubs, and particularly under R. robusta shrubs. Nursed perennial 

herbs increased in abundance across the degradation gradient to site 3, then decreased 

again and were rare at sites 5 and 6, but the change in abundance was significant only 

between site 3 and sites 5 and 6. 

Two-way ANOVA's of perennial species abundances across the six sites 

indicated a significant effect for species, site, and for the interaction between site and 

species (for adult shrubs: species F-ratio=59, site F-ratio=18, interaction F-ratio=ll; 

P<0.001 in each case). 

Shallow-rooted shrubs (mesembs) of all three size classes grew mostly in the 

open (Fig. 3.8). Adults were abundant at the first three sites, although site 2 had 

significantly more shrubs per plot than site 3. Site 4 had significantly lower numbers 

still and sites 5 and 6 were basically devoid of shallow-rooted shrubs. The decline in 

abundance across the degradation gradient occurred sooner in young shrubs; the 

abundance at site 1 was significantly higher than at sites 3 to 6, and that at site 2 was 
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intermediate. The decline in shallow-rooted seedlings was even sharper. There were 

significant numbers of seedlings only at site 1 and there were none at sites 4-6. 

Ruschia robusta was the most abundant adult shrub across the entire 

degradation gradient and was largely responsible for the overall pattern in shallow

rooted shrub abundance. It differed from the overall pattern, however, in the general 

scarcity of seedlings, especially relative to the abundance of adults, and in that the 

high abundances of adult and young shrubs persisted to site 3 before declining 

(Fig. 3.9). In the case of adults, abundances remained consistent at around 30 shrubs 

per plot at sites 1, 2 and 3 before declining significantly at site 4. In contrast, the 

abundance of adult and young Leipoldtia schultzei declined to virtually zero at site 3 

(Fig. 3 .10), and the abundance of adults and young of other shallow-rooted shrubs 

declined significantly at site 2 (Fig. 3.11). The seedlings of L. schultzei and the 

remaining shallow-rooted shrubs were consistent with the overall pattern in that they 

were abundant only at site 1. 

Whereas the shallow-rooted shrubs make up a single functional group (with 

species that are moderately palatable), three functional groups are recognised within 

the deeper-rooted shrubs. The first group are early-successional (weedy) shrubs, 

which occur predominantly at the most degraded sites. This group consists almost 

entirely of G. africana. Two other species, Chrysocoma ciliata and Hermannia 

amoena, are placed in the early-successional group, but occur so rarely along the 

degradation gradient that their abundances are not presented. All three species are 

either somewhat toxic or unpalatable (see Chapter 5). The second functional group is 

termed 'late-successional' and comprises most of the deeper-rooted shrubs. These 
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shrubs occur predominantly at the least degraded site and the majority are highly 

palatable (Chapter 5). The abundances of all species in this group, the individual 

species: Euphorbia decussata, Hirpicium alienatum, Tetragonia fruticosa and 

Tripteris sinuata, and the cumulative abundances of less common species, are 

presented. The third functional group is termed 'long-lived' shrubs. Three species, 

Lycium cinereum, Lycium ferocissimum and Zygophyllum retrofractum, are placed in 

this group. They are all large, long-lived shrubs that occur at low densities, scattered 

across the plains around Paulshoek, and their abundances appear to be little affected 

by degradation, but fewer than ten individuals occurred along the degradation gradient 

and their abundances are not presented. The leaves of all these species are highly 

palatable but the shrubs limit browsing by having true spines or effectively spiny 

stems (Chapter 5). 

After R. robusta, G. africana was the next most abundant adult shrub, and by 

far the most abundant seedling across the entire degradation gradient (Fig. 3 .12). 

Adult G. africana abundance had the inverse pattern to that of R. robusta, being 

significantly more abundant at sites 4, 5 and 6 than at sites 1, 2 and 3. Seedling and 

young G. africana occurred in extremely high numbers at site 6 then diminished 

rapidly towards the beginning of the degradation gradient but were still present at 

sites 1 and 2, albeit in low numbers (less than 1 individual per plot). All three size 

classes of G. africana occurred overwhelmingly in the open, but where they did occur 

in nurses, the nurses were usually other G. africana shrubs. 

Deeper-rooted shrubs in the late-successional functional group occurred partly 

in the open, partly in skeletons, partly in R. robusta shrubs and partly in other deeper-
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rooting shrubs (Fig. 3.13). This was true of all three size classes. These deeper-rooted 

species had peak abundances of adults and young shrubs at site 1, significantly higher 

than at the remaining five sites where abundances were low and diminished gradually 

towards site 6, abundances at sites 5 and 6 being very low. Seedlings were found only 

at sites 1 to 4, and their abundance was also highest at site 1; a small but insignificant 

peak occurred, in addition, at site 3. 

Within this functional group, the decline in abundance across the degradation 

gradient from site 1 was gradual in Hirpicium alienatum (Fig. 3.14), but sharp in 

Tripteris sinuata (Fig. 3.15). Euphorbia decussata (Fig. 3.16) and Tetragonia 

fruticosa (Fig. 3 .17) did not establish in the open at all. These shrubs were found 

predominantly under R. robusta nurses. Although the absolute abundances were low, 

E. decussata and T fruticosa differed from the overall pattern in that neither species 

declined significantly in abundance across the first four sites. In fact, young and 

seedling T fruticosa peaked in abundance at site 3. The remaining deeper-rooted 

shrubs in this functional group conformed closely to the overall pattern (Fig. 3 .18). 

Species density in six microhabitats along the degradation gradient 

Analysing the abundance of shrubs in equivalent areas of microhabitat reveals much 

about the shrub species establishment and survival abilities in various microhabitat 

types, as well as potential interactions between species. 

Microhabitat preferences of the shallow-rooted shrubs (mesembs) .tended to be 

the same. The densities of all young and adult shallow-rooted shrubs were greatest 

under skeletons (Fig. 3.19). For seedlings, the densities were greatest under 
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G. africana shrubs. Galenia africana shrubs played an even greater role for R. robusta 

seedlings (Fig. 3.20). For R. robusta adults the densities were high in open 

microhabitats, as well as under skeletons. The same was true for adult L. schultzei 

shrubs (Fig. 3.21). Microhabitat densities of young R. robusta and seedlings of 

L. schultzei differed little from the overall pattern for shallow-rooted shrubs, and the 

remaining shallow-rooted shrubs were entirely consistent with this pattern; young and 

adult shrubs being most dense under skeletons and seedlings most dense under G. 

africana (Fig. 3.22). 

The pattern for G. africana was similar to that of the shallow-rooted shrubs 

(Fig. 3.23). The highest densities of adults were found under skeletons, while young 

shrubs and seedlings had high densities under skeletons and under other G. africana 

shrubs. 

Late-successional deeper-rooted shrubs of all size classes had extremely low 

densities in open microhabitats (Fig. 3.24). Overall, adults and young shrubs of this 

functional group had the highest densities under skeletons, and seedlings had the 

highest densities under other deeper-rooted shrubs. There was some variation, 

however, in the microhabitat preferences of seedlings of individual species. The 

relative density of H. alienatum seedlings was far higher under other deeper-rooted 

shrubs, many of them conspecifics, than in any other microhabitat (Fig. 3.25). 

Tripteris sinuata seedlings occurred under other deeper-rooted shrubs but densities 

were highest under skeletons and R. robusta shrubs (Fig. 3.26). Euphorbia decussata 

(Fig. 3.27) and T fruticosa (Fig. 3.28) seedlings occurred only under R. robusta, 

skeletons and G. africana shrubs. In fact, E. decussata and T fruticosa of all size 
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classes occurred mainly in microhabitats provided by R. robusta, G. africana and 

skeletons. The densities of seedlings of the remaining late-successional deeper-rooted 

shrubs were highest under G. africana shrubs (Fig. 3.29). 

Effects of drought on adults in the field 

A surprisingly small proportion of plants died during the 1998 drought. The range of 

mortalities for species with more than 100 individuals in all sites across the 

degradation gradient covered an order of magnitude, from 0.3% in Hirpicium 

alienatum to 5.4% in G. africana (Table 3.4). Other, less common, species incurred 

similarly low mortalities. 

Further analysis of the leaf-survival index indicates that there is a trend toward 

greater leaf loss at more degraded sites. This trend is evident in R. robusta, which had 

a significantly lower leaf-survival index at sites 3 and 4 than at sites 1 and 2. 

However, leaf mortality due to drought is probably confounded with leaf mortality 

due to browsing which increases across the degradation gradient (at least from site 1 

to site 4). It is therefore remarkable that G. africana shows significantly lower leaf 

survival at site 1 than at the other five sites despite suffering similar levels of 

browsing to R. robusta (see Chapter 5). In the logistic regression model for G. 

africana three significant terms were found to explain 78% of the variation in the leaf

survival index, namely the factors site and microhabitat, and the covariate shrub

diameter. The leaf-survival index was significantly lower at site 1 than at the other 

five sites (P=D.006), and across all sites, without covariates in the model, leaf-survival 

was significantly lower for plants that were clumped and for plants that were nurses. 

However, the shrub-diameter covariate (P<0.001) had the effect of removing the 
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significance of nursing since larger plants had lower leaf-survival indexes, and thus 

only clumped plants had a significantly lower leaf-survival index than plants in the 

open, across sites (i.e. in the crossed model; in the nested model the significance of 

microhabitats was variable between sites). 

In the logistic regression model for R. robusta, the factors site and microhabitat, 

and the covariate soil depth, were the only significant terms and together explained 

67% of the variation, although no simple effect of soil depth was evident and it is 

therefore likely to covary with some interaction of site and microhabitat. Sites 3 and 4 

had significantly lower leaf-survival indexes than site 1 (P<0.001). Leaf-survival 

indexes were lower for both plants in clumps and plants that were nurses in models 

without covariates, but only nursing was significant (P<0.001) when the effect of soil

depth (P<0.001) was included. Leaf-survival was lower in plants acting as nurses both 

across sites ( crossed model) and within sites (nested model). 

Effect of drought on seedlings in a glasshouse experiment 

In the glasshouse experiment R. robusta seedlings showed a remarkable ability to 

survive drought, 86% were still alive after 23 weeks (161 days) without water 

(Fig. 3.30). In contrast G. africana seedlings displayed poor drought tolerance; all 

were dead after the third week without water. G. africana started dying soon after the 

soil water content fell below 1 % or water potential dropped below -39 MPa, whereas 

most R. robusta survived 19 weeks with a soil water content very near to 0% and 

water potential < -90 MPa. 
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The curves for decreasing water content ( and water potential) were similar for 

pots containing R. robusta and pots containing G. africana but differed from those 

containing dead G. africana plants (Fig. 3.30); the latter had flatter curves (not 

shown). 

Nutrient treatments on adults in the field 

During the two experimental years in which nutrients were applied to shrubs in the 

field, rainfall was particularly low. The first experimental year coincided with most of 

the 1998 drought and only 65 mm of rain fell at the study site. During the second 

experimental year 106 mm of rain fell. Despite the apparent water limitation in the 

first year, the cumulative stem growth of fertilised R. robusta was just under twice 

that of unfertilised conspecifics (but was not significant), while that of fertilised 

G. africana was significantly greater at just over twice that of the unfertilised controls 

(Fig. 3.31). The relative growth rates based on this measure (mm.mm-1.yr-1) were 

significantly higher for fertilised shrubs of both species (Table 3 .5). Absolute growth 

and relative growth rates, in stem length, were also significantly greater in fertilised 

treatments, for both species, in the second year. Taking the two experimental years 

together, the growth in the length and dry mass of stems on R. robusta, in the 

fertilised treatment, was approximately twice that of controls. These differences in 

absolute growth were significant, as were the relative growth rates based on these 

measures (mm.mm-1.yr-1 and g.g-1.yr-1)_ For G. africana, the absolute growth in stem 

length and dry mass was 3.5 times greater in fertilised treatments than in controls, 

over the two years together, but the magnitude of the difference in. relative growth 

rates was similar to that of R. robusta in each of the comparisons made. However, 

only the difference in absolute stem length was significant. 
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A large proportion of the marked G. africana shoots died or were found to be 
broken during the course of the experiment. Few shoots of R. robusta died. This 

accounts for the lack of significance and the large standard errors in the measurements 

of G. africana, over both years of the experiment, as it was possible to obtain reliable 
means for only three shrubs in each treatment (using measurements of the same 

shoots at the beginning and at the end of the experiment). The nutrient additions had 
no significant effect on the number of reproductive shoots produced by either species. 

Nutrient and water treatments on seedlings in a glasshouse experiment 

In the glasshouse experiment R. robusta and G. africana responded similarly to an 

increase in soil nutrients with increased rates of growth. In G. africana the increase in 

cumulative stem growth was evident two months after the application of nutrients to 

the soil. In R. robusta the increased growth was evident only after three months (Fig. 

3.32). The magnitude of the growth response was again greater in G. africana than in 

R. robusta, this time in terms of both absolute and relative growth, measured as 

increments in stem length and as increments in dry mass (Fig. 3.32 and Table 3.6). A 

remarkable finding was that neither species, in the low nutrient treatments, responded 

to increased soil water with increased growth, even though soil water potential fell to 

around -30 MPa (1.3% water content) every fourteen days during the winter watering 

regime. This approaches the soil water potential below which G. africana could not 

survive in the droughting experiment, and means that about half the time soil water 

potentials were below -1.5 MPa in the low water treatments (Fig. 3.33). Growth in 

this experiment therefore appears to be limited by nutrient availability and not by 
water. The fourth treatment in a fully factorial experiment, i.e. low water - high 

110 



nutrients, might have provided insights into water - nutrient interactions but was 

prohibited by the limited number of seedlings available and the need for high 

replication in this experiment. 

In this experiment, the growth rates ( absolute and relative) of R. robusta were 

higher than those of G. africana in the low nutrient treatments but were lower than 

those of G. africana in the high nutrient treatment. In addition to the lower flexibility 

of the growth response in R. robusta, there was a greater variation in the growth 

response between individuals within treatments, particularly in the high nutrient 

treatment (as is evidenced by the higher S.E.). This indicates perhaps that G. africana 
would respond to the application of even greater levels of nutrients by further 

increases in the growth rate but that R. robusta might not. The relative growth rate of 

individual G. africana plants within treatments is highly dependent on the initial size 

of the seedlings. Under low water - low nutrient and high water - low nutrient 

treatments, RGR1ength is invariably higher in plants that had shorter initial stem 

measurements. The same trend is clearly evident under the high water - high nutrient 

treatment and for RGRmass ( determined by initial mass measurements) under low 

water - low nutrient and high water - low nutrient. In the case of R. robusta the trend 

is evident only for measurements of RGR1ength under the low water - low nutrient and 
high water - low nutrient treatments. 

The root mass fraction was significantly lower in the high water - high nutrient 

treatments, than in the other two treatments, for both species (Table 3.6). For 

R. robusta it was similar in both the low nutrient treatments, while for G. africana it 

was significantly higher in the low water - low nutrient treatment than in the high 
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water - low nutrient treatment. The proportional magnitude of the change in RMF 
between treatments was, however, greatest in R. robusta . 
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Fig. 3.1 Total monthly rainfall at the study site (site 4) from the beginning of 1997 to the end of 2000. 
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Fig. 3.2 Location of the sites (1-6) along a degradation gradient in the Paulshoek area. Minor roads and farm boundaries are indicated. 
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Fig. 3.3 Two-dimensional plot of an ordination (NMS) of adult species abundances in 10 plots from 
each of six sites representing a hypothetical degradation gradient: filled squares - site 1, filled circles -
site 2, open triangles - site 3, open diamonds - site 4, closed triangles - site 5, open squares - site 6. 
The ordination plot has been rotated such that the best Pearson correlation of the hypothetical 
degradation gradient ( degra-gr) is aligned with the horizontal axis (r2 = 0.86), most degraded sites to 
the left and least degraded, to the right. Mean soil pH is also correlated with the horizontal axis 
(r2 = 0.85), but. other soil variables were not strongly correlated with any axis . (Ordination distances in 
the two-dimensional plot have a cumulative correlation coefficient = 0.87 (horizontal axis = 0.72, 
vertical axis = 0.15) with the original, n-dirnension, ordination and are therefore very well preserved.) 
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Table 3.1 Chemical and physical properties of soils (mean ± 1 SE) collected from six sites along a gradient of increasing degradation. A minimum of two collections, of three samples each, were made at each site over a two-year period. A core of the upper 10 cm of soil was sampled from open (between shrub) microhabitats in each case. 

Site 

1 2 3 4 5 6 

pH (H20) 6.30 ±0. 10 6.40 ±0.20 6.80 ±0.20 7.10 ±0.30 7.30 ±0.30 7.40 ±0.30 
Total organic (%) 1.20 ±0.10 1.30 ±0.20 1.00 ±0.10 0.80 ±0.10 1.00 ±0.20 0.50 ±0.00 

I Nitrogen (mg.f1
) 0.07 ±0.03 0.08 ±0.02 0.44 ±0.04 0.29 ±0.06 0.19 ±0.04 0.20 ±0.08 I 

I 

Phosphorus (mg.g·1
) 0.21 ±0.02 0.18 ±0.01 0.16 ±0.02 0.18 ±0.00 0.40 ±0.07 0.11 ±0.01 

Potassium (mg.g-1
) 3.79 ±0.39 2.28 ±0.14 2.35 ±0.37 2.12 ±0.14 3.26 ±0.44 1.38 ±0.15 

Calcium (mg.g-1
) 0.71 ±0.08 0.79 ±0. 13 0.67 ±0. 19 0.73 ±0.20 1.74 ±0.73 0.61 ±0.23 

Magnesium (mg.g-1
) 0.99 ±0. 10 1.06 ±0.17 0.65 ±0.13 0.70 ±0.05 1.45 ±0.24 0.35 ±0.01 

Sodium (mg.g-1
) 0.38 ±0.06 0.52 ±0. 10 0.70 ±0.09 0.72 ±0. 10 0.49 ±0.07 0.40 ±0.08 

coarse sand (%) 31 ±3 31 ±1 30 ±4 39 ±6 30 ±1 38 ±6 
Fine sand (%) 28 ±2 27 ±1 31 ±3 25 ±4 29 ±1 25 ±3 
Silt (%) 33 ±1 34 ±1 29 ±1 29 ±4 35 ±2 28 ±3 
clay (%) 9 ±1 10 ±0 10 ±0 8 ±1 8 ±0 9 ±0 
soil depth (cm) 21 ±2 21 ±2 27 ±2 39 ±6 24 ±2 >80 
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Table 3.2 Perennial species present at six sites across a gradient of increasing degradation. Ten 5x5m 
plots were surveyed at each site. 

Species Family Site 

1 2 3 4 5 6 
Shallow Rooted Shrubs 
Ruschia robusta Mesembryanthemaceae *** *** *** *** 
Leipoldtia schultzei M esembryanthemaceae ** ** * * 
Cheiridopsis denticulata Mesembryanthemaceae ** ** ** * 
Ruschia aggregata Mesembryanthemaceae *** * * * 
Phyllobolus cf saturatus Mesembryanthemaceae ** ** * 
Cheiridopsis cigarettifera M esembryanthemaceae ** * 
Antimima subtruncata Mesembryanthemaceae * * 
Ihlendfeldtia excavata Mesembryanthemaceae * 
Mesembryanthemaceae sp. Mesembryanthemaceae * 
Drosanthemum schoenlandianum Mesembryanthemaceae ** ** * 
Cephalophyllum ebracteatum Mesembryanthemaceae • • • 
Deeper Rooted Shrubs 
Euphorbia decussata Euphorbiaceae ••• *** ** *** 
Hirpicium alienatum Asteraceae *** *** ** ** 
Tripteris sinuata Asteraceae *** ** ** 
Eriocephalus microphyllus Asteraceae ** * * * 
Hermannia cuneifolia Sterculiaceae ** * * * 
Asteraceae sp. Asteraceae * * * * * 
Tetragonia fruticosa Aizoaceae ** ** *** ** * 
Pteronia sp. Asteraceae • 
Felicia sp. Asteraceae * 
Euryops multijidus Asteraceae * 
Pteronia incana Asteraceae * 
Lycium ferocissimum Solanaceae * 
Zygophyllum sp. Zygophyllaceae * 
Zygophyllum retrofractum Zygophyllaceae * * * 
Nenax cinerea Rubiaceae * * 
Lycium cinereum Solanaceae * * * 
Pentzia incana Asteraceae * 
Galenia africana. Aizoaceae ** ** *** *** *** *** 
Chrysocoma cilia/a Asteraceae * ** * * 
Hermannia amoena Sterculiaceae * * 
Hermannia sp. Sterculiaceae ** 

Nursed Perennial Herbs 
Crassula subaphylla Crassulaceae ** *** *** * 
Crassula muscosa Crassulaceae * * * • 
Quaqua mammilaris Asclepiadaceae * ** * * * 

Interstitial Perennial Herbs 
Hypertelis salsoloides Aizoaceae *** *** ** * * 
Aizoon canariense Aizoaceae ** ** ** * ** 
Avonia alstonii Portulacaceae * 
Galenia sarcophylla Aizoaceae ** 
Aptosimum indivisum Scrophulariaceae * * *** * 
* present in 1-3 plots 
** present in 4-7 plots 
*** present in 8-10 plots 
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Table 3.3 Species germinating in soils collected from three sites along a gradient of increasing degradation. Site 1 is the least degraded and site 5 the most degraded. Collections were 12 x 600 g samples of the top 5 cm of soil at each site ( six from under shrubs and six from between shrubs but these were lumped as there was little difference in the species composition of collections from these two microhabitats). 

Species Family Site 

1 2 5 Perennials 

Ruschia robusta Mesembryanthemaceae * ** ypertelis salsoloides Aizoaceae * ** * 
Aizoaceae * * * Wahlenbergia ecklonii Campanulaceae * * rosanthemum schoenlandianum Mesembryanthemaceae * * esembryanthemaceae sp. I Mesembryanthemaceae * * ulbine cf abyssinica Asphodelaceae * * hyllobolus cf saturatus Mesembryanthemaceae * 

Galenia africana Aizoaceae ** *** elargonium sp. Geraniaceae 
* Carpobrotus quadrifidus Mesembryanthemaceae * II ridaceae sp. lridaceae 
* 

nnuals and Biennials 

Crassulaceae ** * * 
Asteraceae ** ** * 
Crassulaceae ** *** ** 
Aizoaceae ** *** ** 
Amaranthaceae * 
Scrophulariaceae * 
Caryophyllaceae * * 
Campanulaceae * * 
Poaceae * * 
Aizoaceae * * * 
Asteraceae * * * 
Asteraceae * * * 
Cyperaceae * * * 
Scrophulariaceae * * * 
Poaceae * * * 
Scrophulariaceae * * * 
Brassicaceae * * 
Fabaceae * * 
Brassicaceae * 

· Caryophyllaceae ** * *** 
Asteraceae * * *** 
Poaceae * * *** 
Poaceae 

** 
Poaceae 

** 
Asteraceae 

** 
Chenopodiaceae * ' esembryanthemum crystallinum Mesembryanthemaceae * 
Mesembryanthemaceae * asio o on micro oides Asteraceae 

* * present in 1-4 collections 
** present in 5-8 collections 
*** present in 9- 12 collections 
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Fig. 3.5 Cover of six microhabitats at six sites across a gradient of increasing 
degradation in the open, in the skeletons of dead shrubs, under Ruschia robusta 
shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana . 
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Fig. 3.6 Abundance of dead shrub skeletons at six sites 
across a gradient of increasing degradation. Mean 
abundances do not differ significantly if superscripts 
contain the same letter. Skeleton abundances in each of 
six microhabitats are indicated: in the open, in the 
skeletons of dead shrubs, under Ruschia robusta 
shrubs, under Galenia africana shrubs, under shallow
rooted shrubs other than R. robusta, under deeper
rooted shrubs other than G. africana . 
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Fig. 3. 7 Abundance of nursed perennial herbs at six 
sites across agradient of increasing degradation. Mean 
abundances do not differ significantly if superscripts 
contain the same letter. Herb abundances in each of six 
microhabitats are indicated: in the open, in the 
skeletons of dead shrubs, under Ruschia robusta 
shrubs, under Galenia africana shrubs, under shallow
rooted shrubs other than R. robusta, under deeper
rooted shrubs other than G. africana . 
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Fig. 3.9 Abundance of Ruschia robusta (mean+ I SE) at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs (c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances do not differ significantly if superscripts contain the same letter. Shrub abundances in each of six microhabitats are indicated: in the open, in the skeletons of dead shrubs, under R. robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana. 
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Fig. 3.10 Abundance of Leipoldtia schultzei (mean + 1 SE) at six sites across a gradient of increasing degradation: ( a) adult shrubs (b) young shrubs ( c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances in (a) do not differ significantly if superscripts contain the same letter. ANOV A's for (b) and ( c) were not significant. Shrub abundances in each of six microhabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana. 
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Fig. 3.11 Cumulative abundance (mean + 1 SE) of the remaining shallow-rooted shrubs (Mesembryanthemaceae, not presented separately) at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs (c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances in do not differ significantly if superscripts contain the same letter. Data for the ANOV A in ( c) are strongly non-parametric. Shrub abundances in each of six microhabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana . 
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Fig. 3.12 Abundance of Galenia africana (mean+ 1 SE) at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs (c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances do not differ significantly if superscripts contain the same letter. Shrub abundances in each of six microhabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under G. africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana . 
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Fig. 3.13 Cumulative abundance (mean + 1 SE) of all deeper-rooted shrubs in the late-successional functional group, at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs ( c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances do not differ significantly if superscripts contain the same letter. Shrub abundances in each of six microhabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta , under deeper-rooted shrubs other than G. africana. 
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Fig. 3.14 Abundance of Hirpicium alienatum (mean+ 1 SE) at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs (c) seedlings. Ten 5x5m plots were 
sampled at each site. Mean abundances do not differ significantly if superscripts contain the same letter. The ANOV A for ( c) was not significant. Shrub abundances in each of six 
microhabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta , 
under deeper-rooted shrubs other than G. africana. 
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sampled at each site. Mean abundances in (b) do not differ significantly if superscripts contain the same letter. Data for the ANOV A in ( a) and ( c) were strongly non-parametric. Shrub 
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Fig. 3.16 Abundance of Euphorbia decussata (mean + 1 SE) at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs ( c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances do not differ significantly if superscripts contain the same letter. The ANOV A for ( c) was not significant. Shrub abundances in each of six rnicrohabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta , under deeper-rooted shrubs other than G. africana. 
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Fig. 3.17 Abundance of Tetragoniafruticosa (mean+ 1 SE) at six sites across a gradient of increasing degradation: (a) adult shrubs (b) young shrubs (c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances in (b) do not differ significantly if superscripts contain the same letter. The ANOVA's for (a) and (c) were not significant. Shrub abundances in each of six rnicrohabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana. 
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Fig. 3.18 Cumulative abundance (mean+ 1 SE) of the remaining deeper-rooted shrubs (not presented separately) in the late-successional functional group, at six sites across a gradient of increasing degradation: ( a) adult shrubs (b) young shrubs ( c) seedlings. Ten 5x5m plots were sampled at each site. Mean abundances do not differ significantly if superscripts contain the same letter. Data for the ANOV A in ( c) are strongly non-parametric. Shrub abundances in each of six microhabitats are indicated: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallow-rooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana . 
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Fig. 3.19 Density of all shallow-rooting shrubs (Mesembryanthemaceae) per m2 of microhabitat 
type. Data are the means of all plots, with> 0.25 m2 of the relevant microhabitat type, in sites 1, 2 and 3, along the degradation gradient. The six microhabitats are: in the open, in the skeletons of dead shrubs, under Ruschia robusta shrubs, under Galenia africana shrubs, under shallowrooted shrubs other than R. robusta, under deeper-rooted shrubs other than G. africana. 
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Fig. 3.20 Density of Ruschia robusta per m2 of microhabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.21 Density of Leipoldtia schultzei per m2 of microhabitat type. Data and microhabitat types as in Fig. 3:19. 
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Fig. 3.22 Density of the remaining shallow-rooted shrubs (Mesembryanthemaceae, not presented 
separately) per m2 ofmicrohabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.23 Density of Galenia africana per m2 of microhabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.24 Density of all deeper-rooted shrubs in the Jate-successional functional group per m2 
ofmicrohabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.25 Density of Hirpicium alienatum per m2 ofmicrohabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.26 Density of Tripteris sinuata per m2 of microhabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.27 Density of Euphorbia decussata per m2 of microhabitat type. Data and microhabitat types as in Fig. 3.19. 
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Fig. 3.28 Density of Tetragonia fruticosa per m2 of microhabitat type. Data and microbabitat types as in Fig. 3.19. 

100% 

80% 

60% 

40% 0.45 

20% 

0% 

adult shrubs young shrubs seedlings 

moeep 

CiShallow 
IJG. africana 
12:!R. robusta 
DSkeleton 
•open 

Fig. 3.29 Density of the r.emaining deeper-rooted shrubs in the late-successional functional group (not presented separately) per m 2 ofmicrohabitat type. Data and microhabitat types as in Fig. 3.19. 
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Table 3.4 Percentage mortality, during the 1998 drought, of species with more 
than I 00 individuals in all sites across the degradation gradient. Percentages 
differ significantly (P<0.001) in a Chi-square test. 

% mortality n 

Shallow-rooted s11ecies 
Leipoldtia schultzei 3.5 398 
Ruschia robusta 3.8 1164 

Early-successional dee11er-rooted s11ecies 
Galenia africana 5.4 624 

Late-successional dee11er-rooted s11ecies 
Hirpicium alienatum 0.3 397 
Tripteris sinuata 1.8 228 
Euphorbia decussata 2.0 200 
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Fig. 3.30 Survival of Ruschia robusta (squares) and Galenia africana (triangles) seedlings in a glasshouse 
droughting experiment. After an initial period of drought hardening, newly emerged seedlings, grown in individual 
pots, were not watered again in the experimental treatments, whereas seedlings of Ruschia robusta and 
Galenia africana in control treatments (diamonds) were watered every two days in summer and every four days 
in winter. Mean(± 1 SE) gravimetric soil water content (bars) and soil water potential (circles) of the pots in 
the droughting treatment were monitored throughout the experiment and did not differ betweeri the two species. 
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Fig. 3.31 Growth increments in the length and dry mass of marked shoots on adult shrubs in the field, supplied with additional nutrients (filled bars) and controls (open bars): (a) Ruschia robusta (b) Galenia africana. Shrub growth increments are the means of five marked shoots and bars represent the means ( + 1 SE) of seven shrubs, except where shoots died or were broken. Nutrient addition treatments involved the application of 30 g ofN:P:K (2:3:2) fertiliser to the soil beneath each treatment shrub at the beginning of the first and second year of the experiment. Significant differences (t-tests) between treatments are denoted by* P<0.05, ** P<0.01. 

Table 3.5 Mean(± 1 SE) relative growth rates of marked shoots of adult Ruschia robusta and Galenia africana shrubs, in the field, under control and fertilized treatments. The relative growth rates in cumulative stem length and in dry mass are shown. Details of treatments are_ as in Fig. 3.31. P indicates the significance of treatments (t-tests). 

1st year 2nd year both years both years 
RGR1ength RGR1ength RGR1ength RGRma,s 

Ruschia robusta 
unfertilized 0.52 ±0.06 0.92 ±0.10 0.74 ±0.07 0.64 ±0.09 fertilized 0.75 ±0.07 1.20 ±0.08 1.01 ±0.07 0.96 ±0.07 p 0.02 0.02 0.01 0.01 

Galenia africana 
unfertilized L07 ±0.20 0.63 ±0.10 0.91 ±0.17 0.77 ±0.20 fertilized 1.53 ±0.13 0.94 ±0.11 1.38 ±0.27 1.07 ±0.22 p 0.04 0.03 0.12 0.18 
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Fig. 3.32 Growth of young (a) Ruschia robusta and (b) Galenia africana shubs in a glasshouse experiment, under three water and nutrient treatments (mean± 1 SE): low water - low nutrient (circles), high water - low nutrient (squares), and high water - high nutrient (triangles). See text for details of treatments . Significant differences (Kruskal-Wallis test) between treatments are indicated* P<0.05, *** P<0.001. 

Table 3.6 Mean(± 1 SE) relative growth rates and root mass fractions of young Ruschia robusta and Galenia africana shrubs in a glasshouse experiment, under three water and nutrient treatments. See text for details of treatments. Different superscripts indicate significant differences between treatments. The F-ratios of ANOVA's are indicated*** P<0.001. 

Ruschia robusta 
Low water - Low nutrient 
High water - Low nutrient 
High water - High nutrient 
F 

Galenia africana 
Low water - Low nutrient 
High water - Low nutrient 
High water - High nutrient 
F 

RGR1ength 

2.5 ±0.22 a 

2.4 ±0.2 1 a 

4.6 ±0.30 b 

24 *** 

1.7 ±0.12 a 

1.9 ±0.09 a 

5.4 ±0.21 b 

194 *** 

RGRmass RMF 

4.6 ±0.47 0.30 ±0.03 a 

4.7 ±0.35 0.32 ±0.01 a 

5.7 ±0.27 0.14 ±0.01 b 

3 38 *** 

4.6 ±0.50 a 0.47 ±0.02 a 

4.6 ±0.41 a 0.36 ±0.03 b 

7.0 ±0.42 b 0.27 ±0.04 C 

10 *** 21 *** 
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Fig. 3.33 Mean(± I SE) water content (continuous lines) and water potential (broken lines) of 
Ruschia robusta (squares) and Galenia africana (triangles) soils in the low water - low nutrient 
treatment of a glasshouse growth experiment. Determined over two winter droughting cycles of 

14 

14 days, using six plant pots for each species, in each case. Results of the experiment are presented 
in Fig. 3.32 and Table 3.6. 

Table 3.7 Seed mass (mg) of five species common across the degradation gradient. 
Data are the mean (± 1 SE) of 30 seeds collected from the rangeland near Paulshoek 
(from N. Abrahams and M.T. Hoffman unpublished). 

Shallow-rooted species 

Ruschia robusta 

Leipoldtia schultzei 

Early-successional deeper-rooted shrubs 
Galenia africana 

Late-successional deeper-rooted shrubs 
Hirpicium alienatum 

Tripteris sinuata 

Seed mass (mg) 

0.15 ±0.001 

0.1 1 ±0.001 
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Discussion: 

The role of drought in the Succulent Karoo 

Much importance has been given to the role of drought in the dynamics of Succulent 

Karoo communities. Emphasis has been placed on the susceptibility of Succulent 

Karoo plants, notably mesembs, to drought, and hence the importance of infrequent 

droughts to reset the system, clearing away many of the adult plants and allowing the 

establishment of a suite of new plants (Milton et al. 1997, Esler et al. 1999). This has 

been used to argue for the importance of non-equilibrium dynamics in the Succulent 

Karoo and to regard competition as playing a relatively minor role in these dynamics, 

as many species are viewed as being functionally interchangeable. The composition of 

communities has thus been seen largely as a function of the lottery of species that 

manage to establish after a drought (Esler et al. 1999). 

A drought that took place at Numees, in the Richtersveld area of Namaqualand 

in 1979, is most often cited as evidence for the above drought dynamic. High plant 

mortality during this drought has been reported by a number of authors (von Willert 

et al. 1985, von Willert et al. 1992, Jurgens et al. 1999), although only von Willert 

et al. (1985) report the extent of this mortality, and indicated it to be around 80% of 

all plants. Jurgens et al. (1999) document the recovery of the community, from 1980 

to 1997, in great detail. During this period, both the number of species and the number 

of individuals in the study area doubled. This drought clearly caused high mortality in 

the plant community. 
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At Paulshoek, the proportion of the plant community that died in the drought of 

1998 was very small. The mortality figures correspond well with estimates of 

longevity for the various species, i.e. G. africana is short-lived, the mesembs are 

intermediate, and the late-successional deeper-rooted species are the longest-lived 

(Wiegand et al. 2000), and are similar to those that might be expected in an average 

year. It is possible that mortality figures may be slightly underestimated as dead plants 

may have been removed, for firewood and other purposes, before sampling. Only for 

two species in the Paulshoek area is mortality during the drought likely to amount to 

more than 10% of the population (personal observation). The two shrubs, 

Chrysocoma ciliata and Euphorbia mauritanica, were respectively rare and absent 

from the degradation transect Chrysocoma ciliata is short-lived and has a weedy life

history strategy. Both species are more common in higher rainfall areas, and near 

Paulshoek, occur predominantly on rocky slopes where they presumably establish in 

patches of higher water availability due to increased run-off from surrounding rocks 

(Nobel et al. 1992). 

The mean annual rainfall at the Paulshoek study site during the five years for 

which we have rainfall records is 135 mm. This is likely to be an underestimate since 

it includes at least one drought year. Only 45 mm of rainfall was recorded during 

1998 (Fig. 3.1). Using-the coefficient of variation of annual rainfall at the most similar 

long-term weather station (at Springbok, see Chapter 2), i.e. 36%, I calculate the 

probability of such a drought occurring at Paulshoek as P=0.03, or that it will occur 

once in about every 30 years. In 1979, 18 mm of rainfall was recorded at the nearest 

long-term weather station to Numees (at Lekkersing). The mean annual rainfall is 

72 mm and the coefficient of variation is 57%, the probability of the 1979 drought 
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occurring is therefore P=0.1, or once every 10 years. A more detailed examination of 

the rainfall records (data for Lekkersing from the South African Weather Bureau) 

reveals that there were five rainfall events larger than 1 mm at both Paulshoek and 

Numees during 1998 and 1979 respectively. At both Paulshoek and Numees the 

longest period without rainfall was five months, during the 1997-1998 and 1978-1979 

drought years respectively, and during this time the worst drought period at Paulshoek 

was 10 months with 5mm of rainfall, and at Numees, 13 months with 18mm of 

rainfall. The 1998 drought at Paulshoek is therefore no less extraordinary or severe 

than that at Numees in 1979. 

Sensitivity to drought has also been proposed as a major selective force for the 

short life-spans of many mesembs (Esler et al. 1999). In this study, however, there is 

very little support for drought sensitivity in mesembs. In fact, mesembs were found to 

be capable of surviving extremely long periods of soil desiccation, in this study and in 

others (Esler and Phillips 1994, Lechmere-Oertel and Cowling 2001). Midgeley and 

van der Heyden (1999) suggest that succulents in general, and mesembs in particular, 

will be more sensitive to drought than woody shrubs (deeper-rooted species). In their 

field experiment, shoot mortality occurred sooner in a mesemb, Ruschia caroli, than 

in the three stem-succulent species and the four non-succulent species which were 

under rain-exclusion shelters continuously for a period of approximately two years. 

Such experiments, however, do not reflect the ecological realities of drought. The 

upper soil is likely to desiccate much faster than the deeper soil. More importantly, 

droughts in which there is a complete absence of rain for periods of a year or more do 

not occur in this system. Droughts occur during periods of unusually low rainfall. 

Some rain falls during even the most extreme droughts; in both the Paulshoek and 
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Numees droughts the period without some rain was no longer than five months. Due 

to the shallow-rooted architecture of mesembs, much of this water is likely to be 

available for uptake and storage, particularly if this rain falls in small events 

(Chapter 2). In the 1990-1991 drought at Steytlerville, near the more mesic south

eastern boundary of the Succulent Karoo (Milton et al. 1997), in which rainfall was 

70% below the annual mean and had a probability of occurring about once every 100 

years (P<0.015), mortality was greater among the deeper-rooted woody shrubs (65%) 

than among mesembs ( 42%; Milton et al. 1995). 

These results indicate at the very least that the functioning of Succulent Karoo 

communities is not uniform and caution should be exercised in ascribing generality to 

phenomena observed at only one site. 

Soils along the degradation gradient 

Like those of many semi-arid areas, the soils around Paulshoek are generally 

oligotrophic (Garcia-Moya and Mckell 1970, Specht 1972, Bisigato and Bertiller 

1999), although the concentration of phosphorus, potassium and magnesium is high 

compared with other Succulent Karoo soils (Dean and Yeaton 1993, Lechmere-Oertel 

and Cowling 2001). The concentration of nitrogen is particularly low in semi-arid 

soils and those measured in this study are in the lower range for these soils, being 

lower than some other Succulent Karoo (Lechmere-Oertel and Cowling 2001) and 

south Australian soils (Specht 1972). For this reason the substantial variation between 

sites might have important consequences for plant growth. The peak in nitrogen at 

sites 3 and 4 could be the result of increased dunging and urination by the high 

density of small stock at these sites. 
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Generally soil variables changed little between sites, only pH, and to a lesser 

extent total organic fraction, showing a linear trend that corresponds with the 

sequence of sites across the degradation gradi.ent, and even in these variables the 

absolute variation is not large. It does not therefore seem likely that soil factors are 

responsible for changes in the vegetation composition across the six sites. It is more 

likely that the changes in the vegetation have brought about some changes in the soils 

(Chapter 2, Allsopp 1999). The reduction in plant cover and standing biomass across 

the degradation gradient has led to a reduction in the organic fraction reaching the 

soil. Similarly, it is possible that the reduced plant cover has led to reduced 

interception and infiltration of rainwater that in turn has resulted in less leaching of 

the surface soils and possibly higher pH, as well as higher rates of erosion. This 

simplistic explanation is unlikely, however, to fully explain the changes in pH, as is 

indicated by the contrasting concentrations of cations at sites 5 and 6. Relative to the 

other sites, the higher pH at site 5 is associated with higher concentrations of all but 

one of the cations measured, but the higher pH at site 6 is not. 

Dynamics of species changes across the degradation gradient 

The sequence of sites in the ordination follows the hypothesised scale of degradation. 

This indicates that degradation increases with increasing browsing densities of small 

stock (at least at densities higher than those employed by commercial farmers), and 

that the greatest degradation of vegetation communities is due to the removal of 

shrubs by humans. Similar changes in the vegetation community are discemable 

around any of the more permanent stockpost sites on the Paulshoek rangeland, and 

greater degradation is obvious at other previously ploughed sites or surrounding the 
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present site of the Paulshoek village. Indeed the loss of mixed plant communities and 

their replacement by a sparse cover of G. africana can be observed throughout much 

of the Succulent Karoo wherever shrub removal has taken place, e.g. along road 

verges. 

Sites 5 and 6 are not differentiated in the ordination. The removal of shrubs at 

site 5 is therefore likely to have been as complete as that at site 6. The removal of 

shrubs, with or without the ploughing of the soil, leads to the establishment of a 

community dominated by G. africana, with few other shrub species, and an increase 

in the cover of bare soil that is likely to persist for decades after the primary cause of 

disturbance has been removed. The loss of the diversity and cover of shrubs is 

compensated for by an increase in the diversity and cover of annuals on the Paulshoek 

rangeland during wet winters (Todd 1997). The increased cover of annuals associated 

with the loss of perennial shrubs has been recorded at a number of other sites 

throughout the Succulent Karoo (Dean et al. 1994, Steinschen et al. 1996). This may 

be due primarily to root competition between annuals and shallow-rooted shrubs, 

which has been shown to reduce plant size and flower production of a focal annual 

species in similar rangeland in Namaqualand (Cunliffe et al. 1990). 

The abundance of-dead shrub skeletons reflects the intensity of shrub removal 

across the degradation gradient. Dead shrubs are principally harvested for firewood 

(Solomon 2000). Little, if any, firewood is harvested on commercial rangeland, which 

is reflected in site 1 having a significantly higher abundance of skeletons than any 

other site. Firewood harvesting occurs throughout the communal rangeland but is 

most intense nearest settlements. The very low abundance of skeletons at sites 5 and 6 
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is also likely to be due to G. africana skeletons degrading rapidly as the wood, like 

that of other Galenia species, is weak and of a low density (Wiegand et al. 2000). 

Unlike shrub removal, intense browsing does not appear to directly cause the 

widespread mortality of adult shrubs. Even at sites 3 and 4, which have experienced 

extremely high browsing densities for at least the last ten years, there is a reasonable 

abundance of shrubs and a relatively high diversity still present. The drought of 1998 

led to higher browsing pressure on adult shrubs due to the reduced growth of these 

shrubs and of annuals, which form an alternative forage source (Todd and Hoffman 

2001). Yet shrub mortality was extremely low. Adult shrubs of all species are thus 

highly resilient to both drought and browsing. 

At a site in the southern Succulent Karoo, browsing by sheep, at commercial 

densities, had no effect on the survival of shrubs (Milton 1994). fu all the studies at 

the southern . Succulent Karoo site, a reduction in the number of seeds produced by 

palatable shrubs was a greater cause of vegetation change than mortality due to 

browsing (Milton and Dean 1990, Milton 1994, Milton 1995a). In these studies, the 

browsing of flowers (florivory) and of fruit greatly reduced the seed production of 

palatable shrubs. Commercial densities of sheep browsing on Pteronia empetrifolia, a 

palatable asteraceous shrub, reduced flowering by 80-90% relative to that of the 

neighbouring control rangeland from which sheep were excluded (Milton 1995b ). In 

the Paulshoek area, the number of flowers on shrubs in commercial rangeland was 

reduced relative to those in control exclosuies, and the number of flowers on shrubs in 

communal rangeland was dramatically reduced relative to those on commercial 

rangeland (M. T. Hoffman unpublished data). This finding applied to both palatable 
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and unpalatable species that produced conspicuous flowers (pollinated by large 

insects) but not to species that produced small inconspicuous flowers (pollinated by 

wind or very small insects). Smaller shrub sizes caused by browsing can also reduce 

seed production (Milton and Dean 1990, Stokes 1994). The mean shrub sizes of 

highly palatable species were also severely reduced on communal rangeland near 

Paulshoek (Todd 2001, M.T. Hoffinan unpublished data). For Tripteris sinuata, which 

is both highly palatable and has conspicuous flowers, seed production on the 

Paulshoek rangeland was two orders of magnitude lower than on the neighbouring 

commercial rangeland (Todd 2001). 

For highly palatable species such as T sinuata and some other deeper-rooted 

shrubs, it is possible that mortality caused by sustained and extremely high browsing 

densities is the major cause of their near absence from sites toward the middle and 

end of the degradation gradient. However, for most species, particularly mesembs, 

which are only moderately browsed (Chapter 5), the shortage of seeds, leading to poor 

recruitment, is likely to be the major reason for their decline across the degradation 

gradient. Seedlings, and young shrubs of mesembs, generally declined in abundance 

sooner than adults across the degradation gradient, indicating poor recruitment. The 

reduction in the abundance of shrubs across the degradation gradient should not 

therefore be viewed simply as a result of mortality caused by high intensity browsing. 

Once adult shrubs are lost from a site, re-invasion and the restoration of a mixed 

shrub community is at best slow, due again to seed limitation. Seedlings do not occur 

at sites from which adults ate absent. Moreover, where the seeds of shrub species 

were present in the seedbanks, they occurred only at sites at which adult shrubs were 
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present. The seeds of perennials in the Succulent Karoo are typically dispersed over 

only very short distances (Esler 1999). Mesemb seeds are mostly very small ( c. 0.1 

mg; Table 3.7, Milton et al. 1997), are contained in a hygrogastic capsule and are 

dispersed by water, but are easily trapped in sand grains and are typically transported 

less than 5 m. Many of the late-successional deeper-rooted species have larger winged 

or bristled fruits that are wind dispersed, but even these are rarely transported more 

than about 20-30 m before being trapped by other shrubs (Wiegand and Milton 1996, 

S. J. Milton personal communication). Long-term dormancy does not seem to be a 

feature of Succulent Karoo perennials (Milton et al. 1997, Esler 1999). At the end of 

the 1998 spring, seeds of late-successional deeper-rooted species were entirely 

lacking, and those of mesembs poorly represented in the seedbank at site 1, where 

adults of these species were abundant and the impact of florivory was low. This is 

consistent with a lack of seed dormancy and further reduces the likelihood of seed 

dispersal to new sites. 

Dynamics of late-successional deeper-rooted species 

Most of the late-successional deeper-rooted shrubs have fruit that bear wings or 

bristles and are tumbled along the ground by wind until they lodge in the canopy of 

another shrub (Esler 1999). This leads to their frequent germination beneath other 

shrubs. 

In the absence of competition, there are a number of advantages for plants 

germinating under the canopies of adult shrubs (nurses). Nurse shrubs provide 

protection from browsing and trampling by livestock and other browsers (Todd 2001). 

The accumulation of leaf-litter and wind-blown organic material beneath the canopy 
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of adult shrubs leads to localised patches of nutrient enrichment beneath shrubs and 
can also enhance water infiltration into these soils. This fertile-island effect has now 
been found in semi-deserts throughout the world (Garcia-Moya and McKell 1970, 
Schlesinger et al. 1996, Aguiar and Sala 1999) and has been established for 
G. africana and R. robusta at this site (Chapter 2, Allsopp 1999). Additionally, the 
architecture of certain semi-desert shrubs has been shown to channel water towards 
the base of the shrubs (Whitford 1999). Finally, shading by the adult shrub can reduce 
not only irradiance and leaf temperatures of nursed plants but also the amount of 
water evaporating from the soil beneath shrubs (Nobel 1988, Franco and Nobel 1990). 

Skeletons of dead shrubs represent the ideal nurse plants. To a large degree, 
they can provide all the benefits of a nurse plant but without the potential for 
competition for any of the available resources. It is therefore not surprising that shrubs 
of all species and size classes occurred in high densities under skeletons. 

All late-successional deeper-rooted shrubs occur in fairly high densities under 
R. robusta shrubs. Vertical separation in the root systems of adult mesembs and adult 
deeper-rooted shrubs facilitates the co-existence of these groups of plants. Minimal 
competition was evident between one deeper-rooted species, Hirpicium alienatum, 
and either of the mesembs, R. robusta or Leipoldtia schultzei (Chapter 4). 

Potential competition for below-ground resources occurs soon after the 
germination of deeper-rooted shrubs as the rooting systems of these seedlings and 
those of mesembs overlap vertically at this stage. Late-successional deeper-rooted 
species are large-seeded relative to mesembs and G. africana (Table 3.7). I 
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hypothesise that after germination the seeds contain sufficient nutrient resources to 

enable the rapid growth of a taproot through the dense layer of mesemb roots. Once 

the taproot is established below the shallow roots of mesembs, competition for 

resources between the two species is unlikely to occur as water that infiltrates to 

shallow and deeper soil depths is largely derived from rainfall events of different sizes 

(Chapter 2). 

Late-successional deeper-rooted shrubs are here divided into two groups: those 

that frequently establish beneath other late-successional deeper-rooted shrubs, and 

those that do not. 

I hypothesise that those in the first group are able to withstand greater soil 

desiccation. This group contains the two asteraceous species H alienatum and 

T sinuata. These shrubs occur in all six microhabitat types studied, and they establish 

and grow in high densities under shrubs in the same functional group, frequently 

under conspecifics . The reduced lateral rooting of these shrubs, relative to that of 

mesembs, will facilitate the growth of plants in close proximity to one-another. 

However, overlap in root systems of one shrub establishing within the canopy of 

another is likely to lead to a reduction in growth (Chapter 4) and a reduction in the 

water available to the establishing plant. Moreover, deeper-rooting asteraceous shrubs 

are likely to take up water from the soil at very low water potentials, leading to local 

desiccation of the soil. Shoots of asteraceous shrubs in the Succulent Karoo have been 

found to reach water potentials below -10 MPa (Midgeley and van der Heyden 1999). 

Seedlings and adults of species within this group appear to be able to survive 

considerable soil desiccation. Asteraceous seedlings including T sinuata have 
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survived at least 60 days at soil water contents of about 2% (Esler and Phillips 1994). 

Both H. alienatum and T sinuata are highly palatable (Chapter 5) and by being 

nursed they benefit strongly by being protected from browsing and trampling (Todd 

2001, Chapter 4). Although seedlings of this group are able to establish beneath 

deeper-rooted shrubs, the high density of seedlings establishing here does not 

necessarily indicate a preferred microhabitat but could simply be due to a tendency 

for more seeds to fall near conspecifics. 

I hypothesise that plants in the second group are less able to withstand soil 

desiccation. This group contains Euphorbia decussata, Tetragonia fruticosa and also 

most nursed perennial herbs. Seedlings and, except in rare cases, adults in this group, 

occur only in nursed microhabitats provided by skeletons, or by shrubs of R. robusta 

or G. africana. Tetragonia fruticosa is highly palatable to livestock and undoubtedly 

benefits from protection from browsing (Todd 2001), but plants in this group are 

likely to be limited to these nursed microhabitats by their inability to survive extreme 

soil desiccation. Euphorbia decussata and the nursed perennials have phylogenetic 

affinities with plants that occur on rock outcrops where water availability is magnified 

by run-off from rocks (Nobel et al. 1992), and T fruticosa at Paulshoek is at the arid 

end of its range. Water is likely to be available for longer periods in deeper soil layers 

beneath skeletons, and shrubs of R. robusta and G. africana, relative to open 

microhabitats. Increased soil water infiltration is likely beneath these nurses and 

shading of the soil surface reduces soil water evaporation. Shading by a nurse plant in 

the Sonoran Desert increased the availability of water to the patient plant during dry 

years, even though the nurse and patient plants overlapped in rooting depth (Franco 

and Nobel 1990). Overlap in the root systems of plants in the second group is likely 
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only with G. africana nurses, but based on the desiccation-intolerance of seedlings 
and the sparse rooting pattern of this shrub, I speculate that G. africana is unlikely to 
be capable of water uptake from soil at very low water potentials. Shading of the soil 
surface by G. africana nurses may actually prolong the period of water availability to 
patient plants, at low soil water potentials, even though soil water is likely to be more 
rapidly depleted beneath G. africana than in the open when soil water potential is 
high. 

The abundance of plants in the second group, particularly the smaller plants, 
peaks midway across the degradation gradient (at site 3). Species in this group of 
nursed plants bear inconspicuous flowers and consequently seed production is 
unlikely to be greatly impacted by florivory. The availability of microhabitats under 
compatible nurses at this site is also not much reduced while the availability of 
microhabitats under incompatible nurses is. There may also be a small increase in the 
water availability due to the decreased abundance of other deeper-rooted shrubs, and 
to this site's slightly lower elevation relative to the other sites. 

Dynamics ofRuschia robusta and other mesembs 

Mesembs are capable of establishing and growing m all six microhabitat types 
examined in this study. Seedlings appear to establish particularly well under 
G. africana shrubs (Fig. 3 .19). This indicates that the failure of mesembs to establish 
in sites dominated by G. africana is not due to allelopathy, to changes in the soil 
chemistry beneath G. africana shrubs (Chapter 2, Allsopp 1999), or to a lack of 
microhabitats suitable for establishment. 
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The density of mesembs under G. africana and other live shrubs tends to 

decrease as mesembs age. Current models contend that deeper-rooted shrubs kill 

mesembs growing under them through interspecific competition (Yeaton and Esler 

1990, Wiegand et al. 1995, Wiegand and Milton 1996). Little evidence was found 

here, or in nearest-neighbour studies (Chapter 4), for competition between mesembs 

and deeper-rooted shrubs. Given the separation in the rooting systems of adults of 

these shrubs it is unlikely that one group causes the mortality of the other. The lower 

densities of adult mesembs under nurse shrubs might reflect the loss of nurse shrubs 

over time, and the loss of nurse shrubs may simply be the result of death from old age. 

For G. africana nurses, the higher densities of seedling and young shrub mesembs 

may also reflect a recent increase in the abundance of G. africana shrubs at sites near 

the beginning of the degradation gradient. 

Mesemb shrubs at the study site root very shallowly, most roots occurring in the 

top 5 cm of soil. Numerous fine roots are capable of densely filling this soil layer, 

although the density is highest under shrubs (Chapter 2). With this potential for 

overlap in the root systems, and consequent competition for the scarce resources, it is 

to be expected that few mesembs would occur beneath other mesemb canopies. 

Competition, however, does not entirely prevent seedlings from establishing beneath 

other mesemb canopies. Competition between mesembs does appear to limit the 

growth of plants. The size of both L. schultzei and R. robusta decreased the closer 

these shrubs were to each other, or to their conspecifics (Chapter 4). 

The ability of mesemb seedlings to survive for long periods in exceedingly dry 

soil appears to be a specific adaptation common to members of this family. In 
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glasshouse experiments similar to the one reported here, 100% of seedlings of two 

other Ruschia species survived for 77 days without water (Lechmere-Oertel and 

Cowling 2001) and 80% of Ruschia spinosa survived for 400 days without water 

(Esler and Phillips 1994). In all these experiments there was no indication that the 

seedlings would not survive for a great deal longer. 

Xylem water potentials lower than -4 MPa were not measured for mesembs at 

the study site (P.J. Carrick unpublished data). Water potentials as low as -8 MPa have 

been measured for the mesemb, Ruschia caroli (Midgeley and van der Heyden 1999), 

but even these do not approach the exceedingly low soil water potentials measured in 

the glasshouse experiments here. The water potentials in the roots are therefore not 

equilibrating with those in the soil. Loss of fine roots, a dramatic reduction in the 

conductance from root to soil, and the shrinking of established roots so that contact 

between the root surface and the soil is minimised, are all mechanisms that have been 

established for limiting the flux of water from roots during periods of soil desiccation 

in succulent species of Agave and Ferocactus (Nobel 1988). Similar mechanisms are 

likely to be operating in mesemb species. From the low water treatment in the nutrient 

and water glasshouse experiment it is clear that G. africana too is capable of 

surviving for short periods at extremely low soil water potentials. It appears that some 

mechanism, e.g. aquaporins (Steudle 2000), serves to minimise water flux from root 

to soil during periods of soil desiccation, but that this mechanism is unlikely to restrict 

the flux of water completely as G. africana does not survive soil desiccation for 

longer than a few days. 
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Dynamics o/Galenia africana shrubs 

Galenia africana differs from most of the other shrub species m a number of 

important ways. It can be toxic and as a result is widely considered to be unpalatable 

to livestock (e.g. Shearing 1994). However, in the browsing preference study of sheep 

and goats based at the stockpost next to site 4, G. africana was found to be 

moderately palatable and livestock spent as long browsing each G. africana shrub 

they encountered as they did browsing R. robusta shrubs (Chapter 5). Galenia 

africana has a very high rate of growth and is therefore better able to replace foliage 

lost to browsers than R. robusta. Galenia africana produces inconspicuous, wind

pollinated flowers, which do not appear to be browsed. In fact the number of flowers 

produced by shrubs on communal rangeland was somewhat higher than that produced 

on commercial rangeland (M.T. Hoffman unpublished data). The seeds are minute, 

less than half the size of those of mesembs (c. 0.04 mg; Table 3.7), and produced in 

great quantities, as is evidenced by the massive number of seeds and seedlings found 

at sites with abundant G. africana adults. The ability of G. africana to establish on 

recently disturbed sites suggests that these seeds can be transported long distances by 

wind. Galenia africana is also unusual in that it is the only deeper rooting shrub to 

establish and grow predominantly in open microhabitats. G. africana thus displays 

many traits that conform to early-successional life-histories (Huston 1994). These 

traits have been confused with r-selected life-histories (McArthur and Wilson 1967) 

but early-successional life-histories make no assumptions of density-independent 

selection (see Boyce 1984 and Grubb 1987 for further distinctions). 

The distribution of G. africana throughout the Karoo includes locations that are 

incredibly depleted in soil nutrients ( e.g. Cladoraphis spinosa sands; Chapter 2), but it 
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appears to be absent from the driest locations and is most commonly encountered in 

runnels and ephemeral water-courses (personal observation). I hypothesise that before 

the widespread human, and livestock induced disturbance of the Karoo, G. africana 

was largely restricted to ephemeral water-courses that provide seasonally moist 

habitats for establishment and periodic disturbance by flooding. Competition from 

plants on the plains prevents G. africana from establishing in these sites and it is only 

with the removal of much of this vegetation that G. africana is able to invade the 

plains. Maireana pyramidata in the semi-arid regions of south Australia exhibits very 

similar establishment dynamics (Barker 1979). It is restricted primarily to water

courses and is not able to establish on plains with good plant cover, but consistently 

invades plains at the centre of piospheres where plant cover has been greatly 

diminished by intense livestock activity. 

The establishment dynamics of these two shrubs indicate that the distribution of 

plants can be limited by competition at the low-resource end of their range as well as 

at the high-resource end. In other words, the limits of a plant's distribution are not 

simply set by the presence of superior competitors where resources are most 

abundant, and by the environmental limitation of resources where resources are least 

abundant, but that competition can act to further reduce the low environmental levels 

of resources where resources are least abundant (cf. Grime 1974, 1979). This point 

has been illustrated by Grubb (1985) where the presence of grasses sets the forest

steppe boundary in western North America at the low-resource end of the trees' range. 

Where grasses have been removed the availability of water is increased, the frequency 

of fire is reduced, and Pinus ponderosa trees are able to extend their distribution onto 

the steppe. 
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Adult G. africana shrubs had the lowest leaf survival at site 1 despite browsing 

intensity being lowest at this site. This suggests that during the drought competition 

for scarce below-ground resources was most intense at site 1. This competition, 

however, contributed to the death of only a small proportion of adult G. africana 

shrubs. There appears to be little competition between adult mesembs and deeper

rooted shrubs due to the vertical separation of their rooting systems (Chapter 4). 

Competition between G. africana and late-successional deeper-rooted shrubs possibly 

explains the lower leaf survival at site 1, but does not explain the low abundance of 

G. africana at sites 2 and 3 where the deeper-rooted shrubs are present only in low 

numbers. The abundance of mesembs is, however, high at sites 2 and 3, and it is only 

when the abundance of these shrubs drops that G. africana becomes numerous. 

I hypothesise that the establishment of G. africana is prevented by competition 

for water with adult mesembs. While adult G. africana are deeper-rooted, seedlings of 

G. africana are shallow-rooted for some time after germination. At this young stage 

seedlings have a poor ability to survive soil desiccation. Where mesembs are 

abundant their roots permeate the upper soil layer. Water uptake by these roots will 

greatly increase the rate at which the soil is desiccated after rains. Some root biomass 

was found in the soil of even the most open microhabitats, but under the highest 

mesemb cover root biomass increased by approximately one order of magnitude 

(Chapter 2). The density of G. africana shrubs that occurred under mesembs was 

extremely low and G. africana seedlings were never found to occur under mesembs. 

The survival of deeper-rooted Asteraceae seedlings in the southern Succulent Karoo 

was similarly limited by water and the proximity of adult shrubs (Milton 1994, 
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· 1995a). The seedlings of these asteraceous species appear to be more drought-tolerant 

than G. africana (Esler and Phillips 1994). Moreover, these asteraceous species are 

very much larger-seeded (Table. 3.7) and their reserves are likely to allow them to 

grow beyond the shallow root layer much faster than G. africana, making them safe 

from desiccation much sooner than G. africana. Grubb and Coomes (1997) suggest 

that very small seeded species are able to cope with a shortage of nutrients but not a 

shortage of water. This is presumably because while water is available roots are able 

to forage for nutrients or grow into positions where they can benefit from mutualisms 

with mycorrhizas, but growth is not possible under conditions of water limitation, 

regardless of nutrient availability. Where seedlings are sensitive to soil desiccation 

and water is only available for short periods in the upper soil, it is a necessary 

adaptation of seeds to contain sufficient nutrient stores to enable the rapid growth of a 

taproot to deeper soil levels where water is likely to be available for longer periods. It 

is sufficient to add that seedlings of all the deeper-rooted species studied, initially 

grow a single long taproot (Chapter 2). 

Limitation by nutrients and limitation by water 

Competition, in this case, acts to exacerbate resource limitation. The utilisation of a 

resource item by one plant means that it is not available for a competitor to use. Thus 

competition acts in the same way as a paucity of resources ( defined as stress by Grime 

1974). This dynamic of competition is outlined explicitly by Goldberg (1990), and is 

consistent with Tilman's (1990) view, but not with that of Grime (1974, 1979), in 

which there is a trade-off between a plant's ability to cope with resource limitation 

and a plant's ability to compete within the community. 
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While limitation by water might cause the mortality of G. africana, experiments 

indicate that the growth of G. africana and R. robusta is primarily limited by the 

availability of nutrients, and not by the availability of water. This suggests that 

difficulties in distinguishing between competition for survival and competition for 

growth (Goldberg and Novoplansky 1997) can be simply resolved, at least for these 

two species. Where a plant takes up a portion of the available water resource it 

impacts the survival of a competitor, but where a plant takes up a portion of the 

available nutrient resource it impacts the growth of a competitor. 

The two shrub species exhibit an ability to respond to resources that are limiting 

to growth or survival by increased root growth (i.e. foraging for the limiting resource) . 

In the glasshouse experiment, G. africana and R. robusta allocated proportionally 

more biomass to roots where nutrients were limited. Where nutrients and water were 

limited G. africana, which is intolerant of soil desiccation, allocated additional 

biomass to roots, whereas R. robusta, which is tolerant of soil desiccation, did not. 

A complex interaction between the availability of water and nutrients was 

expected. Nutrients are available for uptake by plant roots only when there is 

sufficient water in the soil for the transport of nutrients down concentration gradients, 

both within the bulk soil and across the rhizosphere. At the study site, the possibility 

of limitation by nutrients is further enhanced by the low levels of nutrients in the soils, 

and by the likelihood that nitrogen is the most limiting nutrient in this soil, by analogy 

with other semi-desert soil (Nobel 1989). Nitrogen ions are more mobile. than other 

major nutrient ions down concentration gradients within the soil (Cornforth 1968, Nye 

and Tinker 1977). A plant's access to nitrogen is therefore not simply a function of 
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root growth (foraging). As the available nitrogen can potentially be rapidly depleted 
from large volumes of soil, plant growth might be limited by nitrogen while water is 
still available (Grubb 1992). 

Competition in semi-deserts is usually inferred from the reduced growth, not 
survival, of plants in close proximity, but has been widely assumed to be due to 
limitation by water. In some studies an increased water potential or water uptake 
associated with reduced competition has been demonstrated (Fonteyn and Mahall 
1978, 1981; Robberecht et al. 1983; Ehleringer 1984; Franco and Nobel 1990; Yeaton 
1990). In a thorough study of the asteraceous shrub, Encelia farinosa in the Sonoran 
Desert, Ehleringer (1984) found a dramatically increased growth of shoots, flowers 
and entire shrubs following the removal of conspecific neighbours. This increased 
growth was associated with higher leaf water potentials and conductances but the 
nitrogen concentration of shoots did not differ between controls and shrubs with 
neighbours removed. This was interpreted as limitation by water in competing plants. 
The increased availability of a resource, and even the increased uptake of a resource, 
following the removal of neighbours, does not necessarily imply limitation by that 
resource (Goldberg 1990). Similar levels of nitrogen in control and treatment shoots 
might better be interpreted as evidence for limitation of growth by nitrogen since it 
indicates that the increased uptake of nitrogen by shrubs without neighbours is 
transferred directly into increased growth. The latter process has been demonstrated in 
a number of other studies (Healey 1989, Sala et al. 1989). 

Perhaps it is time to revise the assumption of limitation by water,of growth,and 
in competition in semi-deserts. Experiments that attempt to disentangle water and 
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nutrient limitation are highly instructive. Adding nitrogen to the soil in the 

Chihuahuan Desert increased the biomass production of annuals but adding water to 

simulate either small or large rainfall events did not (Gutierrez et al. 1988). Perhaps 

even more surprising is the fact that no water-nitrogen interaction was found. 

Grime (1977) suggested that the plants which cope with a paucity of resources 

have low and inflexible relative growth rates. This is not true of either G. africana or 

R. robusta. Nor is it true that the species with the lowest maximal relative growth rate 

(R. robusta) is the poorer competitor. These two shrub species conform best to the 

'gearing-down' strategy proposed by Grubb (1998) as one of three life-history 

strategies that plants may utilise to cope with a shortage of resources. This strategy 

appears to be widely applicable to shrub species within the Succulent Karoo and in 

fact to shrubs of semi-arid regions in general (Gibson 1998). It is difficult to predict 

which species is capable of greater gearing-down as it is likely that G. africana is 

capable of gearing-up its RGR further than those rates measured in the two nutrient 

addition experiments, if more nutrients were available, and both species are likely to 

gear-down their RGR beyond those measured in this study. Furthermore, the ability of 

R. robusta to switch to a CAM photosynthetic pathway (Rundel et al. 1999) is likely 

to facilitate dramatic gearing-down in carbon requirements. 

While both species display considerable phenotypic flexibility in their growth 

response, the invariable RGR response of individual G. africana plants within the 

water - nutrient treatments indicates a lack of genotypic variation. The apparent lack 

of genotypic variation displayed in G. africana is consistent with this plant having 

very recently invaded new areas or habitats over much of its range. It is reasonable to 
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expect some genotypic variation as seedlings of both G. africana and R. robusta were 

collected from a number of locations within the Paulshoek rangeland for this 

expe1iment. This interpretation is, however, qualified by a complete lack of data to 

suggest that gene-flow is comparable in the two species. 

Conclusions 

The most severe degradation of this rangeland community is caused by the removal of 

shrubs by humans. Adult shrubs of most species are resilient both to drought and 

browsing. The reduced abundance of shrubs under very high browsing densities 

appears to be due primarily to florivory leading to dramatically lower seed production 

and consequently poor regeneration. Once removed from a community, shrubs other 

than G. africana do not readily recolonise these communities, largely as a result of 

their poor dispersal and short-lived seeds. 

Galenia africana shrubs occur predominantly on the most degraded rangeland 

but in no way appear to prevent the establishment of other shrubs there. In fact, the 

canopies of G. africana shrubs provide a preferred microhabitat for the recruitment 

and establishment of most other shrubs. Additionally, dead shrub skeletons and 

R. robusta shrubs provide preferred microhabitats for the recruitment and 

establishment of deeper-rooted shrubs other than G. africana. This is likely to be due 

to the increased water availability beneath these shrubs since there is little vertical 

overlap in the rooting systems of these groups of shrubs. An ability to grow in the 

open, high seed production, and the very small seed-size of G. africana facilitate its 

establishment on degraded rangeland (rangeland from which other shrub species have 

been removed). It is proposed, however, that the very small seeds of G. africana do 
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not contain sufficient reserves to enable the taproot of a germinating seedling to 

penetrate the wide but shallow root layer beneath mesemb shrubs, before the soil is 

desiccated by the water uptake of these shrubs. This, coupled with the drought

intolerance of the seedlings, prevents G. africana from establishing in communities 

where mesembs are abundant. With the exception of mesembs, which seem to be 

strongly drought-tolerant, the survival of most shrub seedlings in this community 

appears to determined by the availability of water, while the growth rates of both 

seedlings and adults, of at least the two most abundant species, G. africana and 

R. robusta, appear to be determined by the availability of nutrients and not water. 

There are indications that this finding is of general significance to semi-arid systems 

worldwide and should be a priority for further study. 
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Chapter 4: 

Competitive and facilitative relationships among shallow
and deeper-rooted shrubs, and the role of browsing 

intensity 

Introduction 

In many parts of the world, plant communities of arid and semi-arid areas have been 

shown to be structured by competition (Yeaton and Cody 1976, Yeaton et al. 1977, 

Fonteyn and Mahall 1978, 1981, Phillips and MacMahon 1981, Robberecht et al. 1983, 

Ehleringer 1984, Franco and Nobel 1990, Yeaton 1990, Briones et al. 1996, Nobel 

1997, Sala et al. 1997). The structure of the community is shown not only in the pattern 

of spacing, but also in the differentiation of rooting depth among co-existing species 

(Cody 1986, Yeaton 1990). Studies in semi-arid areas have assumed that competition is 

largely for water. However, when water is available plants are likely to compete for soil 

nutrients (Chapter 3, Grubb 1992, Goldberg and Novoplansky 1997). For the Succulent 

Karoo, there is evidence froni observational studies for competition between perennials 

(Yeaton and Esler 1990, Esler and Cowling 1993), between perennials and annuals 

(Cunliffe et al. 1990), and between biennials and annuals (Yeaton et al. 1993). There is 

also experimental evidence for competition between perennials (Stokes 1994). Esler et 

al. (1999) have sugges~ed that in the Succulent Karoo Mesembryanthemaceae are able 

to dominate over other shrubs as a result of their shallower rooting, coupled with their 

active growth in the winter when most rain falls. Surprisingly, however, Esler et al. 

(1999) and Cowling and Hilton-Taylor (1999) maintain that competition among plants 

has a negligible influence on structuring the Succulent Karoo, whereas competition is 

important in structuring the adjacent Nama Karoo, an area with a summer rainfall 

maximum. 
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There is increasing evidence to suggest that facilitation is also important in 

structuring semi-arid plant communities (Callaway 1995). Facilitation may arise 

through the protection of palatable species from herbivores, protection of sensitive 

young plants from excessive radiation and heating, access to the enriched nutrient-island 

or increased soil water under established shrubs. For the Succulent Karoo the possibility 

of facilitation by protection from herbivores has been recognised but no evidence has 

been found under the moderate browsing intensities of commercial rangelands (Milton 

1994, 1995). It is evident only under the extremely high browsing and trampling 

intensities of communal rangelands (Todd 2001). Recently it has been suggested that 

facilitation may play a greater role than competition in structuring strandveld vegetation 

communities found on the deep coastal sands within the Succulent Karoo (Eccles et al. 

1999). Facilitation, as part of the dynamics of cyclical succession, also appears to be 

common in the southern Succulent Karoo, although no mechanistic explanation has yet 

been presented (Yeaton and Esler 1990). 

Competition in plant communities can be inferred where the size of neighbouring 

plants increases with increasing distance between them (Pielou 1960, 1962, Yeaton and 

Cody 1976, Yeaton et al. 1977, Fonteyn and Mahall 1978, 1981, Phillips and 

MacMahon 1981, Welden and Slauson 1986, Welden et al. 1988, Cunliffe et al 1990, 

Yeaton 1990, Yeaton and Esler 1990, Wilson 1991, Esler and Cowling 1993, Briones et 

al. 1996). fu the same way, facilitation can be inferred where the size of neighbouring 

plants increases with diminishing distance between them. fu many cases competition 

and facilitation are likely to take place simultaneously (Callaway 1995); for example, a 

plant may benefit by being protected against high irradiance ( and consequently, high 
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leaf temperatures) but have its water supply appreciably reduced (Franco and Nobel 

1990). However, the dominant process may be inferred from the nature of the 

relationship between the size and distance of neighbouring plants. 

In this study, the intraspecific and interspecific relationships among three shrub 

species were analysed, under two rangeland management systems which differed in the 

intensity of browsing. The sums of the sizes of nearest-neighbour plants were regressed 

against interplant distances to indicate the nature and strength of the relationship, and 

for interspecific pairs, the individual sizes of each species in the pair were regressed 

against interplant distances to indicate the contribution of each species to the 

relationship. Root architecture and rooting depth were examined in order to explain the 

nature of possible competitive and facilitative relationships found among the three study 

plants. 
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Materials and Methods 

Site description 

The study site lies 15 km south-east of the village Paulshoek (30° 25' S; 18° 15' E) at an 

altitude of about 1100 m. It is within the part · of the Succulent Karoo known as 

Namaqualand Broken Veld (Acocks 1988). The study was made in vegetation that is 

typical of the plains with shallow soils derived from granite-gneiss. The area is used 

primarily as rangeland for sheep (Ovis aries) and goats (Capra hircus). Small numbers 

of cattle and donkeys are also kept and indigenous browsing animals e.g. steenbok 

(Raphicerus campestris) and Smith's red rock rabbit (Pronolagus rupestris), are present 

but at very low densities. Transects were laid out on two sides of a fence separating land 

managed communally by the inhabitants of Paulshoek from land managed by a single 

commercial farmer. Since the fence was erected approximately 40 years ago the land 

under communal management has had considerably higher stocking densities: about 1 

Small Stock Unit (roughly equivalent to an adult goat or sheep) to every 6 ha versus l 

Small Stock Unit per 18 ha on land under commercial management. The fence therefore 

divides this plant community into two paddocks with different browsing histories. These 

are referred to as the "heavily-browsed site" and "moderately-browsed site". 

Rainfall at the study site has had a mean of 135 mm per annum over the last four 

years, but this may under-estimate the long-term mean as it includes at least one drought 

year. Long-term climatic data are taken from Springbok, which is the nearest fully 

equipped weather station to the study site at a similar elevation and situation relative to 

the frontal weather systems: rainfall has an annual coefficient of variation of 36% with a 

winter maximum, mean maximum temperature of the hottest month is 30°C, and mean 
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m1mmum temperature of the coldest month 1s 7°C ( data from the South African 

Weather Bureau). 

Soils are sandy loams and are about 25-30 cm deep to bedrock. The soils are 

generally structureless, as is typical of Karoo soils (Watkeys 1999), but there is a small 

increase in the fine particle fraction with depth (Chapter 2). There are significant 

differences in pH, organic matter, nitrogen and calcium between soils under shrub 

canopies and in the open. At both the heavily- and moderately-browsed sites, in the 

surface soil under the most abundant shrub species, the organic fraction and calcium 

concentration increased by a factor of two, and the nitrogen concentration by a factor of 

three. The increase in pH was small (Chapter 2). In order to test for possible edaphic 

differences between the two sites, soil samples were taken for nutrient and texture 

analysis. Twelve samples of the top 10 cm of soil in open microhabitats were taken at 

the heavily-browsed site, nine at the moderately-browsed site, and were compared using 

t-tests. 

The methods of soil analysis follow the recommendations of Allen (1989). For 

each soil collection, after removing any surface litter or dung, a core with a diameter 

of about 10 cm, was removed and thoroughly mixed in the field. A sub-sample was 

then taken and oven-dried in the laboratory at 70°C for at least 48 hours. Values for 

pH were determined electrometrically from a paste (10 g soil and 25 ml solution) with 

deionized water and with 1 M KCL Total organic fraction was determined from the 

loss-on-ignition after 8 hours at 375°C. Chemical analyses were performed after 

heated digestion in concentrated sulphuric acid with mercuric oxide and hydrogen 

peroxide for 3-4 hours. Total nitrogen and phosphorus concentrations were 
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determined using a continuous flow auto-analyser; nitrogen by the micro-kjeldahl 

method involving the formation of an indophenol blue compound, and phosphorus by 

the formation of a molybdenum blue complex; standards were prepared with 

acetophenetidin and KH2P04 • Total potassium and sodium concentrations were 

determined by flame emission photometry. Total calcium and magnesium 

concentrations were determined by atomic adsorption photometry (using nitrous oxide 

and acetylene to avoid interference). Particle fractionation was performed using a 

long-bed laser particle sizer (Malvern Mastersizer X and MSX14 sample presentation 

unit) after disaggregating samples on a whirlimixer in a sodium pyrosphosphate 

solution. For particle fractionation, only three soil samples were analysed from each 

site. 

Study species 

The study species were Leipoldtia schultzei (Schltr. and Diels) Fredrich, Ruschia 

robusta L. Bolus, both members of the Mesembryanthemaceae, and Hirpicium 

alienatum (Thunb.) Druce in the Asteraceae. Leipoldtia schultzei is widespread 

throughout the Succulent Karoo (Hartman and Rust 1994), Ruschia robusta is common 

and often dominant in the eastern regions of Acocks' (1988) Namaqualand Broken Veld 

(Hermann 1960), and Hirpicium alienatum is widespread in both the Succulent Karoo 

and the adjacent Nama Karoo biome (Roessler 1959). All three species are low shrubs; 

in this study, Ruschia had a mean diameter of 29.8 ± 0.8 cm and a maximum height of 

60 cm, Leipoldtia had a mean diameter of 19.6 ± 0.5 cm and was not more than 40 cm 

tall, and Hirpicium had a mean diameter of 16.9 ± 0.5 cm and was rarely taller than 

60 cm. Leaves of the two Mesembryanthemaceae are much more succulent than those 

of the asteraceous shrub (mean water contents at saturation, per unit dry mass, were 
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355 ± 16% and 314 ± 12% for Ruschia and Leipoldtia respectively, versus 124 ± 9% for 

Hirpicium). All three species have small leaves (Ruschia 2 x 1 mm - 6 x 3 mm, 

Leipoldtia 3 x 2 mm- 15 x 4 mm, Hirpicium 2 x 0.5 mm-12 x 1.5 mm). 

The three study species are those that are most abundant in the community. Similar 

communities are widespread in Acock's (1988) Namaqualand Broken Veld, and the 

growth form composition is typical of the broader Succulent Karoo, in that small 

leaf-succulent shrubs (<1 m tall) of the Mesembryanthemaceae dominate the vegetation 

(Cowling et al. 1994). Mesembryanthemaceae have consistently shown the facultative 

CAM photosynthetic pathway (CAM, CAM idling and C3; Von Willert et al. 1985, 

Herppich et al. 1996, Rundel et al. 1999). Non-succulent, deciduous and evergreen 

shrubs form the next most abundant component of the perennial vegetation (Cowling et 

al. 1994). The majority of these are members of the Asteraceae. Non-succulent 

Asteraceae show C3 photosynthesis (Rundel et al. 1999). 

Sampling of nearest-neighbours and the community 

The plains are not entirely flat, but have low parallel ridges running approximately 

parallel with the fence separating the heavily- and moderately-browsed sites. Two 

ridge tops on each side of the stock fence were sampled by running 1 m-wide 

transects along the peak of each ridge. Wherever one of the three study species was 

encountered along these transects, and its nearest neighbour was another of the study 

species, the distance between the two plants, the height, and two perpendicular 

diameters of each plant were measured. Sampling continued until at least 50 pairs of 

each combination of plants had been sampled on both sides of the fence. At the 

heavily-browsed site, insufficient plants of Hirpicium existed as mutual nearest 
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neighbours and therefore intraspecific effects for this species could not be determined 

at this site. 

Nearest-neighbour data thus consisted of at least 50 sampled pairs of five 

intraspecific or interspecific species combinations of Leipoldtia, Ruschia and 

Hirpicium from the heavily-browsed site and at least 50 sampled pairs of each of the 

six possible combinations from the moderately-browsed site. 

Ten 5 x 5 m plots were surveyed at each site. In each plot the identity of all 

perennials was noted. Individual shrubs were counted, their mean diameters measured 

to the nearest 5 cm, and used to calculate the cover for each species ( as the sum all 

areas of the circles described by the mean diameter of each shrub). The cover and 

abundance values were compared between the two sites using t-tests. Seedlings were 

not counted or sampled for nearest-neighbour analysis. Soil depth was measured at the 

comer of each plot by hammering a sharpened steel pole into the soil until rock was 

encountered. 

Analysis of nearest-neighbour effects 

In order to test the hypothesis that there is a correlation (positive or negative) between 

the sizes of the plants and the distance between them, two-tailed regression analyses 

were conducted on these data. Each pair was treated as a single data point. Where two 

plants were each other's nearest neighbours the data points were not used twice. This 

technique has been used in many other studies, but it simply duplicates most data 

points in the regression and violates the statistical independence of transect sampled 
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data. In trial analyses, the use of the relevant data points twice was found to cause 

little change to either the correlation coefficient or to the slope of the regression. 

Height and diameter measurements were used to calculate the volume of each 

plant as an oblate spheroid (an ellipse rotated about its minor axis) using the formula: 

where: vis the volume of the plant 
a is the minor axis, either height or mean diameter, whichever is the smaller 
b is the major axis, either height or mean diameter, whichever is the larger 
(Phillips and MacMahon 1981) 

Plant size data were found to have a Poisson distribution; they differed 

significantly from the normal distribution (Kolmogorov-Smimov test), and the data 

were thus square-root transformed (Zar 1984). In practice, however, the correlation 

coefficient (r) was similar for regressions conducted on transformed and 

untransformed data. In no instance did r differ by more than 10%, and only in three 

cases did it change by more than 5% (these changes had little impact on the 

significance of the regression). 

Size data were then standardised by dividing the size of each plant by the mean 

size for that species, in a particular pair combination. In this way the relative size of 

each species in interspecific combinations counted equally, and the combined sizes of 

each pair were not weighted unduly by the larger species. 
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In most nearest-neighbour studies emphasis has been given to the relationship 

between the combined sizes of plants in nearest-neighbour pairs, and the distance 

between them (Yeaton and Cody 1976, Yeaton et al. 1977, Fonteyn and Mahall 1978, 

Cunliffe et al 1990, Fonteyn and Mahall 1981, Phillips and MacMahon 1981, Welden 

et al. 1988). For interspecific pairs, analysis of combined sizes may mask underlying 

competitive effects being experienced by one of the species in the pair. In order to test 

the relative contribution of each species to the interaction, the sizes of plants of each 

species were regressed separately against distance ( e.g. Briones et al. 1996). 

It has been argued that the steepness of the slope of the linear regression indicates 

the intensity of the competitive interaction. The lower the slope, the more intense the 

interaction, as this indicates that competition acts over a longer relative distance, for 

any given change in plant size (Welden and Slauson 1986, Welden et al. 1988, 

Briones et al. 1996). It can equally be argued that competition is most intense where a 

small change in the distance between plants results in a dramatic change in size, hence 

a steeper slope. Welden and Slauson (1986), Welden et al. (1988) and Briones et al. 

(1996) take the correlation coefficient to represent the importance of competition and 

the slope to represent intensity, and argue that the two measures are not necessarily 

related. In this study, the slopes of all regressions were very highly correlated 

(r2=0.82; P<0.001) .with their correlation coefficients. The same trend is evident in the 

data of Welden et al. (1988) and Briones et al. (1996). This would consistently 

indicate that where competition is important, it is of low intensity, and vice versa, 

which does not seem plausible. In fact the slope is not independent of the correlation 

coefficient, the correlation coefficient is the product of the slope of the regression and 

the ratio of the standard deviations of the variables, x and y (Sokal and Rohlf, 1984). 
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Therefore, only the correlation coefficient is used here to indicate the importance of 

the interaction (competitive or facilitative), and the term "intensity'' is not used to 

indicate any additional characteristics of the interaction. The slope merely indicates 

the distances, relative to volume, over which competitive or facilitative interactions 

take effect. 

Root excavations 

Isolated adult plants of each species (three for Leipoldtia and Hirpicium, and four for 

Ruschia) were chosen at random at the moderately-browsed site. The root systems 

were excavated by hand; the techniques varied from the use of paintbrushes to trace 

fine roots within loose soil, to the use of cold chisels for extracting deep roots from 

the crumbling bedrock. Roots that extended to a depth >30 cm were not sampled. 

Only one Hirpicium shrub had a few fine roots that penetrated beyond this depth. 

Roots of Ruschia and Leipoldtia did not extend beyond 30 cm. Root architecture, 

depth and lateral extent were recorded in diagrams and photographs as excavation 

progressed. Roots were classed as "fine" if the diameter was < 2mm, and otherwise as 

"coarse". Roots were stratified into four depths (0-5, 5-10, 10-20 and 20-30 cm), 

bagged, and the dry mass values determined separately. The proportions of roots in 

the four depth classes were compared among the three species in ANOVA's and 

multiple comparisons tests (Tukeys' HSD). 
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Results 

Soils and species composition of the sites 

Soil depths at the moderately-browsed and heavily-browsed sites were the same, and 

there was little difference in the nutrient concentration or texture of the soil 

(Table 4.1 ). The single exception was in the potassium concentration which was about 

one third lower at the heavily-browsed site, but at 2.3 mg.g-1
, this was still high on an 

agronomic scale and is unlikely to limit plant growth (Ellis and Lambrechts 1986). 

The vegetation was essentially similar at the two sites (Table 4.2). Shrubs are the 

most abundant component of the community, and most of these are mesembs. There is 

a sparse cover of perennial herbs, both in open microhabitats ( e.g. Aizoon canariense 

and Hypertilis salsoloides) and under shrub canopies (e.g. Crassula muscosa and 

Crassula subaphylla ). In wet winters the cover of annual herbs can be high, but 

geophytes are a minor component of the community and perennial grasses are very 

rare. Ruschia is the most abundant shrub, and is similar in cover and abundance at the 

two sites (Table 4.2). Leipoldtia and Hirpicium are the next most abundant shrubs, 

except at the moderately-browsed site where Tripteris sinuata is more abundant. 

While the abundance of Hirpicium shrubs is not very different at the two sites, the 

cover is significantly lower at the heavily-browsed site, demonstrating that these 

shrubs are smaller at this site. The total number of shrubs is also significantly lower at 

the heavily-browsed site, due primarily to lower numbers of deeper-rooting shrubs 

(including Tripteris sinuata) at this site. Generally, deeper-rooting shrubs are highly 

palatable to sheep and goats (Chapter 5), and were the first to be removed along a 

gradient of increasing browsing density at the study site. 
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Nearest-neighbour regressions on the combined sizes of the species pairs 

For all intraspecific pairs, at both sites, the results of the regressions were highly 

significant (P<0.001; Fig.4.1). The positive slope of the line indicated net competitive 

relationships in all cases. The correlation coefficients of Ruschia pairs at both sites, 

and Hirpicium pairs at the moderately-browsed site, were around 0.2. The correlation 

was more variable for Leipoldtia pairs, being much greater at the moderately-browsed 

site (r2=0.5) than at the heavily-browsed site (r2=0.2). 

For interspecific pairs, the regressions of the combined sizes of shrubs indicated 

both competitive relationships and non-significant relationships, but no facilitative 

relationships (Fig. 4.1). At both sites a highly significant (P<0.001), positive 

correlation was found for Leipoldtia - Ruschia pairs, although the correlation was 

stronger at the moderately-browsed site (r2=0.5) than at the heavily-browsed site 

(r2=0.2). A significant competitive effect was found for the Ruschia - Hirpicium pair 

at the moderately-browsed site, but the correlation was weak (r2=0.1), and the 

correlation was not significant at the heavily-browsed site. No significant correlation 

was evident in Leipoldtia -Hirpicium pairs at either site. 

Thus the importance of competition was higher at the moderately-browsed site in 

all species combinations except Ruschia-Ruschia pairs where it was similar to that at 

the heavily-browsed site. 

Nearest-neighbour regressions on the individual sizes of species within pairs 

At both sites the size of Ruschia is strongly, positively correlated with its proximity to 

Leipoldtia (r2=0.4 at both sites; Table 4.3). However the size of Leipoldtia is more 

169 



weakly correlated with its proximity to Ruschia (r2=0.2 at the moderately-browsed 

site, and the correlation was not significant at the heavily-browsed site). This 

therefore suggests that Leipoldtia exerts a stronger competitive effect on Ruschia than 

Ruschia does on Leipoldtia. 

The relationships between Hirpicium and both the mesembs are weak. At the 

moderately browsed site neither the size of Ruschia nor Leipoldtia is significantly 

correlated with proximity to Hirpicium (Table 4.3); likewise, the size of Hirpicium 

was not significantly correlated with its proximity to either Ruschia or Leipoldtia. At 

the heavily-browsed site Ruschia experiences a weak (r2=0. l ), but significant, 

competitive impact with increasing proximity to Hirpicium. At the same site, 

Leipoldtia experiences no significant impact from Hirpicium, but there is a significant 

(r2=0.1) increase in the size of Hirpicium with proximity to Leipoldtia, indicating 

facilitation of Hirpicium by Leipoldtia. 

Root morphologies 

Vertical separation in the rooting morphologies of the three shrubs is clearly evident 

(Fig. 4.2). Hirpicium has a thick descending taproot (up to 4 cm thick at the top) that 

branches little before encountering the loose bedrock layer, the fine roots extending 

almost exclusively into the deepest part of the soil profile. In contrast, both Ruschia 

and Leipoldtia are predominantly shallow but lateral rooting. Ruschia does not have a 

woody taproot, but has a rootstock (up to 3 cm thick at the top) that regularly reaches 

a depth of 10 cm, so that a small proportion of coarse roots reach soil at this depth. 

Leipoldtia has no descending rootstock, and has the most divaricating root 

morphology of the three species. The horizontal extent of rooting was greatest in 
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Ruschia (mean rooting diameter up to 160 cm), but the ratio of mean rooting diameter 

to mean canopy diameter was greatest for Leipoldtia (2.5 ± 0.5, compared with 2.0 ± 

0.2 for Ruschia, and 1.4 ± 0.2 for Hirpicium). 

The root mass fraction (root dry mass/total dry mass) values for Hirpicium (0.28 ± 

0.06), Ruschia (0.31 ± 0.03) and Leipoldtia (0.37 ± 0.04) were similar. As expected, 

Hirpicium was found to have the lowest proportion of its total root dry mass in fine 

roots (9%), Ruschia an intermediate proportion (25%) and Leipoldtia the highest 

(73%; Fig. 4.2). Moreover, Hirpicium had significantly greater proportions of its root 

mass in the 10-20 and 20-30 cm soil horizons. Hirpicium had only 29% of its root 

mass in the top 5 cm, while 69% of all Ruschia roots and 77% of all Leipoldtia roots 

occurred. at this depth. Although Ruschia and Leipoldtia did not have significantly 

different proportions of total root mass at 0-5 cm (Fig. 4.2), Leipoldtia had 

significantly more fine roots than Ruschia in this soil horizon. Moreover, Leipoldtia 

tended to root more shallowly than Ruschia within this horizon. The roots of a single 

plant of each of Leipoldtia and Ruschia were separated into their 0-2 cm and 2-5 cm 

depth fractions during excavation. Only 15% of the Ruschia roots were within the 0-2 

cm depth fraction, but 50% of the Leipoldtia roots were within this fraction. 
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Table 4.1 Chemical and physical properties of soils (mean ± 1 SE) from a moderately
browsed site and an adjacent heavily-browsed site. Three collections of three samples 
each, were made at the moderately-browsed site, and four collections of three samples 
each, were made at the heavily-browsed site over a two-year period. A core of the upper 
10 cm of soil was sampled from open (between shrub) microhabitats in each case. 
** (P<0.01) indicates a significant difference between sites (t-test) . 

Moderately-browsed Heavily-browsed 

pH (H20) 6.30 ±0.10 6.40 ±0.20 

Total organic (%) 1.20 ±0.10 1.30 ±0.20 

Nitrogen (mg.g·1) 0.07 ±0.03 0.08 ±0.02 

Phosphorus (mg.g·1) 0.21 ±0.02 0.18 ±0.01 

Potassium (mg.g"1
) 3.79 ±0.39 ** 2.28 ±0.14 

Calcium (mg.g·1
) 0.71 ±0.08 0.79 ±0.13 

Magnesium (mg.g·1
) 0.99 ±0.10 1.06 ±0.17 

Sodium (mg.g·1
) 0.38 ±0.06 0.52 ±0. 10 

Texture sandy loam sandy loam 

Soil depth (cm) 21 ±2 21 ±2 

. I 
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Table 4.2 Mean(± 1 SE) percentage cover and number of perennial shrubs in 10 replicate 25m2 plots, at a moderatelybrowsed site and an adjacent heavily-browsed site. Perennial herbs and geophytes were also present in these plots but comprised a very small proportion of total cover. ** (P<0.01) and* (P<0.05) indicate significantly higher values at one site (t-tests). 

Species 

Ruschia robusta 

Leiplodtia schultzei 

Hirpicium a/ienatum 

Euphorbia decussata 

Tripteris sinuata 

Galenia africana 

Ruschia aggregata 

Other shallow-rooted shrubs 

Other deeper-rooted shrubs 

Total 

Family 

Mesembryanthemaceae 

Mesembryanthemaceae 

Asteraceae 

Euphorbiaceae 

Asteraceae 

Aizoaceae 

Mesembryanthemaceae 

Moderately-browsed 

Cover Number 

12.4 ± 2.2 32.4 ± 5.3 

1.5 ± 0.8 17.4±11.3 

1.9 ± 0.5 * 16.6 ± 5.0 

2.5 ± 0.7 6.4 ± 1.7 

2.6 ± 1.1 19.8 ± 9.6 

0.7 ± 0.4 1.7 ± 0.7 

0.8 ± 0.4 5.3 ± 1.8 

1.6 ± 0.5 20.6 ± 8.3 

2.1 ± 0.8 9.9 ± 2.2 * 
25.7 ± 1.3 130 ± 11 ** 

Heavily-browsed 

Cover Number 

15.5 ± 3.1 37 .3 ± 6.7 

3.2 ± 1.2 22.2 ± 8.3 

0.5 ± 0.2 9.8 ± 3.3 

2.3 ± 0.9 6.7 ± 2.3 

0.3 ± 0. 1 2.2 ± 1.3 

1.1 ± 0.3 1.7 ± 0.5 

0.1 ± 0.1 0.4 ± 0.2 

0.2 ± 0.1 4.5 ± 1.4 

0.5 ± 0.2 3.2 ± 0.8 

23.6 ± 2.4 88 ± 8 
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Fig. 4.1 Linear regressions of the sums of volumes (square-root transformed and standardised) and the distances 
between nearest-neighbour shrubs in six species-pair combinations, for plant communities at a moderately
browsed site and an adjacent heavily-browsed site. Slopes and y-intercepts are indicated for equations that 
describe the line. The correlation coefficient (r\ significance (NS P>0.05, * P<0.05, *** P<0.001), and the 
sample size of each relationship are also indicated. 

174 

I ,I 



Table 4.3 Regression coefficients for individual species within three interspecific pairs at a moderately
browsed site and an adjacent heavily-browsed site. Regressions are of the volumes (square-root 
transformed and standardised) of individual species within nearest-neighbour pairs, on the distance 
between nearest-neighbours. Slopes and y-intercepts are shown for equations that describe the linear 
regression. Sample sizes, correlation coefficients (r2), and the significance (NS P>0.05, * P<0.05, *** P<0.001) of the relationships are also indicated. 

Neighbour Pair n Target Species r2 Slope Intercept 

Moderately-browsed Site 

Leipoldtia-Ruschia 56 Leipoldtia 0.23 *** 0.023 0.37 
Ruschia 0.45 *** 0.037 -0.03 

Leipoldtia-Hirpicium 51 Leipoldtia 0.01 NS 0.006 0.90 
Hirpicium 0.01 NS -0.004 1.07 

Ruschia-Hirpicium 55 Ruschia 0.05 NS 0.006 0.88 
Hirpicium 0.06 NS 0.008 0.83 

Heavily-browsed Site 

Leipoldtia- Ruschia 66 Leipoldtia 0.01 NS 0.004 0.88 
Ruschia 0.41 *** 0.027 0.20 

Leipoldtia-Hirpiciuin 50 Leipoldtia 0.02 NS 0.008 0.85 
Hirpicium 0.10 * -0.273 1.27 

Ruschia-Hirpicium 51 Ruschia 0.09 * 0.186 0.81 
Hirpicium 0.03 NS -0.008 1.1 2 
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Discussion 

Relationships between shrubs with similar root morphologies 

Contrary to the expectation of Cowling and Hilton-Taylor (1999) and Esler et al. 

(1999) for the Succulent Karoo in general, the inferential technique used here 

indicated that strong competitive interactions occur among plants of the three most 

abundant perennial species. If facilitative effects occur, they are swamped by 

competitive effects, except in a single instance. These results are consistent with 

those of earlier studies in the Succulent Karoo (Yeatcin and Esler 1990, Esler and 

Cowling 1993, Stokes 1994), and suggest that the Succulent Karoo is essentially like 

various semi-deserts in North America in showing significant competition among the 

dominant perennials (Yeaton and Cody 1976, Yeaton et al.1977, Fonteyn and Mahall 

1978, 1981, Phillips and MacMahon 1981, Robberecht et al. 1983, Ehleringer 1984, 

Franco and Nobel 1990, Yeaton 1990, Briones et al. 1996, Nobel 1997). 

Clear evidence was obtained for impacts of intraspecific competition in all three 

study species (Fig. 4.1). There was also evidence for competition between Leipoldtia 

and Ruschia. m contrast there was only weak and restricted evidence for competition 

between either Leipoldtia or Ruschia and Hirpicium (Fig. 4.1 and Table 4.3). These 

results are interpreted in terms of vertical separation of the main absorbing roots. 

Cody (1986) argued that vertical separation of root systems should facilitate co

existence of different species in semi-deserts, and critical studies of grasses on sand 

dunes in the Namib desert (Yeaton 1990), and of three species, with differing growth 

forms, in the Sonoran semi-desert (Nobel 1997), have established this point. 
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The shallow roots of Leipoldtia and Ruschia allow for the uptake of water and 

nutrients after small rainfall events that do not percolate deeply, much like those of 

many succulent Cactaceae and Agavaceae in North America (Nobel 1988). At the 

end of a long dry summer both Leipoldtia and Ruschia were able to fill their leaves to 

apparent maximum turgidity after a rainfall event of less than 10 mm, effectively 

increasing their leaf water content from 320% to 450% in Leipoldtia and from 260% 

to 370% in Ruschia. However, calculations of a single Ruschia plant, with a canopy 

diameter of 50 cm and umestricted access to soil resources 100 cm in diameter (i.e. 

25% cover by adult Ruschia), reveal that only about 1 % of the entire water input of a 

10 mm rainfall will be absorbed into the leaves in this way (P.J. Carrick unpublished 

data). If there is competition for water, the mechanism must be sought elsewhere. 

Competition for water is more likely to be effected by the ability of 

Mesembryanthemaceae to switch rapidly from CAM to C3 photosynthesis when water 

is available, and to dry the soil subsequently by transpiration (Von Willert et al. 1985, 

Herppich et al. 1996). 

The efficacy of water uptake is positively related to total root length, largely as a 

consequence of having a greater number of root tips, because uptake occurs mainly 

through them (Caldwell and Richards 1986). The apparent dominance of Leipoldtia 

over Ruschia is likely to be explained by Leipoldtia having a greater density of fine 

roots, and consequently root tips, which are more strongly concentrated in the top 

2 cm of soil (Fig. 4.2). Leipoldtia also has a slightly greater root mass fraction and a 

relatively greater lateral rooting extent. It is thus likely to be particularly efficient at 

water uptake from very small rainfall events. 
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It is likely that growth is limited by competition for mineral nutrients, 

principally nitrogen, at least as much as competition for water. Experiments have 

shown the growth-rate of Ruschia to be limited by nutrient supply both in the case of 

adults in situ, and young plants grown in soil from the field site under glasshouse 

conditions (Chapter 3). Competition for nutrients will be mediated by water 

availability since, for a number of reasons, nutrients are generally only available to 

plant roots when in solution. Again, more finely 

dissected roots will be an advantage m the uptake of nutrients (Caldwell and 

Richards 1986). 

Hirpicium has access to water in deeper soil. Other asteraceous shrubs in the 

Succulent Karoo have been shown to transpire rapidly and exhaust the soil water 

relatively quickly (Midgley and van der Heyden 1999). If a deeper-rooted shrub such 

as Hirpicium co-exists with a number of such s~bs, it is unlikely to access much of 

the resource pool unless it too evolves a rapid water use strategy. High maximum 

assimilation rates are typical of such r:.on-succulent semi-arid shrubs (Gibson 1988), 

and it seems likely that competition for pulsed and limited resource pools drives this 

strategy. 

Relationships between shrubs with different root morphologies 

The idea that shallower-rooted plants can be competitively superior at sites with 

limited rainfall, proposed by Walter (1937), has been supported by the experiments of 

Sala et al. (1989) who found that removal of shallower-rooted grasses increased the 

water availability to, and productivity of, deeper-rooted shrubs, while the removal of 

shrubs had no effect on grasses. The increase in the productivity of the shrubs was 
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small relative to that of the grasses, but indicated that it is possible for the shallow

rooted species to reduce the availability of resources to deeper-rooted species in semi

arid systems (Sala et al. 1989). Esler et al. (1999) have recently suggested that the 

dominance of the mesembs in the Succulent Karoo arises from the shallowness of 

their roots and their ability to use the rain when it falls in winter. They imply that 

were this not so the water would percolate to greater depths and be available for use 

by deeper-rooted shrubs. This seems improbable in view of the negligible impact of 

Leipoldtia and Ruschia on Hirpicium. It seems more likely that the high incidence of 

small rainfall events over much of the Succulent Karoo leads to very shallow 

infiltration of water, which is lost fairly rapidly by evaporation, even in the absence of 

mesembs. Only water from large rainfall events and from a number of small rainfall 

events that follow in quick succession is available to deeper-rooted shrubs. Where 

small rainfall events make up a considerable proportion of the total rainfall they can 

have profound impacts on the structure and composition of semi-arid communities 

(Sala and Lauenroth 1982, Sala et al. 1992). 

The co-existence of mesembs and deeper-rooted shrubs, predominantly 

Asteraceae, in eastern Namaqualand and the southern Succulent Karoo reflects the 

nature of the rainfall. At Springbok, the nearest weather station to the study site, with 

long-term rainfall records and at a similar elevation and situation, small rains 

( <l O mm) accounted for 81 % of the rainfall events and 42% of the total rainfall over 

the last century ( data from the South African Weather Bureau). From estimates of the 

bulk density of the soil at the study site, it is calculated that approximately half of this 

rainfall will infiltrate beyond 5 cm and it is therefore likely that a smaller proportion 

will be available to deeper-rooted shrubs (Chapter 2). In the Nama Karoo, to the east, 
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deeper-rooted shrubs dominate and mesembs usually have a low or negligible cover 

(Acocks 1988, Cowling et al. 1994). For instance, at Brandvlei, a site of similar 

latitude to the study site, mean annual precipitation is 141 mm but falls mainly in 

summer and only 62% of the events and 30% of the total occur as rains <10 mm (data 

from the South African Weather Bureau). It is likely that the reduced number of small 

rainfall events and the increased evaporation potential in the summer-rainfall Nama 

Karoo create an environment to which the mesembs are ill-adapted. Indeed, Ruschia 

spinosa, one mesemb that is widespread in the Nama Karoo, has a taproot descending 

to 25 cm or more (P.J. Grubb and P.J. Carrick, unpublished data). On soils of a similar 

texture to the study site, and at a similar latitude but further west, close to the 

Namaqualand coast, the opposite is true. Here the vegetation is dominated almost 

entirely by mesembs and other shallow-rooted succulents (personal observation, 

Acocks 1988). The mean annual precipitation nearby at Hondeklipbaai is low, at 

89 mm, but 87% of events and 61 % of the total fall in rains and mists of less than 

10 mm (data from the South African Weather Bureau). 

Vertical separation of the rooting systems of adult mesembs and adult Hirpicium is 

likely to explain the minimal competitive impact that these shrubs have on each other. 

For the same reason it is difficult to envisage adult Asteraceae having any competitive 

impact on the seedlings of mesembs. On the other hand, adult mesembs may have an 

impact on the seedlings of Hirpicium and other deeper-rooted Asteraceae. Compared 

to patches cleared of vegetation, mixed assemblages of adult plants have been shown 

to suppress the survival of seedlings of asteraceous shrubs in the southern Succulent 

Karoo (Milton 1994, 1995a). At the study site, however, the densities of seedlings of 

asteraceous shrubs were found to be higher under the canopies of Ruschia shrubs than 
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m open microhabitats (Chapter 3). This could result from higher numbers of 

asteraceous seedlings collecting under Ruschia canopies than in open microhabitats, 

or from a facilitative effect of Ruschia canopies on the establishment of these 

seedlings. Facilitative effects have been inferred from similar evidence for other 

mesemb species in the southern Succulent Karoo (Yeaton and Esler 1990). The 

apparently contradictory findings of higher asteraceous seedling survival in cleared 

patches and under mesemb canopies illustrate the impact that adult shrubs, 

particularly mesembs, exert beyond the lateral extent of their canopies. Open 

microhabitats that contain roots of surrounding adult plants are likely to be the least 

favourable environments for the survival of seedlings of deeper-rooted shrubs. 

Seedlings of most deeper-rooted shrubs appear better able to survive both in open 

microhabitats that are free of roots and under shallow-rooted shrubs in environments 

where roots are pervasive throughout the soil. 

Impacts of browsing on competition and facilitation between plants 

There have been few studies that examine the incidence and importance of 

competition and facilitation between sites with different histories of browsing density. 

Comparisons should be interpreted cautiously, however, as these sites represent a 

single plant community separated arbitrarily into different land-use sites and therefore 

lack replication. 

The impact of Leipoldtia and Ruschia on Hirpicium changes from being neutral or 

marginally competitive at the moderately-browsed site to being neutral or .weakly 

facilitative at the heavily-browsed site. This constitutes limited evidence to support 
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Bertness and Callaway's (1994) prediction that the facilitation will be more prevalent 

in communities that are subject to high levels ofherbivory. 

At the heavily-browsed site, Hirpicium shrubs tend to be larger when they are 

close to Leipoldtia shrubs (Table 4.3). Sheep and goats have such a high browsing 

preference for Hirpicium that, when growing in the open, under high browsing 

densities, it is frequently browsed to near ground level. Leipoldtia, on the other hand, 

is only rarely browsed (Chapter 5). Plants that grow below, or grow into, the 

unpalatable Leipoldtia canopies are browsed infrequently by sheep and goats, and can 

therefore attain greater sizes than where they grow alone. Todd (2001), working in the 

same community, found that two other species of highly palatable shrubs, Tetragonia 

fruticosa and Tripteris sinuata, occur in the open 50% less often at the heavily-

browsed site than at the moderately-browsed site. Moreover, seed production and 

recruitment of the two palatable species was greatly increased within the canopies of 

unpalatable and thorny shrubs. 

On the basis of specific observations at one site in the southern Succulent Karoo, a 

general model of cyclical succession has been proposed whereby mesembs facilitate 

the establishment of seedlings of asteraceous shrubs (and other deeper-rooted shrubs) 

initially but are later suppressed by the adult Asteraceae (Yeaton and Esler 1990). Co

existence between shrubs of the Mesembryanthemaceae and shrubs of the Asteraceae 

is supported in this study, but there was little evidence for suppression of the mesembs 

by the Asteraceae. The apparent cyclical succession may simply be caused by 

mesembs degenerating and dying sooner because they are shorter-lived (e.g. Jurgens 

et al. 1999, Wiegand et al. 2000). 
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While facilitation of palatable, nitrogen-rich shrubs of the Asteraceae appears to 

be driven by browsing, facilitation of unpalatable perennial herbs, at the study site, 

appears to be driven by other mechanisms. In contrast to Hirpicium, perennial herbs 

such as Crassula muscosa and Crassula subaphylla occur almost exclusively under 

the canopies of mesembs, possibly as a result of benefiting from reduced soil-water 

evaporation, and protection from high irradiances and consequently high leaf 

temperatures (Chapter 3). Facilitation is therefore frequently the result of species

specific interactions as well as environmental conditions. 

In addition to this facilitation, there was a general reduction in both the incidences 

and the importance of competitive interactions where the intensity of browsing and 

trampling was higher, suggesting a reduced role of equilibrium dynamics and a 

greater role of chance. A further consequence is that resource use might not be 

maximised in this community. It is therefore particularly relevant that the loss of 

deeper-rooted species at the heavily-browsed site was not compensated for by 

increased numbers of shallow-rooted mesembs (Table 4.2), further emphasising that 

the resources used by deeper-rooted species are not available to mesembs. 

Conclusion 

Competition was prevalent and important at both the moderately-browsed site and the 

heavily-browsed site. Only one case of facilitation was observed. This occurred at the 

heavily-browsed site where the importance of competition was also generally reduced. 

The roots of the two mesemb shrubs and the asteraceous shrub were vertically 

separated in the soil profile and did not compete, or only minimally. The two 
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mesembs had greatly overlapping root morphologies, and the species with shallower 

and more finely branching roots appeared to be competitively dominant. The two 

types of root morphology observed in the three shrub species appear to reflect the 

nature of rainfall pulses. Approximately half the annual rainfall falls in events of less 

than 10 mm, and infiltrates only the upper soil profile where it is likely to be 

accessible to mesembs but not to the deeper-rooted asteraceous shrub. The shallow

rooted nature of succulent shrubs of the Mesembryanthemaceae is particularly well 

adapted to utilise small rainfall events, and this may explain their widespread 

abundance in the Succulent Karoo. 
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Chapter 5: 

Do the Nitrogen Concentrations of Photosynthetic Organs 
Determine Browsing Preferences and Growth Rates? 

Introduction 

Shrub species of the Succulent and Nama Karoo have evolved under conditions of 

high densities of browsing ungulates. Prior to the large scale utilisation of the 

vegetation for livestock browsing by European settlers in the 19th century, springbok 

Antidorcas marsupialis, were the primary herbivores throughout the Karoo, following 

seasonal and patchy rainfall (and the consequent plant growth) in massive nomadic 

herds that could number hundreds of thousands of animals (Skead 1980). From the 

plants' perspective, the lottery of browser abundance in any given year is likely to 

have selected both for defensive strategies that resist browsing and for growth 

strategies that are resilient to browsing. Today livestock (sheep Ovis aries, and goats 

Capra hircus) are found in high densities in fenced paddocks over most of the 

Succulent and Nama Karoo; indeed they are now the primary herbivores. In this 

chapter, I investigate the preferences of goats for shrub species and the growth rates of 

these species. 

It has been widely recognised that plants with high concentrations of nitrogen in 

their photosynthetic organs are likely to have high rates of growth, primarily because 

much of this nitrogen is tied up in rubisco, and high levels of rubisco should facilitate 

high rates of photosynthesis (Grime 1977, Mattson 1980). Grime (1974, 1977) 

suggests that plants found in resource-poor (stressed) environments will have 
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inherently low rates of growth. Coley et al. (1985) take this one step further by 

proposing that plants with slow rates of growth are favoured in resource-poor 

environments and slow-growing plants favour a large investment in antiherbivore 

defences. On the other hand, plants in high-resource environments will be fast

growing and are likely to invest less in antiherbivore defences as resources lost to 

herbivores are more readily replaced and competition in these environments will drive 

investment in growth rather than defence. These dynamics are particularly relevant to 

nitrogen and are therefore especially applicable to nitrogen-poor semi-desert 

environments and to the Paulshoek area in particular (Chapter 2). The focus of both 

Coley et al. (1985), and Grime (1974, 1977) on the availability of resources in the 

environment as the primary determinant of plant growth rates and investment in 

defence ignores the wide variation in nutrient concentrations, such as nitrogen, among 

species in any given environment (e.g. Coley 1983 for tropical rain forest). Such 

variation may for instance be due to differing physical, physiological or mutualistic 

strategies of resource uptake. Quite apart from antiherbivore defence, herbivores are 

likely to prefer nitrogen-rich plant tissues, due fundamentally to animals having vastly 

higher nitrogen requirements than plants ( as animals make use of proteins rather than 

carbohydrates for their primary structural needs and use nitrogen less efficiently than 

plants; Mattson 1980). The high nitrogen requirements of most animals led Grubb 

(1992) to propose that in environments where the nitrogen concentrations of most 

plant tissues are low, those species with higher nitrogen concentrations will be 

strongly preferred by herbivores and will consequently have higher investments in 

antiherbivore defence. In order to further explore the relationship between nitrogen 

concentration, growth rates, and herbivore preference, I propose to test the simple 

hypothesis that the nitrogen concentrations of photosynthetic organs drive both the 
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growth rates of plants and their attractiveness to browsers. Plants with higher nitrogen 

concentrations will have higher rates of growth and will be preferred by browsers. 

fu practice, measunng growth rates, browsing preferences and foliar nutrient 

concentrations is complicated as they vary in time and in response to changing 

environmental conditions and may interact with each other. Growth rates of semi

desert shrubs vary dramatically in response to rainfall ( e.g. Comstock et al. 1988), but 

can be integrated across periods of alternating water · availability and limitation by 

measuring growth over long time periods with average rainfall conditions (Fig. 5 .1 ). 

Herbivore browsing preferences may also vary in response to environmental 

conditions, such as rainfall (Freeland and Janzen 1974), but are harder to integrate. fu 

this chapter the browsing preferences of goats are recorded on three separate dates, 

throughout a year with fairly average rainfall but at times when water availability 

differed. The concentrations of nitrogen and other mineral nutrients in photosynthetic 

organs are also likely to vary in response to rainfall (Comstock et al. 1988) and were 

thus measured on four separate dates over two years that varied dramatically in 

rainfall. The repeated removal of photosynthetic organs by browsers also has the 

potential to impact the concentrations of mineral nutrients in these organs. This 

potential was investigated by comparing the concentrations at a heavily-browsed site 

with those at a moderately-browsed site. 
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Materials and Methods 

Growth rates of shrubs 

The growth rates of most plants of semi-arid regions are tightly coupled to rainfall 

(Noy-Meir 1973). Not only is the water supply maximal after rains, but nutrient 

availability is usually assumed to track rainfall (Noy-Meir 1973, Goldberg and 

Novoplansky 1997). Most plants of semi-arid regions are capable of rapid growth 

when resources are available (Nobel 1988, von Willert et al. 1992, Gibson 1998). 

Instantaneous growth rates, however, may fluctuate dramatically in response to 

resource availability (von Willert et al. 1985, Gibson 1998). Unlike many colder 

semi-deserts, winter temperatures in the Succulent Karoo are generally not low 

enough to limit the growth of plants (Esler and Rundel 1999). Therefore growth in 

this region is not limited seasonally, and water and nutrient availability are the 

principal driving forces of plant growth. Since seasons do not appear to directly 

impact growth in the Succulent Karoo, growth rates were measured in the field that 

are representative of growth over a year with average rainfall. Average growth rates 

over this time scale are likely to be meaningful units for comparison with the species 

preferences of browsers. Rather than using instantaneous or short-term measures to 

examine the relationship between growth rates, browser preferences, and mineral 

nutrient concentrations in co-existing shrub species, long-term averages are calculated 

for these measures here. 

Since measuring growth rates that are representative of entire shrubs in the field is 

notoriously difficult, I use a novel technique modified from Stock et al. (1993). 

Eleven shrub species, common on either rocky-slope or plains habitats, were chosen. 
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In two exclosures, erected at least one year prior to the start of the study and 

measuring at least 50 x 50 m, five replicate adult plants of approximately medium size 

were selected haphazardly for each species. At the beginning of the study, in autumn 

1999 (Fig. 5 .1 ), all the stems of each shrub were spotted with aerosol paint. The paint 

was applied from below and from the shaded side of shrubs in order to minimise any 

affect it might have on photosynthetic tissues. At the end of the study, in late summer 

2000, the above-ground biomass of each shrub was harvested, separated into new 

growth (unpainted shoots) and old growth (painted shoots), and the dry mass of each 

determined separately. The mean growth of each species was calculated as a 

percentage ( of the biomass at the beginning of the study), and as the relative growth 

rate (RGR; Evans 1972). These measures were adjusted to represent the growth rate 

over a full year, with an equivalent of 150 mm of rainfall. Differences among species 

were compared using one-way ANOVA's and Tukey's (HSD) tests. Since this is a 

novel technique, the method was tested in three control species (Eriocephalus 

microphyllus, Galenia africana, and Ruschia robusta) by tagging five shoots on each 

painted plant and comparing their growth to that of five tagged shoots on five similar 

but unpainted plants. In no case was there a significant reduction in the growth rate of 

painted shrubs. 

Species p ref erences of browsers 

There are numerous difficulties in accurately recording the diet selection even of 

domestic browsing animals. Commonly used methods include: extracting and 

analysing the contents of an animal's rumen, or offering equal quantities oftest plant 

species to animals within a controlled enclosure, in so-called 'cafeteria trials'. These 

methods, however, alter either the physiology of the animal or the nature of its 
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environment and may not be representative of the behaviour of animals on the 

rangeland. The method developed here involved following focal goats within a herd 

(after habituating the herd to the presence of a non-herding person) and recording the 

time spent browsing each shrub that they passed. The number of shrubs that the focal 

goat passed while foraging was recorded and the browsing index is calculated as the 

time goats spent browsing a particular shrub species relative to the number of shrubs 

of that species that they passed. In this way browsing preference is expressed relative 

to the abundance of each species. 

Browsing indices were established for 18 shrub species over three separate 

monitoring periods (winter, spnng and summer) in a year with average rainfall 

(Fig. 5.1). During each monitoring period the focal goats were followed on three or 

four consecutive afternoons and on each date a similar number of shrubs were passed 

by focal goats (>3000 in each case). The same herd of goats was followed in the early 

afternoon, on every occasion, as it passed through the heavily-browsed site ( a site 

from which plant samples were taken). During the monitoring periods no attempt was 

made to herd the animals in any way, and while foraging the goats covered both 

plains and rocky-slope habitats browsing on species from both habitats. Focal animals 

were frequently changed during the monitoring periods in order that the browsing 

indices be representative of the herd. 

Fluctuations in the concentrations of water and nutrients in photosynthetic organs 

It was assumed not only that the concentrations of mineral nutrients in the 

photosynthetic organs of shrubs would differ among co-occurring species, but that the 

concentrations might also fluctuate in time and in response to the long-term browsing 
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intensity faced by the shrubs (i.e. the frequency of removal of these organs). Similar 

photosynthetic organs of numerous common shrub species were therefore sampled on 

four dates over two years (autumn 1998, spring 1998, autumn 1999 and spring 1999; 

Fig. 5 .1) and at two sites that have substantial and long-:-term differences in the density 

of browsers. Observations of numerous shrub species near Paulshoek confirm that 

these plants are capable of rapid growth in any season if water is available, and it is 

also likely that rainfall will be the underlying driver of nutrient availability to shrubs, 

rather than, for instance, seasonality. The four sampling dates span a period from 

extreme drought to average rainfall, and fluctuations in the concentrations of nutrients 

will be interpreted primarily in response to rainfall. The two sampling sites are 

adjacent to each other (separated by a stock-fence), each covers an area of 

approximately 1 km2 and contain shrub species of . both rocky-slope and plains 

habitats. Both sites are very similar in soil characteristics except for potassium 

concentration, but potassium concentrations are high at both sites (Chapter 4). The 

principal difference between the two sites is in browsing history. The moderately

browsed site has been browsed at approximately one-third the density of livestock of 

the heavily-browsed site for the past 40 years. 

On each of the four sampling dates replicate shrubs of each species were chosen 

randomly at the two sites. Leaves, or photosynthetic shoots in three species that either 

had minute leaves or entirely lacked leaves ( Chrysocoma ciliata, Euphorbia 

decussata, and Euphorbia mauritanica ), were collected from a number of terminal 

stems on each shrub. The leaves and shoots were sorted, old or senescent organs 

discarded, and the mass of remaining leaves or shoots (mature and immature) 

determined immediately. The leaves and shoots were then dried in a draft oven at 70-
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80° C for three days, or until dry, and the water concentration calculated as a 

percentage of dry mass. Chemical analyses were performed for me by Mr. G.D. Jones 

in Cambridge, after grinding and heated digestion in concentrated sulphuric acid with 

mercuric oxide and hydrogen peroxide for 3-4 hours. Total nitrogen and phosphorus 

concentrations were determined using a continuous flow auto-analyser; nitrogen by 

the micro-kjeldahl method involving the formation of an indophenol blue compound, 

and phosphorus by the formation of a molybdenum blue complex; standards were 

prepared with acetophenetidin and KH2P04. Total potassium and sodium 

concentrations were determined by flame emission photometry. Total calcium and 

magnesium concentrations were determined by atomic adsorption photometry (using 

nitrous oxide and acetylene to avoid interference). 

Species, date, and site are treated as fixed effects and are analysed in three-way 

ANOV A models. The relationships between the mean concentrations of nutrients in 

the photosynthetic organs of different species, browsing indices, and yearly relative 

growth rates were investigated using correlations and regressions. 

193 



Results 

Growth rates of shrubs 

There was a wide range of growth rates among the 11 shrub species; from an 11 % 

increase in dry mass over one year in Pteronia incana to 86% in Chrysocoma ciliata 

(Table 5.1). Common plant families (Asteraceae, Euphorbiaceae, and mesembs) 

contained both fast and slow growing species. Not surprisingly, the two early 

successional species, Chrysocoma ciliata and Galenia africana are among the three 

fastest growing species. It was somewhat surprising that Leipoldtia schultzei was the 

second fastest growing species. All three species were significantly faster growing 

than the three slowest growing species, and Chrysocoma ciliata was, in addition, 

significantly faster growing than all species except Galenia africana and Leipoldtia 

schultzei. 

Species preferences of browsers 

Over all three monitoring periods, goats passed a total of 11 702 shrubs and browsed 

for a total of 17 454 seconds (Table 5.2). Most shrubs passed by goats while foraging 

were Ruschia robusta shrubs (35%), and goats spent more time browsing this species 

than any other species. However, goats spent nearly as much time browsing 

Hirpicium alienatum and Galenia africana, which made up only 5 and 15% 

respectively, of the total number of shrubs passed. Among the 18 species monitored, 

the mean browsing index (over all seasons) ranged between O sec.planf1 for 

Euphorbia mauritanica, and 7.6 sec.planf1 for Zygophyllum retrofractum. Some 

species showed marked differences in the browsing index between seasons. These 

differences were largely attributable to flowering. Generally goats spent far more time 
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browsing species that were in flower during any given monitoring period. In 

monitoring periods in which shrubs were flowering relative to monitoring periods in 

which shrubs were not flowering, the browsing index increased by a substantial factor 

of between 35 and 127 in Hermannia amoena, Euphorbia decussata and Pteronia 

incana, a moderate factor of between 1 and 4 in Hirpicium alienatum, Chrysocoma 

ciliata, Ruschia aggregata and Tripteris sinuata, but decreased by a factor of 2 in 

Pentzia incana and Tetragonia fruticosa. When species in flower were excluded from 

analysis for the season in which they were in flower the browsing indices were highly 

correlated (r2=0.55 to r2=0.65; P<0.05 to P<0.001), as was the case for the correlation 

of browsing indices, including flowering species, between the summer and spring 

monitoring periods, periods in which few species were flowering. This indicates that 

apart from the effect of flowers, there is little change in the browsing preference of 

goats in response to season or water availability. 

For every shrub passed, goats browsed for an a average of 2 seconds in winter, 

compared . with 1.4 seconds in spring and 1.2 seconds in summer. Counting only 

shrubs that were browsed, however, goats browsed each shrub for an average of 24 

seconds in winter, 15 seconds in spring and 32 seconds in summer. This means that 

goats walked further while foraging in summer, but spent more time browsing when a 

suitable shrub was encountered. In contrast, goats walked the shortest distances while 

foraging in winter. 

Fluctuations in the concentrations of water and nutrients in photosynthetic organs 

It was possible to perform full-model ANOVA's on eight species, namely: Euphorbia 

decussata, Euphorbia mauritanica, Eriocephalus microphyllus, Hirpicium alienatum, 
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Leipoldtia schultzei, Pentzia incana, Pteronia incana, and Ruschia robusta. The 

three-way ANOVA model had unequal but proportional replication (Zar 1984), since 

at each site, three replicate shrubs of each species were sampled in autumn 1998 and 

spring 1999, and five replicate shrubs were sampled in spring 1998 and autumn 1999. 

For an additional five species: Chrysocoma ciliata, Galenia africana, Lycium 

ferocissimum, Ruschia aggregata, and Tripteris sinuata data were lacking for one 

season (e.g. drought deciduous species). Reduced-model ANOVA's were therefore 

performed on 13 species, but the main effects were fairly similar in both the reduced 

and full models. It was also necessary to perform reduced models for phosphorus, 

sodium and water concentrations in the ANOVA's of eight species due to missing 

data. (See Appendix A.1 - A.9 for the mean concentrations of each element at the two 

sites over the four seasons, and for the mean concentrations for other species used in 

this study.) 

Generally the greatest variation in the concentrations of mineral nutrients was 

between species (Table 5.3). Most of the variance in the concentrations of mineral 

nutrients is explained by species differences; only for nitrogen and phosphorus was 

the proportion of the variation explained by date similar to that explained by species. 

For all elements (in full-model ANOVA's) the interaction between species and date 

was also highly significant, indicating that the differences among species were not 

uniform across all dates. The effect of site was not significant for any nutrient except 

nitrogen, where the effect was weakly significant (P=0.047). However, the interaction 

between species and site was significant for phosphorus, potassium and calcium 

indicating that the differences among species were not always consistent between the 

two sites. For phosphorus and magnesium the interaction between sampling date and 
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site was also weakly significant indicating that the variations among dates was not 

always consistent at the two sites. For calcium, magnesium and water the interaction 

among species, date and site was also weakly significant. Overall, the differences 

between sites explain a small proportion of the variation in the models. 

Among the species that were sampled on all four dates and at both sites, mean 

nitrogen concentrations ranged between 8.3 mg.g-1 in Euphorbia decussata and 27.4 

mg.g-1 in Lycium ferocissimum (Fig. 5.2). Nitrogen concentrations peaked in autumn 

1999 for all species that were sampled repeatedly except Chrysocoma ciliata, Galenia 

africana and Euphorbia decussata. There was a slight tendency for concentrations to 

be higher at the heavily-browsed site than at the moderately-browsed site, but the 

reverse was true for Chrysocoma ciliata, Galenia africana and Lycium ferocissimum. 

The patterns were remarkably consistent among nine of the 13 species. Patterns were 

also evident within plant families . Mesembs ( and the Crassulaceae, another family of 

leaf-succulent plants; Appendix A.8) had low foliar nitrogen concentrations; from 

10.6 mg.g-1 in Ruschia robusta to as low as 5.6 mg.g-1 in Cheiridopsis denticulata. 

Asteraceous shrubs had higher foliar nitrogen concentrations; ranging from 

13.6 mg.g-1 in Pteronia incana to 27.3 mg.g-1 in Pentzia incana. 

The browsing indices were positively correlated with nitrogen concentrations 

(Table 5.4, Fig. 5.3). Browsing indices were also positively correlated with calcium 

and sodium concentrations but the correlations were not as strong as those for 

nitrogen. Correlations both with browsing indices that included flowering species and 

with those that excluded flowering species were significant, but those that excluded 

flowering species were slightly stronger. The relative growth rates of shrub species 
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did not correlate significantly with the mean concentration of any of the mineral 

nutrients, nor was there any significant relationship with the browsing indices 

(Table 5.4, Fig. 5.3). 
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Fig. 5.1 Sampling dates, observation dates, and total monthly rainfall at the study site from the beginning of 1997 to the 
end of 2000. 
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Table 5.1 Yearly growth rates (± 1 SE) of 11 species of shrub common on either plains or rocky-slopes. The mean shrub diameter and mass of each species at the end of the study period are indicated. Percentage growth and relative growth rate (RGR) are calculated for a year with an equivalent of 150 mm rainfall. For percentage growth and RGR, superscripts that do not contain the same letter indicate significant differences among species (Tukey's HSD test; F-ratio=8 in both ANOVA's). 

Species Family Diameter ( cm) Mass (g) Growth(%) RGR 

Pteronia incana Asteraceae 56 ±7 287 ± 56 11 ± I 0.11 ± 0.01 
Ruschia robusta M esembryanthemaceae 56 ± 6 494 ± 127 15 ± I 0.14 ± 0.01 
Pentzia incana Asteraceae 37 ± 3 149 ± 33 19 ± 5 ab 0.17 ± 0.04 
Euphorbia mauritanica Euphorbiaceae 36 ± 6 262 ± 83 21 ±6 abc 0.19±0.05 
Eriocephalus microphyllus Asteraceae 42 ± 5 153 ± 56 23 ± 10 abc 0.20 ± 0.08 
Hirpicium alienatum Asteraceae. 26 ± 3 52 ± 11 24 ± 6 abc 0.22 ± 0.05 
Tripteris sinuata Asteraceae 27 ± 3 46 ± 10 25 ± 5 abc 0.23 ± 0.04 
Euphorbia decussata Euphorbiaceae 36 ± 5 169 ± 58 37 ±4 abc 0.32 ± 0.03 
Galenia africana Aizoaceae 55 ± 14 258 ± 155 57 ± 10 bed 0.46 ± 0.07 
Leipoldtia schultzei Mesembryanthemaceae 34 ± 5 174 ± 73 59 ± 11 cd 0.48 ± 0.08 
Chrysocoma cilia/a Asteraceae 35 ± 5 58 ± 19 86 ± 10 d 0.66 ± 0.06 
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Table 5.2 Browsing indices for goats calculated as the total time spent browsing a particular shrub species, divided by the number of plants of that species passed by the goats. Indices are for three monitoring periods (winter, spring and summer), and the means of all three dates. fl! - indicates the species was in flower on the sampling date. Browsing times when species were in flower were generally much higher, reflecting fltri.ory. The mean browsing index excluding the season of flowering reflects the browsing preference for photosynthetic organs only. 

Species Family % of all Plants Time (sec) Browsing index (sec.plant-') Mean browsing index (sec.plant-') 
plants passed browsed Winter Spring Summer lncl. flowering Exel. flowering 

Euphorbia mauritanica Euphorbiaceae l 163 0 0.0 0.0 fl! 0.0 0.0 0.0 Chieridopsis denticulata Mesembryanthemaceae 5 550 912 3 .4 fl! 0.0 0.0 l.l 0.0 Pteronia incana Asteraceae l 175 704 10.3 fl! 0.0 0.1 3.4 0.0 Euphorbia decussata Euphorbiaceae 8 914 501 0.1 1.9 fl! 0.0 0.7 0.1 Chrysocoma ciliata Asteraceae 2 290 42 0.1 0.2 fl! 0.1 0.1 0.1 Hermannia amoena Sterculiaceae 0 49 168 12.3 fl! 0.0 0.3 4.2 0.2 Leipoldtia schultzei Mesembryanthemaceae 9 1027 181 0.1 0.1 0.3 0.2 0.2 Ruschia robusta Mesembryanthemaceae 35 4104 3155 0.7 0.5 0.1 0.7 0.7 Galenia africana Aizoaceae 15 1764 2183 2.3 0.2 1.4 1.3 1.3 Ruschia aggregata Mesembryanthemaceae 7 833 1401 3.4 2.1 fl! 0.1 1.9 1.7 Pentzia incana Asteraceae 1 127 274 1.6 0.9 fl! 2.6 1.7 2.1 Eriocephalus microphyllus Asteraceae 5 550 1372 5.5 2.0 1.3 2.9 2.9 Hirpicium alienatum Asteraceae 5 616 2818 3.3 4.2 fl! 5.5 4.3 4.4 Tripteris sinuata Asteraceae 0 51 394 4 .9 11.2 fl! 8.0 4.9 Hermannia cuneifolia Sterculiaceae 1 81 504 6.9 fl! 3.5 7.7 6.0 5.6 Tetragonia fruticosa Aizoaceae I 62 325 JO.I 2.6 6.3 6.3 Lycium ferocissimum · Solanaceae I 122 997 9.3 6.8 5.8 7.3 7.3 Zygophyllum retrofractum Zygophyllaceae 2 224 1523 8.3 9.1 5.4 7.6 7.6 



Table 5.3 Three-way ANOVA's for mineral nutrient and water concentrations in young photosynthetic organs (leaves or shoots) of shrubs; for replicate plants of eight species, on four dates (autumn 1998, spring 1998, autumn 1999, and spring 1999), and at two sites (moderately-browsed and heavily-browsed). At each site, on each sampling date, n is either three or five. The foll model has 256 degrees of freedom; NS P>0.05, * P<0.05, ** P<0.01, *** P<0.001. Two interaction terms could not be computed for phosphorus and sodium due to missing data, and for water, only the first three dates were used in the model, as comparisons between sites for many species on the last date are invalid due to rainfall during the sampling period. 

Nitrogen 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
Species x Date x Site 

Phosphorus 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
Species x Date x Site 

Potassium 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
Species x Date x Site 

Calcium 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
Species x Date x Site 

Magnesium 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
.Species x Date x Site 

Sodium 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
Species x Date x Site 

Wate~ 
Species 
Date 
Site 
Species x Date 
Species x Site 
Date x Site 
Species x Date x Site 

df 

7. 
3 
l 

21 
7 
3 

21 

7 
3 
1 

7 
3 

7 
3 
I 

21 
7 
3 

21 

7 
3 
l 

21 
7 
3 

21 

7 
3 
1 

21 
7 
3 

21 

7 
3 

7 
3 

7 
2 
1 

14 
7 
3 

14 

F-ratio 

127 *** 
125 *** 

4 * 
II*** 
2 NS 
2 NS 
I NS 

17 *** 
23 *** 
INS 

3 ** 
4 ** 

40 *** 
17 *** 
2 NS 
5 *** 
3 ** 
2 NS 
1 NS 

93 *** 
7 *** 
0 NS 

13 *** 
4 *** 
l NS 
2 * 

165 *** 
8 *** 
2 NS 
4 *** 
INS 
3 * 
2 ** 

65 *** 
31 *** 
INS 

INS 
0 NS 

230 *** 
83 *** 

l NS 
7 *** 
INS 
INS 
2 * 
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Table 5.4 Correlation coefficients (r2
) of the mean concentrations of mineral nutrients and water in photosynthetic organs, with the mean browsing index (excluding species in flower) among 18 shrub species, and with the relative growth rate (RGR) among 11 shrub species. * P<0.05, ** P<0.01 

Browsing index 

RGR 

Nitrogen Phosphorus Potassium 

0.36 ** 
-0.04 

-0.02 

-0.13 

0.01 

0.12 

Calcium Magnesium Sodium 

0.29 ** 
-0.08 

0.00 

-0.01 

0.22 * 

-0.03 

Water 

0.03 

-0.02 
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Fig. 5.3 Relationships between: (a) the mean nitrogen concentrations of photosynthetic organs and the relative 
growth rates of shrub species, (b) relative growth rates and the mean browsing indices ( excluding species in 
flower), (c) nitrogen concentrations and mean browsing indices (excluding species in flower). Correlation 
coefficients (r2) and equations for significant relationships are indicated (NS P>0.05, ** P<0.01). Virtually all 
individuals of species represented by squares have been browsed to near ground level. 
Cc - Chrysocoma ciliata , Cd - Cheiridopsis denticulata , Ed - Euphorbia decussata , Em - Euphorbia 
mauritanica , Er - Eriocephalus microphyllus , Ga - Galenia africana , Ha - Hirpicium alienatum , Hm -
Hermannia amoena, He - Hermannia cuneifolia, Ls - Leipoldtia schultzei , Lf - Lycium ferocissimum, Pe -
Pentzia incana, Pt - Pteronia incana, Ra - Ruschia aggregata, Rr - Ruschia robusta , Tf - Tetragonia 
fruticosa , Ts - Tripteris sinuata , Zm - Zygophyllum retrofractum 
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Discussion 

Growth rates of shrubs 

The lack of a significant relationship between the relative growth rates and nitrogen 

concentrations in the photosynthetic organs of shrub species was unexpected. Relative 

growth rates of plants tend to decrease with plant age (Evans 1972). For each species 

in this study, shrubs of a similar size (and by inference, a similar age) relative to the 

maximum for each species, were used in order to minimise variation in relative 

growth rates due to age. The initial masses of most species fell within a small range 

and examinations of growth increments relative to the initial masses revealed no 

additional pattern in the relationship between nitrogen concentration and growth. 

Since all 11 species flowered during the monitoring period, resource allocation to 

flowering and seed production (Bazzaz et al. 1987) does not simply explain the 

differences in growth rate. 

Generally plants can attain high rates of growth by having high concentrations of 

nitrogen in their photosynthetic organs, or by having very long-lived leaves. The high 

rates of growth in the two early successional species, Chrysocoma ciliata and Galenia 

africana, were expected, .but both had intermediate nitrogen concentrations and 

neither are likely to have particularly long-lived leaves. Where they have been 

investigated, the root mass fractions of the species used in this study were not 

significantly different from each other. It is clear that nitrogen uptake per unit root 

mass varies greatly among these species. The way in which this nitrogen is utilised 

within the plant also appears to vary greatly among species. Rates of leaf turnover, 

particularly, are likely to differ greatly between drought-deciduous and succulent 
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species. fu fact, preliminary observations suggest that leaf growth rates are likely to 

correlate better with both leaf nitrogen and browsing preferences among these species 

than the growth rates of entire shrubs. 

Fluctuations in the concentrations of water and nutrients in photosynthetic organs 

Growth among the shrub species was highest in spring 1999, a response to rainfall in 

August, September and October, although there was also growth in some species 

during autumn 1999, a response to rainfall in March (personal observation). For most 

species, however, the nitrogen concentrations of photosynthetic organs were highest 

in autumn 1999. The rainfall in March 1999 follows a period of severe drought lasting 

more than 18 months. During the drought period, plant litter continued to build up on 

the soil surface and would have been fragmented by physical processes associated 

with high temperatures and ultraviolet light (Whitford 1999). However, the activity of 

meso- and microfauna in the trophic chain of mineralization processes are largely 

dependent on the availability of soil moisture (Aguilera et al. 1999, Whitford 1999), 

hence the rate of nitrogen mobilisation is likely to have increased dramatically after 

the March rains, and the increased available soil nitrogen was taken up by the shrubs. 

Although moist conditions persisted in the spring, it seems likely that the rates of 

mineralization were limited by the rates of litter build up and fragmentation. It 

appears that while growth rates were high in the spring in response to water 

availability (possibly utilising the high concentrations of nitrogen in photosynthetic 

organs), the rates of nitrogen uptake were limited. Shrub growth rates appear to be 

able to respond to water availability over short time-periods, but are likely to be 

dependent on nitrogen availability over longer time-periods. 



Livestock appeared to respond to the abundance of new growth in spring 1999 by 

increased rates of browsing. Herbivores typically seek out new growth either as it has 

higher levels of nitrogen or because it has lower levels of antiherbivore defences than 

older material (Freeland and Janzen 1974, Mattson 1980). During spring, goats 

browsed from a high proportion of the shrubs that they passed and appeared to ingest 

much larger quantities of browse than on the other two dates. Goats appeared to ingest 

the smallest quantities of browse during summer when it was hot and dry. Possibly 

their metabolic requirements are lower in this season. 

Possible determinants of browsing preference 

The significant positive relationship between browsing preference and nitrogen 

concentrations among species conforms to the dynamics proposed by Mattson (1980), 

in that browsers select specifically for high nitrogen concentrations in the species 

upon which they browse. The relationship is contrary to that proposed by Grubb 

(1992) in that species with the highest nitrogen concentrations in their photosynthetic 

organs do not appear to defend these organs against browsing. If these organs are 

defended, the defences are ineffective against browsing by goats. It is, however, 

particularly relevant that the two species with the highest browsing indices were the 

two species that were effectively spiny. Lycium ferocissimum has stem spines, and 

Zygophyllum retrofractum stems are effectively spiny in their growth form (Lycium 

ferocissimum also had high foliar nitrogen concentrations). Cooper and Owen-Smith 

(1986) studied the effectiveness of spines against browsing by goats and two other 

African ungulates. Spines did not prevent browsing but greatly increased the browsing 

time for any given ingestion quantity. This was especially pronounced for small

leaved species, such as those studied here. Since browsing time is used here as an 
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index of browsing preference, the relative preferences recorded for these two species 

are likely to be artificially high. Spines appear to be effective at limiting browsing 

since the other highly preferred species have been browsed to near ground level 

(Fig. 5.3). 

Although the mean browsing index was also correlated with calcium and sodium 

concentrations, there is little evidence that either of these elements is specifically 

lacking in the diet of the goats. 

The hypotheses of Grime (1974, 1977), Coley et al. (1985) and Coley(1988) 

are not supported in this study. The species that had the highest concentrations of 

nitrogen did not grow the fastest, nor were the species with the highest rates of growth 

most highly browsed. Stock et al. (1993) proposed that the rates of regrowth after 

browsing or severe defoliation will be highest in the species that are most browsed, 

and found evidence to support this proposal among three species in the southern 

Succulent Karoo. In a separate study near Paulshoek, but involving the same species 

as those used in the study of growth rates, only Chrysocoma ciliata, Euphorbia 

decussata, Galenia africana, and Tripteris sinuata were found to have significantly 

lower rates of growth after the artificial defoliation of 50% of their canopies, which is 

not entirely consistent with -this proposal (P.J. Carrick unpublished data). Crucially, 

however, the only species in which flowering was not reduced by at least one order of 

magnitude after defoliation were Eriocephalus microphyllus, Hirpicium alienatum, 

Pentzia incana, and Tripteris sinuata, i.e. species with the highest rates of browsing. 

This does not necessarily imply causality. These species may be adapted to maintain 

fairly constant levels of flowering because they are frequently browsed, rather than 
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being less defended against browsing because they are capable of maintaining fairly 

constant levels of flowering when they are browsed. Maintaining high levels of 

flowering and seed production is crucial to the long-term survival of species under 

high browsing densities (Chapter 3, Milton 1994, 1995a). The marked preference that 

browsers show for most flowers, independent of their species preferences for the 

photosynthetic organs, is likely to impact severely on seed production regardless of 

the shrubs' ability to flower after the loss of photosynthetic organs. The importance of 

folivory in the Succulent Karoo is likely to have profound impacts on vegetation 

dynamics and livestock production. Further studies into the relative concentrations of 

nutrients in flowering organs and the impacts of folivory on seed production are 

needed. 



Appendix A 

Table A.1 Mean (± 1 SE) nitrogen concentrations of young photosynthetic organs in 13 shrub species, sampled 
on four dates, and at two sites which differed in browsing intensity. Values are mg.g- 1 dry mass. At each site, 
n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Species Site Autumn 1998 Spring 1998 Autumn 1999 Spring 1999 

Chrysocoma ciliata moderately-browsed 15.l ±0.9 13 .9 ± 1.3 18.8 ± 1.2 
heavily-browsed JO. I ±0.3 14.4 ± 0.8 17.3± 1.4 

Eriocephalus microphyllus moderately-browsed 8.7 ± 1.2 5.3 ± 0.6 8.1 ± 0.8 12.4 ± 2.0 
heavily-browsed 7.1±1.0 5.4 ± 0.5 10.6 ± 0.6 12.1±1.5 

Euphorbia decussata moderately-browsed 8.7 ± 1.2 5.3 ± 0.6 8.1 ± 0.8 12.4 ± 2.0 
heavily-browsed 7.1 ± 1.0 5.4 ± 0.5 10.6 ± 0.6 12.1±1.5 

Euphorbia mauritanica moderately-browsed 11.0 ± 1.5 8.5 ± 0.6 16.5 ± 1.9 18.1±1.3 
heavily-browsed 10.0 ± 0.6 8.5 ± 0.6 21.7 ± 1.7 18.5 ± 2.3 

Galenia africana moderately-browsed 15.9±0.4 24.0 ± 2.6 18.4 ± 1.9 
heavily-browsed 11.9 ± 1.8 17.8 ± 2.8 17.2 ± 1.5 

Hirpicium alienatum moderately-browsed 9.5 ± 0.2 9.2 ± 0.9 22.3 ± 1.4 17.1 ± 1.6 
heavily-browsed 11.6 ± 0.9 10.0 ± 0.9 27.9±2.1 17 .5 ± 3.9 

Leipoldtia schultzei moderately-browsed 8.4 ± 0.5 8.3 ± 0.4 12.2 ± 1.4 7.0 ± 1.0 
heavily-browsed 9.3 ± 0.6 8.1 ± 0.4 12.9 ± 1.3 5.9 ± 0.4 

Lycium ferocissimum moderately-browsed 36.3 ± 6.0 32.5 ± 3.9 21.0 ±3.8 
heavily-browsed 17.5±1.3 27.9 ± 15.1 31.6 ± 1.0 19.1 ±3.1 

Pentzia incana moderately-browsed 27 .l ±4.3 21.6±3.1 34.6 ± 1.6 19.4 ± 0.6 
heavily-browsed 36.1 ± 0.0 21.6 ± 1.9 36.3 ± 2.2 21.4±1.2 

Pteronia incana moderately-browsed 14.6 ± 0.5 12.2 ± 0.6 16.3 ± 0.5 9.6 ± 0.5 
heavily-browsed 12.7 ± OJ 12.4 ± 0.5 17.9±0.5 9.7 ± 1.0 

Ruschia aggregata moderately-browsed 7.8 ± 0.9 11.0 ± 1.0 5.4 ± 0.2 
heavily-browsed 8.7 ± 0.5 10.9 ± 0.8 4.6 ± 0.8 

Ruschia robusta moderately-browsed 10.0 ± 0.8 9.3 ±0.2 14.2 ± 0.5 10.0 ±3.1 
heavily-b~owsed 7.8 ± 2.4 JO.I ±0.5 13.3 ± 0.7 4.4 ± 0.4 

Tripteris sinuata moderately-browsed 17.4±0.5 19.3 ± 1.2 28.3 ± 1.7 19.1±1.l 
heavily-browsed 23.5 ± 1.7 32.2 ± 1.4 22 .0 ± 3.7 
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Table A.2 Mean(± 1 SE) phosphorus concentrations of young photosynthetic organs in 13 shrub species, 
sampled on four dates, and at two sites which differed in browsing intensity. Values are mg.g- 1 dry mass. At each 
site, n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Species Site Autumn 1998 Spring 1998 Autumn 1999 Spring 1999 

Chrysocoma ciliata moderately-browsed 2.5 ± 0.2 2.1 ± 0.2 
heavily-browsed 1.6 ± 0.3 2.1 ±0.1 

Eriocephalus microphyllus moderately-browsed 2.1 ±0.2 2.0 ± 0.1 3.0 ± 0.2 4.5 ± I.I 
heavily-browsed 2.5 ±0.5 1.8 ± 0.2 2.7 ± 0.3 6.4 ± 0.3 

Euphorbia decussata moderately-browsed 1.6 ± 0.5 5.3 ± 0.6 1.9 ± 0.1 4.3 ± 0.6 
heavily-browsed 1.4 ± 0.4 1.4 ± 0.1 1.9 ± 0.3 3.7 ± 0.5 

Euphorbia mauritanica moderately-browsed 2.1 ±0.2 3.1 ±0.5 3.5 ± 0.7 
heavily-browsed 2.1 ±0.2 2.8 ± 0.2 4.9 ± 0.5 

Galenia africana moderately-browsed 1.3 ± 0.2 1.6 ± 0 .2 2.2 ± 0.5 
heavily-browsed 1.2 ± 0.3 1.7 ± 0.2 2.6 ± 0.2 

Hirpicium a/ienatum moderately-browsed 1.5 ± 0.2 1.2 ± 0.1 2.3 ±0.1 2.7 ± 0.3 
heavily-browsed 1.5 ± 0.3 1.3 ± 0.2 2.8 ± 0.2 2.3 ± 0.4 

Leipoldtia schultzei moderately-browsed I. I ± 0.1 1.2 ±0. l 1.3 ± 0.2 2.3 ± 0.4 
heavily-browsed 0.8 ±0.1 1.2 ±0.1 1.3 ±0.l 1.6 ± 0.3 

Lycium ferocissimum moderately-browsed 2.1 ± 0.5 2.5 ± 0.4 2.6 ± 0.2 
heavily-browsed 1.8 ± 0.2 1.2 ± 0.1 3.3 ± 0.4 1.8 ± 0.1 

Pentzia incana moderately-browsed 2.7 ± 0.2 2.2 ± 0.4 2.8 ± 0.2 
heavily-browsed 2.9 ± 0.1 1.8 ± 0.1 3.2 ± 0.4 

Pteronia incana moderately-browsed 1.9 ± 0.5 2.3 ± 0.3 2.3 ± 0.3 
heavily-browsed 1.7 ± 0.1 2.8 ± 0.2 2.3 ± 0.6 

Ruschia aggregata moderately-browsed 0.8 ± 0.1 1.4 ± 0.1 1.3 ± 0.4 
heavily-browsed 0.9 ±0.l 1.3 ± 0.2 1.2 ± 0.3 

Ruschia robusta moderately-browsed 1.3 ± 0.2 2.0 ± 0.3 1.6 ±0.1 1.5 ± 0.1 
heavily-browsed 1.3 ± 0.3 1.6 ± 0.3 1.7 ± 0.2 1.6 ± 0.0 

Tripteris sinuata moderately-browsed 1.6 ± 0.0 1.9 ± 0.1 3.2 ± 0.2 
heavily-browsed 1.7 ± 0.2 2.4 ±0.1 3.0 ± 0.1 



Table A.3 Mean(± 1 SE) potassium concentrations of young photosynthetic organs in 13 shrub species, 
sampled on four dates, and at two sites which differed in browsing intensity. Values are mg.i1 dry mass. At each 
site, n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Species Site Autumn 1998 . Spring 1998 Autumn 1999 Spring 1999 

Chrysocoma cilia/a moderately-browsed 31.1±3.4 31.0 ± 2.4 24.8 ± 1.0 
heavily-browsed 19.5 ± 1.2 23.6 ± 1.0 26.4 ± 1.5 

Eriocephalus microphyllus moderately-browsed 14.5 ± 0.8 15.3 ± 1.3 12.9 ± 0.7 23 .6 ± 2.8 
heavily-browsed 16.7 ± 3.6 12.4 ± 1.6 12.2 ± 1.0 24.0 ± 1.6 

Euphorbia decussata moderately-browsed 20.9 ± 8.0 15.4 ± 1.8 18.2 ± 0.7 25.3 ± 0.1 
heavily-browsed 15.9 ± 3.5 13.2 ± 1.5 19.0±1.1 21.5 ±3.5 

Euphorbia mauritanica moderately-browsed 28.4 ± 7.8 25 .9 ± 2.9 37.7 ± 7.7 32.6 ± 2.0 
heavily-browsed 32.2 ± 6.0 26.l ± 1.5 37.5±4.3 38.5 ± 3.6 

Galenia africana moderately-browsed 27.7 ± 0.6 17.7 ± 3.0 29.8 ± 3.4 
heavily-browsed 20.8 ± 4.4 20.2 ± 3.3 23.9 ±4.5 

Hirpicium alienatum moderately-browsed 14.7 ± 2.0 8.1 ±0.6 14.3 ± 1.4 16.1 ± 1.4 
heavily-browsed 13.5 ± 2.4 9.9 ± 1.2 18.5 ±2.8 15 .1 ± 2.8 

Leipoldtia schultzei moderately-browsed 21.8 ± 2.3 23.4 ± 1.0 11.9 ± 0.7 23. l ± 2.3 
heavily-browsed 15.3 ± 3.6 21.2 ± 2.8 16.0 ± 0.8 19.9± 1.1 

Lycium ferocissimum moderately-browsed 18.7±3.0 23.7 ± 8.8 33.7 ± 1.6 
heavily-browsed 51.6 ± 7.4 11.8 ± 2.9 33.8 ± 4.4 29.3 ± 9.7 

Pentzia incana moderately-browsed 17.6±2.9 17.3 ± 3.4 15.8 ± 1.3 27.3 ± 1.5 
heavily-browsed 30.2 ± 2.0 14.7 ± 2.0 17.8±1.9 44.8 ± 1.0 

Pteronia incana moderately-browsed 10.9 ± 0.7 13.l ± 2.8 16.5 ± 2.8 13.0 ± 1.6 
heavily-browsed 18.4±0.1 13.l ± 1.8 16.1 ± 1.8 16.7 ± 4.6 

Ruschia aggregata moderately-browsed 13.5 ± 1.9 14.9 ± 1.2 25.3 ± 3.0 
heavily-browsed 15.2 ± 1.7 11 .5 ± 1.5 18.0 ± 4.8 

Ruschia robusta moderately-browsed 14.6 ± 1.5 18.1±1.4 13.3 ± 0.9 14.6 ± 1.3 
heavily-browsed 10.5 ± 2.9 12.7±1.4 12.8 ± 3.0 15.l ±2.4 

Tripteris sinuata moderately-browsed 27.3 ± 1.9 21.3 ± 1.9 19.0 ± 2.6 16.8 ± 3.5 
heavily-browsed 28.4 ± 4.0 27.5 ± 4.0 32.I ± 2.1 
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Table A.4 Mean(± 1 SE) calcium concentrations of young photosynthetic organs in 13 shrub species, sampled 
on four dates, and at two sites which differed in browsing intensity. Values are mg.g- 1 dry mass. At each site, 
n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Species Site Autumn 1998 Spring 1998 Autumn 1999 Spring 1999 

Chrysocoma ciliata moderately-browsed 5.5 ± 1.2 11.3 ± 2.1 3.5 ± 0.6 
heavily-browsed 4.6 ± 1.1 13.0 ± 4.0 3.7 ± 0.7 

Eriocepha/us microphyllus moderately-browsed 6.7 ± 0.9 7.4 ± 0.3 5.5 ± 0.5 6.1 ± 1.1 
heavily-browsed 8.0 ± 0.7 8.3 ± 0.7 6.1 ±0.6 7.7 ± 0.6 

Euphorbia decussata moderately-browsed 4.4 ± 0.4 4.3 ± 0.3 4.6 ±0.5 4.0 ± 0.4 
heavily-browsed 5.3 ± 1.1 5.8 ± 0.8 4.5 ± 0.2 3.8 ± 1.2 

Euphorbia mauritanica moderately-browsed 13.0 ± 4.2 13.l ± 1.8 24.6 ± 3.2 12.9 ± 0.2 
heavily-browsed 17.7±1.2 14.4 ± 2.2 28.l ± 3.1 13.5 ±4.3 

Galenia africana moderately-browsed 17.9±1.6 13 .0 ± 1.3 18.l ± 3.8 13.0 ± 1.5 
heavily-browsed · 20.6 ± 0.7 15.0 ± 0.9 13.2 ± 0.6 14.9 ± 1.8 

Hirpicium a/ienatum moderately-browsed 14.4 ± 0.7 13.2 ± 1.3 12.6 ± 0.6 13.5 ± 1.3 
heavily-browsed 13.0 ± 0.9 16.5 ± 0.8 17.6 ± 1.4 14.5 ±0.7 

Leipoldtia schultzei moderately-browsed 10.2 ±0.1 17.6 ± 1.2 18.7 ± 2.5 8.4 ± 1.2 
heavily-browsed 10.0 ±0.1 16.4 ± 1.6 23 .2 ± 2.8 8.9 ± 1.6 

Lycium ferocissimum moderately-browsed 30.5 ± 2.5 20.6 ± 2.5 18.0 ± 1.2 
heavily-browsed 28.1 ± 1.8 38.3 ± 6.1 22.0 ± 1.5 33.0 ± 3.1 

Pentzia incana moderately-browsed 10.6 ± 0.2 11.8 ± 1.4 17.5 ± 1.5 13.4 ±0.7 
heavily-browsed 10.3 ±0.l 12.2 ± 0.6 12.1 ± 1.2 16.9 ± 2.7 

Pteronia incana moderately-browsed 16.0 ± 0.7 12.3 ± 1.9 9.0 ± 0.8 25. l ± 3.8 
heavily-browsed 10.4 ± 1.0 9.5 ± 0.7 7.5 ± 0.9 13.5 ± 2.2 

Ruschia aggregata moderately-browsed 19.7 ± 1.7 17.3±1.4 23.5 ± 0.5 
heavily-browsed 21.l ± 1.9 20.7 ± 1.6 19.4 ±4.1 

Ruschia robusta moderately-browsed 34.9 ± 1.2 19.0 ± 1.3 21.l ± 1.5 19.2±1.6 
heavily-browsed 18.7±5.9 18.4 ±0.7 23.3 ± 1.7 22.5 ± 1.3 

Tripteris sinuata n,.oderately-browsed 45.8 ± 3.2 42.4 ± 6.6 36.4 ± 4.6 44.5 ± 0.1 
heavily-browsed 39.9 ± 2.3 21.0 ± 1.2 27.5 ±2.2 

214 



Table A.5 Mean(± 1 SE) magnesium concentrations of young photosynthetic organs in 13 shrub species, 
sampled on four dates, and at two sites which differed in browsing intensity. Values are mg.i1 dry mass. At each 
site, n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Species Site Autumn 1998 Spring 1998 Autumn 1999 Spring 1999 

Chrysocoma ciliata moderately-browsed 1.5 ± 0.2 3.7 ± 0.4 2.4 ± 0.6 
heavily-browsed 2.5 ± 0.0 2.5 ± 0.2 2.3 ± 0.5 

Eriocephalus microphy//us moderately-browsed 3.4 ± 0.2 3.0 ± 0.2 4.1 ±0.3 3.8 ± 0.5 
heavily-browsed 3.2 ±0.5 3.0 ± 0.3 3.9 ± 0.3 4.3 ± 0.4 

Euphorbia decussata moderately-browsed 3.6±0.l 2.2 ± 0.2 3.4 ± 0.6 2.8 ± 0.2 
heavily-browsed 2.1 ±0.2 1.9 ± 0.3 2.9 ±0.l 2.8 ± 0.9 

Euphorbia mauritanica moderately-browsed 5.3 ± 0.8 4.3 ± 0.5 5.7 ± 0.4 4.7 ±0.1 
heavily-browsed 3.5 ± 0.3 4.4 ± 0.3 5.3 ± 0.5 5.6 ± 0.8 

Ga/enia africana moderately-browsed 13.5 ± 0.6 9.4 ± 0.7 14.9 ± 1.9 9.7 ± 0.3 
heavily-browsed 12.9 ± 0.6 8.8 ± 0.9 10.4 ± 0.8 11.6 ± 0.5 

Hirpicium a/ienatum moderately-browsed 5.3 ± 0.3 2.5 ± 0.4 6.5 ±0.2 4.8 ± 0.3 
heavily-browsed 5.4 ± 0.9 4.8 ± 0.9 6.5 ± 0.6 4.7 ± 0.7 

Leipoldtia schultzei moderately-browsed 9.0 ± 1.0 11.4 ± 2.2 7.9 ±0.3 3.9 ± 0.4 
heavily-browsed 7.4 ± 0.3 7.4 ± 0.8 8.4 ± 0.4 5.3 ± 0.9 

Lycium ferocissimum moderately-browsed 12.5 ± 0.6 13.7 ± 1.8 15.8 ± 2.5 
heavily-browsed 13.3 ± 0.5 19.0 ± 5.1 14.4 ± 1.4 14.4 ± 3.9 

Pentzia incana moderately-browsed 1.9 ± 0.3 3.6 ± 0.7 3.3 ± 0.2 3.8 ± 0.4 
heavily-browsed 1.9 ± 0.2 3.2 ± 0.6 3.5 ± 0.3 3.8 ± 0.3 

Pteronia incana moderately-browsed 4.0 ± 0.2 3.4±0.l 3.3 ±0.2 3.2 ± 0.2 
heavily-browsed 2.7 ± 0.4 3.1±0.4 3.1 ± 0.2 3.9 ± 0.7 

Rusch/a aggregata moderately-browsed 13.5 ± 0.9 12.6 ±0.9 28.7 ± 2.3 
heavily-browsed 14.3 ± 1.0 14.0 ± 0.6 7.7 ± 1.7 

Rusch/a robusta moderately-browsed 12.1±1.8 12.5 ± 1.2 12.8 ± 0.7 14.0 ± 1.1 
heavily-browsed 7.7 ± 2.1 10.8 ± 0.7 16.5 ± 1.7 12.7 ± 1.5 

Tripteris sinuata moderately-browsed 16.0 ± 0.3 15.3 ± 0.7 17.5 ± 1.3 16.9 ± 1.8 
heavily-browsed 19.3±1.l 18.8 ± 0.6 17.7 ± 1.4 



Table A.6 Mean(± 1 SE) sodium concentrations of young photosynthetic organs in 13 shrub species, sampled 
on four dates, and at two sites which differed in browsing intensity. Values are mg.g-1 dry mass. At each site, 
n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Species Site Autumn 1998 Spring 1998 Autumn 1999 Spring 1999 

Chrysocoma ciliata moderately-browsed 3.0 ± 0.9 3.1 ±0.l 
heavily-browsed 4.5 ± 1.7 2.3 ± 0.8 3.2 ± 0.8 

Eriocephalus microphyllus moderately-browsed 15.3 ± 1.1 5.1 ±0.4 10.2 ± l.5 10.8 ± 0.4 
heavily-browsed 15.4 ± 2.2 6.1 ± 0.8 11.8 ± 1.0 15.3 ± 1.3 

Euphorbia decussata moderately-browsed 4.9 ± 0.5 0.8 ± 0.2 0.8 ±0.1 l.7 ± 0.7 
heavily-browsed 5.0 ± 0.4 0.7 ±0.1 1.2 ± 0.1 1.8 ± 0.6 

Euphorbia mauritanica moderately-browsed 5.5 ± 0.3 l.5 ± 0.2 3.0 ± 0.9 6.0 ±2.1 
heavily-browsed 7.3 ± l.8 l.6 ± 0.2 3.0 ± 0.9 3.6 ± 0.5 

Galenia africana moderately-browsed 20.2 ± 1.8 11.9 ± 0.9 9.9 ± 1.0 
heavily-browsed 14.5 ± 2.7 10.9 ± 1.1 10.7 ± 0.6 

Hirpicium alienatum moderately-browsed 5.6 ± 0.8 7.4 ± 0.6 9.2 ± 0.5 
heavi ly-browsed 4.2 ± 0.4 8.5 ± 0.6 7.1±1.5 

leipoldtia schultzei moderately-browsed 18.8 ± 2.3 19.3±1.4 7.7 ± 0.5 18.9± 2.1 
heavily-browsed 22.0 ± 2.2 20.8 ± 1.1 8.4 ± 0.4 14.5 ± 0.8 

Lycium ferocissimum moderately-browsed 168.7 ± 5.0 36.5 ± 2.0 59.5 ± 20.8 
heavily-browsed 113.1 ± 7.3 36.7 ± 0.6 34.2 ± 3.2 67.8 ± 6.3 

Pentzia incana moderately-browsed 10.8 ± 1.4 5.2 ± 0.8 12.1 ± 1.9 10.9 ± 1.0 
heavily-browsed 12.9 ± 3.0 7.9±1.1 10.8 ± 0.7 14.7 ± 1.3 

Pteronia incana moderately-browsed 17.4±1.4 8.3 ± 0.8 11.3 ± 0.4 13.9 ± 0.8 
heavily-browsed 14.8 ± 1.3 9.0 ± 0.6 10.2 ± 0.5 13.3 ± 1.3 

Ruschia aggregata moderately-browsed 14.2 ± 2.2 13.4 ± 1.1 17.6±1.1 
heavily-browsed 13.0 ± l.4 12.3 ± 0.8 15.8±4.3 

Ruschia robusta moderately-browsed 13.2 ± 1.1 7.6 ± 0.9 13.4 ± 2.2 12.2 ± l.2 
heavily-browsed 8.5 ± 2.7 7.8 ± 0.2 14.2 ± 0.7 17.8 ± 2.2 

Tripteris sinuata moderatefy-browsed 36.7 ± 1.3 53 .1 ± 8.8 30.6 ± 2.3 30.7 ±4.7 
heavily-browsed 36.5 ± 3.5 33 .6 ± 2.5 30.1 ±0.6 
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Table A.7 Mean(± 1 SE) water concentration of young photosynthetic organs in 13 shrub species, sampled on 
four dates, and at two sites which differed in browsing intensity. Values are percent water concentration per unit 
dry mass. At each site, n=3 for autumn 1998 and spring 1999, and n=5 for spring 1998 and autumn 1999. 

Seecies Site Autumn 1998 Sering 1998 Autumn 1999 Sering 1999 

Chrysocoma ciliata moderately-browsed 113 ± 15 170 ± 17 214 ± 6 t 
heavily-browsed 79 ±6 110 ±5 172 ± 7 t 

Eriocephalus microphyllus moderately-browsed 88 ± 11 58 ± 7 124 ± 13 176±14 t 
heavi ly-browsed 67 ±6 82 ± 12 183 ± 17 245 ± 23 t 

Euphorbia decussata moderately-browsed 245 ± 15 232 ± 8 276 ± 12 529 ± 36 
heavily-browsed 197 ± 17 234 ± 26 285 ± 8 482 ± 28 

Euphorbia mauritanica moderately-browsed 375 ± 35 375 ± 24 459 ± 27 651 ±28 
heavily-browsed 347 ±9 368 ± 6 471 ± 17 635 ± 48 

Galenia africana moderately-browsed 126 ± 14 154 ± 10 211 ± 9 238 ± 10 
heavily-browsed 130 ± 27 148 ±4 213 ± 9 226 ± 5 

Hirpicium alienatum moderately-browsed 68 ± I 50 ±4 124 ±9 181 ± 8 t 
heavily-browsed 60 ±21 41 ± 5 21 1 ±40 229±10 t 

Leipoldtia schultzei moderately-browsed 207 ± 8 403 ± 28 314 ± 12 475 ± 20 t 
heavily-browsed 269 ± 20 350 ± 17 313 ± 14 409 ± 26 t 

L ycium ferocissimum moderately-browsed 543 ± 58 666 ± 40 758 ± 33 
heavily-browsed 694 ± 48 654 ± 62 766 ± 30 945 ± 27 

Pentzia incana moderately-browsed 69 ± 11 83 ± 11 188 ± 20 246 ± 11 t 
heavily-browsed 93 ± 12 108 ± 22 161 ±47 291±25t 

Pteronia incana moderately-browsed 103 ± 9 78 ± 6 192 ± 10 245 ± 5 
heavily-browsed 94 ±9 71 ±4 157 ± 11 226 ± 11 

Ruschia aggregata moderately-browsed 498 ± 22 446 ± 13 529 ±4 t 
heavily-browsed 444 ± 30 460 ± 23 374 ± 93 t 

Ruschia robusta moderately-browsed 236 ± 14 347 ± 10 355 ± 16 454 ±24 t 
heavily-browsed 223 ± 63 338 ± 19 371 ± 25 394 ± 13 t 

Tripteris sinuata moderately-browsed 397 ± 17 580 ± 41 650 ± 48 830 ± 42 t 
heavily-browsed 589 ± 40 1019±76 945 ± 34 t 

t comparisons between sites are invalid as rain fell on the day between sampling the two sites 
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Table A.8 Mean ( ± 1 SE) concentration of mineral nutrients and water in the young leaves of other perennial species. All samples are from the heavily-browsed site. Sample sizes and the dates of sampling are indicated (A98=autumn 1998, S98=spring 1998, A99=autumn 1999, S99=spring 1999). Values are mg.g- 1 dry mass, except for water which is percent water content per unit dry mass. 

Species Family n Date Nitrogen Phosphorus Potassium Calcium Magnesium Sodium Water (%) 

Aizoon canariense Aizoaceae 3 A98. 26.3± 4.3 3.6±0.l 31.2±8.0 19.7± 2.0 8.5± 0.7 58.5 ± 9.4 628± 66 
Aptosimum indivisum Scrophulariaceae 3 S99 22.4± 0.5 32 .7± 7.4 11.8± 1.3 3.3± 0.3 0.1± 0.0 612± 192 
Aridaria noctijlora Mesembryanthemaceae 3 S99 11.7± 0.8 30.2± 4.9 9.8± 1.4 5.7± 1.1 145.9±9.1 1397± 69 
Bulbine abyssinica Asphodelaceae 3 S99 21.2± 1.0 44.1±5.9 12.6± 1.9 3.0±0.1 0.5±0.l 
Chaetobromus dregeanus Poaceae 3 S99 6.6± 2.5 0.9±0.I 21.7± 0.9 4.7± 1.9 4.7± 1.0 0.0±0.0 
Cheiridopsis cigarettifera Mesembryanthemaceae 3 S99 12.7± 4.4 2.4± 0.3 21.9± 4.1 16.0±2.I 11.1± 2.7 48.4± 21.7 668± 13 
Cheiridopsis denticulata Mesembryanthemaceae 11 S98 + S99 5.6± 0.4 2.0± 0.1 19.7± 1.9 23.0± 0.8 41.6± 1.0 46.4± 5.7 833± 29 
Conicosia sp. Mesembryanthemaceae 3 S99 21.9± 9.1 30.6± 0.9 30.3± 2.0 14.4± 2.2 87.0± 5.8 
Cotyledon orbiculata Crassulaceae 3 S98 4.6±0.5 1.3± 0.1 10.3±2.l 21.7±4.6 7.7± 1.2 0.6±0.l 682± 96 
Crassula atropurpurea Crassulaceae 3 S98 4.1± 0.1 1.1 ± 0.2 1.7± 0.1 15.3± 1.6 6.7± 1.0 2.4± 0.8 660± 30 
Crassu/a subaphylla Crassulaceae 3 S99 8.9± 1.1 8.7± 0.5 40.1± 5.9 18.0± 0.5 1.6± 0.4 
Galenia crysta/lina Aizoaceae 6 S99 20.6± 2.5 2.4± 0.4 19.4± 2.8 16.1± 2.3 6.8± 1.0 105.7± 4.6 446± 61 
Hermannia amoena Sterculiaceae 3 A98 11.9± 2.5 1.4± 0.2 18.1±2.5 16.2± 6.5 3.7±0.3 0.8± 0.0 61± 18 
Hermannia cuneifo/ia Sterculiaceae 4 A98 + S98 14.7±0.4 1.6±0.2 23.1±3.2 20.5± 3.1 6.3± 1.0 0.4± 0.1 116± 9 
Homeria bifida Iridaceae 3 S99 21.6± 1.6 45.8± 6.9 22.3± 2.4 2.0± 0.4 0.4± 0.1 443±6 
Hypertilis sa/soliodes Aizoaceae 3 A98 32.7±4.9 2.5± 0.3 10.0± 1.2 9.4± 1.2 4.6± 0.7 52.1± 0.5 535± 13 
Mesembryanthemum crystallinum Mesembryanthemaceae 3 S99 22.8± 4.7 99.9± 28 .4 11.6± 0.9 3.7± 0.3 140.9± 18.5 1794± 278 
Ruschia f redericii Mesembryanthemaceae 3 A98 11.6± 1.4 2.1± 0.0 10.0± 0.8 19.3±2.8 20.5± 1.1 12.4± 1.1 559± 41 
t Ruschia grisea Mesembryanthemaceae 3 S98 4.0± 0.5 0.5±0.l 10.3± 1.7 18.6± 5.5 4.2± 2.0 14. l ± 1.6 348± 14 

N Tetragon ia fruticosa Aizoaceae 4 A98 + S98 25.4± 3.0 2.4± 1.3 37.4± 6.8 10.4± 1.7 12.3± 2.5 38.0± 5.2 515± 80 ....... 
00 Tylecodon wallichi Crassulaceae 3 S98 10.8± 1.0 2.0± 0.2 25.4± 2.7 45.8± 3.2 19.2± 3.3 0.5±0.l 1209± 50 

Zygophyllum retrofractum Zygophyllaceae 6 S98 13 .5± 1.3 0.9±0.l 7.5± 2.8 46.9± 3.5 5.3± 0.5 17.4± 2.7 226± 37 

t values are for photosynthetic shoots not leaves 



N ..... 
\D 

Table A.9 Mean(± 1 SE) concentration ofmmeral nutrients and water in the young termmal sterns (mostly photosynthetic) of perennial species. Samples are from the moderatelybrowsed and heavily-browsed sites. Sample sizes and the dates of sampling are indicated (A98=autumn 1998, S98=spring 1998, A99=autumn 1999, S99=spring 1999). Values are mg.g- 1 dry mass, except for water which is percent water content per unit dry mass. 

Species Family n Date Nitrogen Phosphorus Potassium Calcium Magnesium Sodium Water (%) 

Aridaria noctiflora Mesembrynathemaceae 3 S99 3.7 ± 0.4 1.4± 0.4 19.9± 1.3 4.9± 0.7 6.2±0.2 11 .5±4.0 214± 18 
Eriocephalus microphyllus Asteraceae 6 A98 6.6± 0.4 1.7± 0.2 13.1± 1.2 3.8± 0.3 0.8± 0.2 5.8± 1.2 52±3 
Galenia africana Aizoaceae 6 A98 6.8± 0.8 0.6± 0.1 15.1± 1.5 9.7±0.1 1.8± 0.2 3.3± 0.8 61±4 
Hermannia cuneifolia Stercul iaceae 3 S98 7.2±0.3 1.2± 0.0 17.0± 2.7 9.2± 1.5 2.6± 0.1 0.2± 0.0 86± 14 
Hi,picium a/ienatum Asteraceae 4 A98 + S98 4.8± 0.6 0.8±0.1 11.4± 0.9 5.0±0.5 2.6±0.2 0.5± 0.1 55± 6 
Leipoldtia schultzei Mesembryanthemaceae 6 A98 5.7± 0.5 0.9± 0.1 7.4± 0.8 9.6±0.I 0.6± 0.1 3.0± 0.9 51±4 
Lycium f erocissimum Solanaceae 6 A98 9.1± 1.8 0.9±0.I 10.2± 1.3 3.9± 0.4 0.7±0.1 5.7± 1.3 53± 3 
Pentzia incana Asteraceae 7 A98 14.4± 2.4 2.3± 0.2 16.8 ± 1.3 9.7± 0.1 1.2±0.2 6.5± 1.6 66± 8 
Pteronia incana Asteraceae 6 A98 6.7± 0.4 12.6± 0.9 5.2± 0.3 2.7± 0.6 4.1±0.5 51±2 
Ruschia aggregata Mesembryanthemaceae 19 S98 + A98 7.4± 0.3 1.0± 0.1 18.4± 1.4 25.4± 2.8 8.9±0.9 7.1± 0.8 296± 28 
Ruschia fredericii Mesembryanthemaceae 3 A99 9.3± 0.4 2.0± 0.2 31.6±3.8 16.9± 2.0 10.4± 1.3 9.9± 1.7 390± 88 
Ruschia robusta Mesembryanthemaceae 5 A98 5.8± 0.4 0.8±0.1 22.0± 3.2 9.9± 0.2 1.7± 0.2 3.2±0.4 87± 6 
Tetragonia fruticosa Aizoaceae 4 S98 7.1±0.5 0.7±0.0 30.1± 2.6 4.1±0.6 4.2± 0.2 8.7± 1.0 158± 41 
Tripteris sinuata Asteraceae 7 A98 + S99 6.1±0.3 4.4± 1.4 27.2± 3.3 8.2± 1.5 3.8± 0.5 7.6± 0.8 233± 63 
Zygophyllum retrofractum Zygophyllaceae 6 S98 + S99 6.9± 0.6 1.0± 0.2 11.3± 3.5 13.7± 0.5 1.5± 0.1 9.9± 0.6 87± 14 



Chapter 6: 

Corollaries, Conclusions and Future Research Themes 

Introduction 

The studies presented in this thesis have been wide-ranging and frequently 

exploratory. Some of these studies indicate exciting new research themes in the 

community dynamics of semi-arid regions globally, particularly the role of nitrogen 

availability and its interactions with water availability. Additionally, the examination 

of community dynamics in the Succulent Karoo in the context of resource limitation 

and resource utilisation by the perennial plants is to a large degree novel. In many 

cases, however, the studies have been, of necessity, preliminary, and more incisive 

experimental studies are called for to test the proposed hypotheses thoroughly. 

An obvious short-coming of many of the studies presented here is the use of 

pseudo-replicated data. This, however, was largely unavoidable; for instance, time 

and resources did not permit the examination of replicate degradation gradients, nor 

was it possible to find replicate moderately-browsed and heavily-browsed sites with 

similar histories of livestock densities (and abiotic conditions). Similar patterns in the 

species composition of communities were, however, observed in areas of similar 

rangeland degradation e.g. other commercial rangelands, or around other stockposts 

on communal rangelands. Furthermore, other possible causative or confounding 

factors, e.g. soil characteristics, that were potentially responsible for the observed 

patterns in these studies were explored. Moreover, it can be argued that all studies are 
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pseudo-replicated at some scale, and the very notion of pseudo-replication has been 

challenged by some researchers (Hargrove and Pickering 1992, Oksanen 2001). 

Generally there is a trade-off between the need for the dispersion of replicated 

treatments and the use of appropriate spatial and temporal scales in ecological studies 

(Oksanen 2001). Approaches that combine both natural experimentation at 

appropriate scales, and controlled experimentation with appropriate replication are 

likely to be most instructive, the former principally to generate hypotheses and the 

latter principally to test hypotheses (Hargrove and Pickering 1992). The precision 

used in the replication of treatments ( and statistical analysis) in scientific papers is 

frequently at odds with the lack of precision used in the interpretation and citation of 

results. 
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Implications for semi-deserts globally 

The role of nitrogen 

The simple hypothesis that survival of plants is primarily limited by the availability of 

soil water and growth of plants is primarily limited by the availability of soil nitrogen 

in semi-deserts, and possibly other systems, deserves further investigation. This 

simple hypothesis, however, is not likely to reflect the full complexity of ecosystem 

processes, as the availability of water and nitrogen will interact to some extent. While 

the concentrations of nitrogen in the photosynthetic organs of plants were not 

correlated with growth rates among 11 species (Chapter 5), increasing the availability 

of nitrogen and other nutrients in the soil increased the growth of both species tested, 

even during a drought year (Chapter 3). Based on evidence from semi-deserts and 

other systems (Healey 1989, Sala et al. 1989), it is suggested that any increases in the 

availability of nitrogen to plants will normally be converted directly into increased 

growth of the . plants concerned. However, some nitrogen accumulation in 

photosynthetic organs was observed. Most species had significantly higher nitrogen 

concentrations in their photosynthetic organs on the sampling date in autumn 1999. 

This followed a rainfall event of 20 mm about 40 days earlier, which resulted in 

greater soil water availability than had occurred in the previous 18-month period, and 

is likely to have caused a· boom in the populations of the microfauna and microflora 

Yesponsible for the mineralization of nitrogen, and hence a peak in the available 

nitrogen (Whitford 1999). Available soil water may have been exhausted by the plants 

faster than the available nitrogen (particularly if nitrogen was being made available by 

the death of the microfauna and microflora following the desiccation of the soil) and 

plants were then largely unable to convert all the available nitrogen into growth. 
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In an attempt to unravel the interaction of water and nitrogen availability on 

plant growth it is recommended that a fully factorial field experiment be conducted in 

the future, with treatments that are combinations of ecologically relevant levels of 

nitrogen and water additions (plus a possible nitrogen and phosphorus treatment). In a 

broader context, studies which investigate the conditions that govern the flow of 

nitrogen from one trophic level to the next, starting with the soil and going through to 

herbivores, are likely to highly revealing. Understanding the role of nitrogen in semi~ 

desert systems is important because water has long been considered to be the primary 

driver of plant growth, and indeed most ecosystem dynamics, in these systems. 

The role of water 

In factorial field experiments involving seedlings, and water and nitrogen additions, it 

is predicted that water additions will greatly increase survival but nitrogen additions 

will have little affect on survival. Nitrogen is, however, likely to increase the growth 

rates of surviving seedlings. Ideally, seeded plots should be used in such experiments 

rather than transplanted seedlings, as the effects on survival are likely to be most 

pronounced in the earliest stages of development. 

Franco and Nobel (1990) have shown that nurse plants can increase the 

availability of water to patient plants during dry periods. Similar patterns in soil water 

availability have been observed in the Succulent Karoo; although the rate of decline in 

the soil water concentration of the soil at a depth 5 cm was initially higher under 

shrubs than in cleared vegetation, the rate of decline at soil water concentrations of 

around 20% was lower under shrubs, resulting in a longer period of water availability 
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at this level (Milton 1995a). Microhabitats provided by the canopies of shrubs are 

beneficial or crucial for the establishment of many shrub species and are crucial for 

the entire life cycle of certain other perennial species (Chapter 3). Measurements of 

the water concentrations at various depths and at various times under nurse plants, 

comparing these to water concentrations in open microhabitats, and relating this to the 

root architecture of common nurse plants and their patients will contribute to our 

understanding of these dynamics. However, manipulative studies that separate the 

potential benefits provided by nurse plants, i.e. by artificially providing either 

protection from browsing, fertile-islands, increased water penetration, shading of the 

patient but not of the soil, or shading of the soil ( and thereby reducing evaporation) 

but not of the patient plant, are likely to contribute most to our understanding of this 

process of facilitation. 

Studies here suggest that the nature of the rainfall regime plays an important 

role in structuring the communities of semi-arid regions. This is certain to warrant 

further investigation in light of future climate-change scenarios. The approach of 

comparing the structure and function of the world's four winter-rainfall semi-deserts, 

the Succulent Karoo, Mojave, Patagonia and South Australia (and their adjoining 

summer-rainfall semi-deserts), in relation to their differing climatic regimes is likely 

to be particularly insightful, as has been demonstrated by Esler and Rundel (1999). 
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Implications for semi-deserts locally 

Revising current understanding 

Two factors - the susceptibility of shrubs to rare drought events and their reliance on 

predictable yearly rainfall - have underpinned the interpretation of community 

dynamics in the Succulent Karoo for the last 15 years. Building on these precepts, 

Cowling et al. (1999) constructed a comprehensive theoretical model to explain 

perennial form, function and dynamics in terms of environmental constraints and the 

selective regime (Fig. 6.1 ). Based on the results of studies presented here, however, 

the susceptibility of shrubs to drought may be dismissed and the importance of 

predictable yearly rainfall has to be questioned. A number of revisions to the 

theoretical model are called for. Individual aspects of this model have been criticised 

in detail in the preceding chapters. I summarize these below by suggesting revisions 

to the model. 

Far from being susceptible to drought, adult shrubs were found to be extremely 

drought tolerant. Seedlings may be more susceptible to drought, but for mesembs at 

least, there is considerable evidence for extreme drought tolerance in the seedlings 

too. Predictable yearly rainfall emphasises cycles of water replenishment at the wrong 

time scale. Since most mesembs are likely to be able to recharge their water storage 

organs after rainfall events of 10 mm, it is likely that even in drought years, water 

replenishment will take place more frequently than once a year, and even in wet years 

shrubs may have to survive entire summers without any rainfall. If most shrubs are 

not drought susceptible, predictable rainfall is unlikely to be crucial to the selective 

regime. Mild winter temperatures and rainfall that occurs predominantly in small 
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events, and in winter, are considered to be fundamental to the selective regime. These 

environmental constraints are likely to promote growth at low temperatures and 

consequently growth during winter. Since rainfall occurs throughout the year in some 

areas of the Succulent Karoo, summer dormancy is not a necessary environmental 

constraint. Winter rainfall, when the evaporative potential is lowest, will however, be 

available to plants for longer periods. 

A complex of traits which are adaptive in this selective regime is likely to have 

led to the dominance of the Succulent Karoo by shallow-rooted leaf-succulent species. 

Rainfall that occurs in small volumes but reasonably frequently throughout the 

growing season favours shallow-rooted growth forms and small volume (large 

surface-area) water storage organs. An ability to switch between C3, CAM and CAM

cycling photosynthesis, and allied metabolic flexibility, is likely to be advantageous 

under these conditions. It is, however, likely that adaptations in the roots of these 

plants that rapidly alter the conductance of water between root and soil, such as has 

been demonstrated for succulent Agave and Ferocactus (Nobel 1988) in the Mojave, 

will be more important than the potential to develop 'rain roots'. These traits are 

likely to facilitate rapid growth in response to rainfall. 

Edaphic and microsite specialisation, in combination with poor seed dispersal 

may contribute to the high species diversity. Seed limitation due to poor dispersal and 

poor seed production, resulting from a variety of factors including florivory and poor 

rainfall, could produce lottery recruitment effects. · Factors which lead to cohort 

senescence are extremely rare; rather populations with mixed age structure are the 

norm. Dominants may be long- or short-lived (Wiegand et al. 2000). Fertile-islands 
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are present in the soil under dominants (and at a larger scale, on heuweltjies), and the 

microhabitats provided by these shrubs are crucial structural components of the 

community in that they provide growth and establishment sites for other perennial 

plants. 

While competitive interactions between adults of different functional groups 

may be weak, competitive interactions between adults of similar functional groups are 

likely to be strong. These competitive interactions appear to affect growth rather than 

survival. Competition between adults and seedlings may occur between functional 

groups. Competitive effects of adult mesembs on seedlings are likely to be particular 

important (sensu Welden and Slausen 1986), and to affect survival rather than growth. 

Applying new understanding of community dynamics 

Finally, new understanding emerges from these studies that is directly relevant to the 

management of Succulent Karoo rangelands. While adult shrubs are resilient to both 

drought and browsing, shrub removal and ploughing degrade communities to a point 

where recovery is unlikely to occur over time scales of decades or even centuries 

since seed dispersal is limited in all but a few early-successional species. 

Florivory by livestock, and in all likelihood by indigenous ungulates, can 

profoundly impact recruitment dynamics, particularly where heavy browsing and 

degradation are combined. The potential for florivory to induce seed limitation, and 

thereby affect community turnover, has been discussed (Chapter 3). Analysis of the 

nitrogen concentrations of flowers is likely to explain the preference that browsers 

have for flowers; concentrations are predicted to be high relative to that of 
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photosynthetic organs, and flowers less defended. The species preference of browsers 

can, to a large extent be explained by the nitrogen concentrations of the organs 

browsed. As a result asteraceous species and other non-succulents are highly 

preferred, although there are exceptions. Generally mesembs are less preferred. This 

is strongly implied in Acocks' (1988) concept of False Succulent Karoo, in which the 

abundance of mesembs in the vegetation of some eastern areas of the Succulent Karoo 

is seen to be artificially high as a result of sustained livestock browsing. Contrary to 

the beliefs of most land-managers and farmers, Galenia africana is browsed by 

livestock. At Paulshoek the browsing frequency was similar to that of the most 

abundant species, Ruschia robusta. Although it may be somewhat toxic, livestock can 

tolerate substantial quantities of the foliage in their diet, especially perhaps where they 

encounter it frequently. 

Galenia africana is abundant and often mono-dominant on large areas of the 

Succulent Karoo that are heavily disturbed or degraded. However it is highly unlikely 

that it is competitively superior, or excludes less well-dispersed species in any way. 

Galenia africana is likely to be able to establish in these areas due to increases in the 

available soil water that result from the removal of other shrub species. In less 

degraded areas where mesembs are abundant, I predict that the uptake of water from 

the shallow soil by mesembs prevents G. africana from establishing. This hypothesis 

is based on the drought intolerance of G. africana seedlings and on their very small 

seeds, which are unlikely to contain sufficient reserves for the growth of a taproot 

beyond the rooting depths of mesembs and into soil that may contain water for longer 

periods. In less degraded areas mesemb roots extend throughout the surface soil. Near 

Paulshoek, for instance, shrub cover was 25%, but the most abundant shrub, 
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R. robusta, had a root/canopy diameter ratio of 2: 1, thus the area covered by the roots 

was four times as large as that covered by the canopy, i.e. 100% cover. Of course not 

all shrubs in this community were R. robusta, but most other mesembs had 

root/ canopy diameter ratios greater than 2: 1, and perennial herbs were also abundant 

in this community. Simple experiments involving the controlled germination of 

G. africana seeds in communities where mesembs are abundant and communities 

where mesembs have been removed (but other factors are similar) are needed to test 

this hypothesis. 
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