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| INTRODUCTION

.1 The southern African quartz fields

Quartz fields represent an unusual habitat type of the Succulent and Nama Karoo Biomes in the
arid parts of southern Africa (Figure 1). The fields are characterised by a dense layer of white,
angular quartz stones on soil surface. The vegetation of these quartz fields differs considerably
from its surroundings by low height, low cover values, a particular species composition, and the
dominance of dwarf and ground level growth forms.

The characteristic features of the quartz fields are their restricted size and distinct boundaries.
Sharp borders, together with the low vegetation density and height, make the quartz fields
conspicuous, giving them an island-like appearance. Even the vegetation within the quartz fields
shows a clear pattern of small scale mosaics of vegetation units which are typically dominated by
a single taxon (monodominant vegetation units) (Schmiedel 1994).

Whereas the general vegetation of the Succulent Karoo shows a variety of growth forms typically
comprising fruticose, well-branched chamaephytes and nano-phanerophytes the vegetation of the
quartz fields is dominated by dwarf growth forms. Short internodes which result in stunted axes,
low branching and low number of leaf pairs per axis are common. The majority of the taxa have
leaf pairs which are highly connate and form spheroid bodies (so called Korpuskeln, Ihlenfeldt
1978). Some plants even grow submerged below the soil surface, receiving light only through
chlorenchyma-free windows of the leaf tips (window plants). The majority of the plants are leaf
succulent, as is typical for the Succulent Karoo vegetation, but in comparison to the general flora
of the Succulent Karoo, they tend to have fewer leaves which are larger in size. The quartz-field
vegetation seems to present an extreme and highly derived form of the Succulent Karoo
vegetation.

Although quartz fields are dominant and frequent in the Succulent Karoo, they are not restricted
to that biome but also occur in the Bushmanland and Warmbad regions, both belonging to the
Nama Karoo biome (Figure 1). The Nama Karoo receives mainly summer rainfall and the
vegetation is dominated by non-succulent shrubs and grasses (Palmer & Hoffman 1997).
However, the quartz-field vegetation in the Nama Karoo is dominated by succulents and
comprises the same growth-form composition as in the Succulent Karoo. Each area where quartz
fields occur has a quartz-field flora of its own, comprising a high percentage of endemics. The
high similarity in growth-form composition in various regions supplied by taxa of different
lineages has been already interpreted as a result of convergent evolution (Jurgens 1986, Schmiedel
& Jurgens 1999).

Numerous plant species are entirely restricted to this habitat type, representing a flora of its own
and providing a high proportion of the regional endemic flora. For example, in the Knersvlakte
around 40 % of the app. 150 endemic species are restricted to quartz fields (Hilton-Taylor 1994).

Regarding the growth-form particularities of their vegetation and flora and their convergence in
different biomes, quartz fields obviously represent an ecologically special habitat.
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1.2 Objectives
The present study aims to

- understand the composition, distribution, and phylogenetic pattern of the quartz-field flora
in order to get insight into its origin, history, and age.

- get insight into the vegetation ecology of the quartz fields, the environmental control of the
vegetation structure, species composition, diversity, and distribution.

- understand the microclimatic impact of the quartz cover on soil surface on the habitat
conditions on quartz fields.

- provide understanding of the ecology and evolution of the Succulent Karoo vegetation in
general.

- to supply relevant data for applied conservation purposes.
For this purpose, three main strings were followed up:

1) Floristic and phytogeographical analyses of the obligate flora of the quartz field were
conducted in order to gain insight into its floristic composition and geographical
patterns as well as to derive hypotheses on the origin and age of the flora. These
analyses comprise the floristic and growth-form composition, the phylogenetic relationship
of the taxa as well as the distribution and the phytogeographical subdivision of the QFF
(Chapter IIL.1).

2) Gradient analyses of the vegetation and of those variables that were most likely to be
responsible for the special habitat conditions were employed, i.e., physical and chemical
soil properties and microclimatic conditions (Chapter I11.6 and I11.8).

3) An hierarchical classification and formal description of the vegetation and
characteristic habitat conditions of quartz fields and neighbouring sites was supplied
in order to improve the understanding of the vegetation of the quartz fields and also
to facilitate future research. As a contribution to the New Vegetation Map of South Africa
as well as to permit a delimitation the quartz-field vegetation from the zonal vegetation, a
map and formal description of the vegetation of the Knersvlakte has been supplied. The
Knersvlakte represents the centre of highest diversity of the quartz fields (Chapters 1X.1.2
and IX.1.3).

1.3 Previous research conducted on quartz fields or related
issues

Although the quartz fields of southern Africa represent an extraordinary azonal habitat of great
ecological significance and conservation value (Desmet ez 2/ 1999, Hilton-Taylor 1994, Hilton-
Taylor & Le Roux 1989, Le Roux e al 1995) they have been the focus of surprisingly little
research (Hilton-Taylor 1994). However, some pilot studies had been conducted on various
aspects of quartz-field ecology (Eller 1982, Jirgens 1986; von Willert e a/. 1992; Schmiedel 1994).

Jurgens (1986) analysed the relationship between growth forms and edaphic features on the
Knersvlakte quartz fields. His study showed that abrupt change in floristic and growth-form
composition across quartz field boundaries is associated with a corresponding increase in soil
conductivity and decline in soil pH. Jurgens (19806) also mentions identical sequences of similar
growth-form types along quartz-related soil catenas in the Knersvlakte and Little Karoo, which
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he interpreted as a result of multiple events of convergent evolution. Schmiedel (1994) conducted
a vegetation ecological study on the quartz fields of the Knersvlakte which resulted in a
preliminary classification and first hypothesis on its habitat ecology.

Von Willert e# al. (1992) showed that the reflectivity of solar radiation of quartz was considerably
lower than in brown shale and red soil environments and that this was correlated with differences
of leaf temperatures of plants growing inside and outside the quartz fields. Eller (1982)
investigated the solar radiation absorbed by Argyroderma pearsonii (N. E. Brown) Schwantes
(Mesembryanthema), a species restricted to the quartz fields of the Knersvlakte. He found that
the solar energy absorbed by an Argyroderma pearsonii plant increases less than the increase of the
direct solar radiation. This reduction in absorbed radiation energy was considered to be
important for the plant to avoid critical temperatures during hot summer days.

Very little is known about the geomorphology and age of the southern African quartz fields. No
particular study on the geomorphology of the quartz fields has yet been published and the more
general literature about the geology and geomorphology of the southern African subcontinent
(King 1978, Partridge & Maud 1987, Partridge 1997, Meadows & Watkeys 1999) does not give

any indication of their origin and age.

1.4 Definition of quartz fields

Quartz fields, as defined here, are geomorphologic features of southern Africa’s arid lands
(Schmiedel 1994, Schmiedel & Jurgens 1999). They have a surface layer of white, angular quartz
stones (0.2 - 6 cm in diameter) which originates from weathered quartz veins (see Chapter 1.7).
The long axis of a single quartz field ranges between 1 m and more than 100 m. The size of the
quartz fields depends on their position at the topographical sequence. The most extensive quartz
fields are found along drainage lines (rivier). The quartz fields that lie on top and around the
quartz veins are typically smaller in size and are found on upper slopes and hilltops. Quartz fields
are typically “island-like, showing abrupt transitions in both soil conditions and vegetation.

In contrast to quartz outcrops, quartz fields provide a certain layer of fine material between the
surface layer of quartz stones and the bedrock, whereas outcrops provide only small pockets of
fine material. However, there is a gradual transition between quartz fields and quartz outcrops.
Numerous taxa that are typically found on outcrops (Crassula spp. in particular) are often found
on quartz fields as well.

1.5 Definition of the obligate quartz-field flora

There are about 800 plant species that have been recorded on relevés sampled on southern
African quartz fields during this study. Although the most of them are characteristic for the
vegetation of the quartz fields, the majority of these species are also found outside the quartz
fields at other rocky or shallow-soil habitats. But 150 plant taxa (species and subspecies) seem to
be restricted to quartz fields'. Taxa were assigned as “restricted to quartz fields” if the main and

! According to the present state of knowledge which is based on own observations, personal communications, and
literature, 150 plant taxa are to be addressed as quartz-field taxa. The question whether a taxon has species or
subspecies rank is often contradictory within the literature anyway (one author’s species may be another author’s
subspecies). In particular for the phytogeographical analyses the subspecies will be considered equivalent to species

because they are generally defined by their disjunct geographical distribution.
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preferred habitats of the taxa are quartz fields. Outside the quartz fields, these taxa occur (if ever)
as single individuals only. In the following, these taxa will be addressed as "obligate quartz-field
taxa" or "obligate quartz-field flora" (obligate QFF), respectively.

1.6 Geographical distribution of the quartz fields

Quartz fields as defined above are found in the arid areas in the west of southern Africa (Figure
1). Their distribution area covers both winter and summer rainfall zones as well as the transition
zone. The Richtersveld, Riethuis-Wallekraal area, Knersvlakte, and the Little Karoo fall within the
Succulent Karoo Region sexsu Jirgens (1991) of the Greater Cape Flora. The Greater Cape Flora
is defined botanically by a high number of species of Mesembryanthema (Aizoaceae sensu Bittrich
& Hartmann 1988) and a strong dominance of leaf-succulent, fruticose growth forms (Low &
Rebelo 1996). The overwhelming dominance of leaf-succulence is a world-wide unique
phenomenon and is, presumably, an adaptation to the mild and highly predictable winter rainfall
climate of the Region. The climatic conditions of the Succulent Karoo Region promote a plant
species diversity on local and regional level which is unparalleled in arid regions world-wide
(Cowling et al. 1989, Cowling & Hilton-Taylor 1999) and also result in an extremely low structural
diversity (Esler ez a/. 1999). The Succulent Karoo Region is ecologically characterised by a relative
mild temperature regime and low (most areas receive less than 150 mm) but highly predictable
winter rainfall (Hoffman & Cowling1987, Cowling e a/. 1999b). Hot, desiccating so-called Berg
Winds occur throughout the year and have a profound effect on plant life (von Willert ez a/. 1992).

Namibia

South Africa

rmbad region

Richtersveld Pofadder region

/

summerrainfall region

transition zone

Riethuis Wallekraal

Knersvlakte

Little Karoo

winter rainfall region

Figure 1. Geographical distribution of areas with frequent occurrence of quartz fields in southern Africa

In four species, only some subspecies are restricted to quartz fields whereas the other subspecies are found outside
the quartz fields. In this cases, the species were only partly included into the QFF. This is true for Congphytum
lithopsoides (only C. /. ssp. lithopsoides, and C. L ssp. koubergense are restricted to quartz fields), Conophytun obscurnm (only
C. 0. ssp. vitreopapillum is testricted to quartz fields), Crassula congesta (only C. ¢ . ssp. laticephala is restricted to quartz

fields), and Lithops divergens (only L. d. ssp. divergens is restricted to quartz fields).
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The area that comprises the Knersvlakte, Riethuis-Wallekraal area, and the Richtersveld is called
the Namaqualand (Cowling e a/. 1999b), which forms part of the Succulent Karoo Biome. In
addition to the low but predictable winter rainfall which is generally typical for the Succulent
Karoo, highly predictable coastal fog supplements the meagre rainfall along the coastal margin
and in the foothils of the escarpment. Owing to high humidity and relatively cool nocturnal
temperatures, copious dewfalls are widespread (Desmet & Cowling 1999b) even in summer
months (von Willert ez a/. 1992).

The Richtersveld (28°007-29°15’S, 16°30°-17°30E) in the northern Namaqualand (Cowling e7 .
1999b) is very mountainous in the north and moderately undulating to flat in the south. The area
is bordered by the Orange River in the north and the Atlantic Ocean in the west. The
mountainous part comprises a varied sequence of pre-Gondwana rocks (about 2.5 billion years
old) that were extensively intruded at least a billion years ago by granite and gneiss of the
Namaqua Metamorphic Province (Cowling ef a/. 1999b, Meadows & Watkeys 1999). The parent
rock comprises quartzites, shales, and granite-gneiss. The mean annual rainfall is between 46 mm
at the coast (Alexanderbay, Orange River mouth) and 71.5 mm app. 30 km inland in the southern
part of the Richtersveld (Lekkersing) (Weather Bureau 1988). Depending on the altitude the
vegetation is classified as Lowland or Upland Succulent Karoo (Hoffman 1996a,b).

The Riethuis-Wallekraal area (30°05-25’S, 17°15’-35’E) in the coastal lowlands of the central
Namaqualand is a moderately undulating plain at the border to the Namaqualand uplands. The
area lies at the interface between the coastal sands and the granitic-gneiss uplands (Namaqualand
Rocky Hills) of the Namaqua Metamorphic Province (Meadows & Watkey 1999). The soils are
underlain by shales and gneiss-granitic bed rock. The dominant vegetation type is Lowland
Succulent Karoo (Hoffman 1996a).

The Knersvlakte (30°45'-31°40'S, 18°15'-19°00'E) in southern Namaqualand is a moderately
undulating coastal plain bordered by the Atlantic Ocean in the west, the Olifants River Valley in
the south, the steep scarp of the Cape Folded Belt (quartzitic sandstones of the Cape
Supergroup) in the east, and the granitic-gneiss uplands (Hardeveld) of the Namaqua
Metamorphic Province in the north (Meadows & Watkey 1999). The area is underlain by shales,
phyllites, and limestones of the Nama Group and is streaked by numerous quartz veins. The
Knersvlakte receives a reliable winter rainfall (May-August) of between 100 and 175 mm
(Weather Bureau 1988). Like the Riethuis-Wallekraal area, the vegetation is classified as Lowland
Succulent Karoo (Hoffman 1996a)

The Little Karoo (33°25-55'S, 20°10'-22°30'E) consists of a series of intermontane valleys,
bounded on all sides by the east-west trending anticlines of the Cape Folded Belt. These
mountains impede the penetration of both winter frontal rains as well as post-frontal rains
derived from the warm Indian Ocean to the south (Desmet & Cowling 1999b). The predominant
bottomland rocks are Bokkeveld group shales, softer sediments within the Cape Supergroup.
Quartz veins and associated quartz patches are concentrated in the western part. Annual rainfall
in the western part of the Little Karoo is app. 200 mm (Weather Bureau 1988) and seasonality is
less pronounced than in the Knersvlakte - the rainy season extends from March until October.
The eastern part of the Little Karoo receives a considerable amount of summer rainfall and is
floristically and with respect to growth from structure a transition between Succulent and Nama
Karoo (Cowling & Hilton-Taylor 1999). However, the majority of the Little Karoo form part of
Jurgens’ (1991) Southern Karoo Domain of the Succulent Karoo Region.

The Warmbad area (28°30-50’S, 18°00-19°30’E) in Namibia and the area around Pofadder
(29°7°S, 19°24°E) in South Africa are located on both sides of the Orange River, in its hot and
arid drainage basin. The geology is ancient basement granites and gneisses of the Namaqualand
Mobile Belt on the south edge of the Richtersveld Craton. The dominating soils are yellow
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apedal, freely draining, young soils of low soil depth (Hoffman 1996b). These areas are part of
the Nama-Karoo Region of the Palacotropis (Jiirgens 1991) and are located in the subtropical
summer rainfall zone (rainfall peak occurs in February to April, i.e., late summer to autumn). The
average annual rainfall is 100 mm (Pofadder) and 90 mm (Warmbad). There is a distinct peak of
rainfall in late summer from February to April. The dominating vegetation type is Orange River
Nama Karoo which is characterised by tree and bush forming species (Boscia albitrunca, B. foetida,
Euphorbia gregaria, Acacia mellifera, and Rhigozum trichotomum) as well as grasses in the herb layer
(e.g., Stipagrostis uniplumis). Succulents dwarf shrubs are rare and play a subordinate role in the
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Figure 2. Climate diagrams for selected weather stations in the study area. In comparison: Pretoria.

1.7 Geomorphology of the quartz fields

Botanists often referred to quartz fields as quartz pebble fields or, in German literature,
“Qunarzfkeieselflichen”. Pebbles (or “Kiese/”), however, are particles which are rounded by fluviatile
transport (AG Boden 1994) which does not apply to the quartz stones of the quartz fields as
defined above (Chapter 1.4). Geomorphologically, the quartz stones are debris, which are defined
as particles that commonly originate from flaking, spalling, or splitting of rock outcrops (Cooke
& Warren 1973). On quartz fields quartz sometimes covers up to 100 % of the ground surface.

Very little is known about the geomorphology and age of the southern African quartz fields. No
particular study on the geomorphology of the quartz fields has yet been published and the more
general literature about the geology and geomorphology of the south African subcontinent (King
1978, Partridge & Maud 1987, Partridge 1997, Meadows & Watkeys 1999) does not give any
indication of their origin and age. However, personal observations reveal that the quartz stones
originated from weathering quartz veins which are embedded in softer bedrock (shale, phyllite).
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The softer bedrock weathers faster than the hard quartz, exposing the quartz as veins (see also
Jurgens 1986, Schmiedel & Jurgens 1999). In several areas the quartz veins have disintegrated so
completely that the source of the quartz cover can hardly be found anymore. This is particularly
true for some quartz fields in the Little Karoo, the Knersvlakte and the Warmbad area.
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I MATERIAL AND METHODS

.1 Field campaigns

For the study, field work was conducted on the quartz fields of Southern Africa (South Africa
and Namibia). The field trips were carried out during the vegetation period, i.e., during or shortly
after the rainy season. For the winter rainfall zone that is between June and October and for the
summer rainfall zone and the region without seasonal precipitation between March and April

(Table 1).

Table 1. Field work conducted for this study in the southern Africa.

Number Period Areas where field work was conducted

1 August to October 1995 Little Karoo, Knersvlakte, Riethuis area, Richtersveld

2 August to October 1996 Little Karoo, Knersvlakte, Riethuis area, Richtersveld,
Pofadder area, Warmbad area

3 June to September 1997 Little Karoo, Knersvlakte, Riethuis area, Richtersveld

4 March to April 1998 Little Karoo, Knersvlakte, Pofadder area, Warmbad area

5 August to October 1998 Little Karoo and Swellendam area, Knersvlakte,
Richtersveld, Pofadder area, Warmbad area

6 August to September 1999 Little Karoo, Knersvlakte

The field work comprised the sampling of vegetation relevés and soils, the collection of
herbarium and life plant specimens as vouchers, for identification purposes, as well as
phylogenetic studies and microclimatic measurements on the quartz fields.

1.2 Floristic data

11.2.1  Floristic and growth-form composition

In keeping with the aim of this study, each species was classified into a growth-form category,
which was based on the species' life form sens# Raunkiaer (Raunkiaer 1934, elaborated by
Ellenberg & Mueller-Dombois 1966) using additional subdivisions of chamaephytes comprising
mega-chamaephytes (15-50 c¢m, meCh), micro-chamaephytes (5-15 cm, miCh), and nano-
chamaephytes (0-5 cm, naCh) (Jirgens 1986).

Owing to the overwhelming dominance of the quartz patch flora by nano-chamaephytes the
nano-chamaephyteous growth forms were subdivided into following subgroups (compare also
Table 2):

- long-leaved nano-chamaephytes with short, non-visible internodes (i.e., naCh comp =
compact), e.g., Argyroderma fissum (Haworth) L. Bolus, Gibbaeum pubescens (Haworth) N. E.
Brown, both Mesembryanthema

- nano-chamaephytes with leaves forming a more or less spherical, aerial body (i.e., naCh
subglob = subglobose), e.g., Argyroderma pearsonii (N. E. Brown) Schwantes and Gzbbaenm
album N. E. Brown, Mesembryanthema



21

- nano-chamaephytes sunken below the soil surface (i.e., naCh subterr = subterranean), e.g.,
Argyroderma delaetii Maass or Gibbaeum cryptopodinm (Kensit) L. Bolus, both Mesembryanthema

- nano-chamaephytes that do not fit any of the categories above (i.e., naCh others) e.g.,
Anacampseros papyracea, Portulacaceae

Table 2. Growth forms sensu Raunkiaer (1937), modified by Ellenberg & Mueller-Dombois (1966) and
Jurgens (1986)

Definition for the subgroups of chamaephyteous and phanerophyteous growth forms after
Raunkiaer (1937), Ellenberg & Mueller-Dombois (1966) and Jiirgens (1986)

Chamaephyte Dwarf Shrub < 50 cm in height

Nano-chamaephyte: Dwarf shrub 0-5 cm in height

Compact Nano-chamaephytes: long-leaved nano-chamaephytes with short, non-visible
internodes

Nano-chamaephytes with leaves forming a more or spherical aerial body

Nano-chamaephytes sunken below soil surface in height

Micro-chamaephyte: Dwarf shrub 5-15 cm in height

Mega-chameaphyte: Dwarf Shrub 15-50 cm in height

Phanerophyte: Shrub or tree > 50 cm in height

[1.2.2 Nomenclature

The nomenclature for the scientific names of the Mesembryanthema is derived from the latest
taxonomic revisions. The nomenclature of the remaining taxa (except Mesembryanthema)
follows the species data base of the Turbowin programme, Version 1.93e (Hennekens 1996,
latest update of species list June 2000).

11.2.3 Source of floristic data

The information on the habitat preferences and distribution of the species which were used for
the phytogeographical analysis of the flora of the quartz fields was derived from wvarious
taxonomic monographs (Hammer: Conophytum, Cole: Lithops, Gerbaulet: Anacampseros, Phyllobolus,
Tolken: Crassula, Hartmann: _Argyroderma, Cephalophyllum, 1blenfeldtia, Ihlenfeldt:  Oophytum,
Monilaria) and regional floras (I.e Roux & C. Boucher, in prep: Flora of the Namaqualand) as well
as personal communications with P. Bruyns, M. Gerbaulet, S. Hammer, H.E.K. Hartmann, H.-D.
Ihlenfeldt, B. Nordenstam, and U. Meve. The distribution data on quarter-degree square (QDS)
level of each quartz-field taxon were compiled in a data base. At a longitude of about 30° a QDS
is about 25x25km in size. A QDS is the common reference for herbaria and botanists. In order to
analyse phytogeographical subdivisions within main phytochoria, a finer scale would have been
desirable but not practical due to the data available.

11.2.4 Phytogeographical analysis

For the analysis of the patterns of distribution of the QFF, Detrended Correspondence Analysis
(DCA) of the CANOCO 4.0 computer program (ter Braak & Smilauer 1998), a multivariate
statistic program for vegetation analysis was applied. The distribution data were used as presence
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/ absence of the taxa per each square. The analysis was conducted on two different scales: the
entire data set was first analysed on a broader scale employing half-degree squares (HDS). For
this analysis the taxa were employed on species level only. Subspecies were taken into account
when merely parts of the subspecies within a species were restricted to quartz fields. A finer scale,
employing quarter-degree squares (QDS), was applied when in a second step geographical subsets
of the data set were analysed separately. Here all subspecies were employed as separate taxa.

The analyses resulted in ordination diagrams that show the relative similarity or dissimilarity
between the squares. The higher the similarity between the squares, the closer they are plotted to
each other in the diagram. Distinct clusters of half or quarter degree squares indicate high overlap
of their species inventories and consequently high floristic similarity. Squares that were plotted
within a distinct cluster were defined as phytochoria.

The distribution of seven quartz-field taxa deviate entirely from those of the majority of the other
quartz-field taxa. Hence, the corresponding grids (HDS) were outliers in the ordination and were
therefore omitted from the DCA: Schwantesia borcherdsii (2820A), Glottiphyllum: oligocarpum, Pleiospilos
nelii from the Eastern Cape area (3222D, 3223C, 3322B, 3323A,B, 3324A,B), Diplosoma retroversum
(3218A,B) from the Swartland, and Acrodon guarcicola, Gibbaenm esterbuyseniae, Gibbaeum haagei from
the Swellendam area (3419B, 3420A,B,C). Due to their occurrence outside the six phytochoria of
the obligate QFF, the outliers were omitted from the floristic analysis of the regional floras.
However, they were included into the floristic analysis of the entire QFF and of the floral analysis
of the endemic and non-endemic quartz-field taxa (Chapter 111.4).

The degree of relationship between two phytochoria was calculated by employing Sérensen’s
quotient of similarity (Sérensen 1948, Schaefer 1992), calculated as follows:

C.= [2 (number of shared taxa) / (number of taxa of Phytochotion x) + (number of taxa of
Phytochotion j)]. The C-value lies between 0 and +1.

1.3 Sampling

11.3.1 Vegetation data

In order to investigate the vegetation of the southern African quartz fields, 926 vegetation relevés
and soils were sampled in 7 different areas (i.e., Littler Karoo, Knersvlakte, Pofadder area,
Richtersveld, Riethuis area, Warmbad area, Swellendam area) inside and outside the quartz fields
(see Table 3). In addition, data that I collected earlier (Schmiedel 1994) was included, i.e., 145
relevés from the Knersvlakte and 12 relevés from the Richtersveld. For the vegetation map of the
Khnersvlakte, 48 vegetation relevés sampled by Anja Schulte in 1993 in the Knersvlakte (Schulte
1994), were partly included into the analysis (not included in the figures given in Table 3).

In the Little Karoo and Swellendam area, Gzbbaenm species (Aizoaceae) play a major role in the
flora and vegetation of the quartz fields. The genus comprises the majority of obligate quartz-
field taxa within the area but is not completely restricted to quartz fields. Several Gibbaeum species
were also found on special habitats without quartz cover, such as shale bands, soils with
sandstone gravel etc. In order to get insight into the habitat ecology and phytogeography within
the Gibbaeum, the sampling of vegetation relevés comprised nearly all Gzbbaeum species inside and
outside the quartz-field habitats. Only two very rare species were not taken into consideration,
Le., G. esterhuyseniae 1.. Bolus, which has been defined as extinct (Anonymus 1998; Hilton-Taylor
1996b) but rediscovered recently for a single location (P. V. Brunys, pers. comm.) as well as the
recently discovered G. johnstonii Van Jaarsveld & Hammer.
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The relevés are based on a modified Braun-Blanquet method: the projected canopy cover (%) of
each plant species was estimated in 5x5 m plots. Due to the typically low vegetation cover on the
quartz fields, values down to 0.01 % were differentiated. Owing to small-scale mosaic patterns of
the vegetation units, such a small relevé size was appropriate. For the mapping of the zonal
vegetation of the Knersvlakte, the canopy cover was estimated in 10x10 m plots.

Table 3. Number per area of relevés inside and outside the quartz fields sampled by the author

Total number of . e . . . Additional
. . . Relevés inside Relevés outside . .
Area relevés with soil . . relevés without
quartz fields quartz fields .
samples soil samples

Knersvlakte 585 275 310 135
Little Karoo 240 154 86 9
Richtersveld 101 68 33 12
Riethuis area
and other parts of
the central 54 46 8 12
Namaqualand
Warmbad area 33 33 0 1
Pofadder area 16 13 3 5
Swellendam area 10 10 0 0
Total 1039 599 440 174

11.3.2

Most of the specimens of the Mesembryanthema group were identified by specialists (see Table
4) or by comparison with the type specimens at the Bolus Herbarium / University of Cape Town
by myself. The remaining taxa (besides the Mesembryanthema) were identified at the Compton
Herbatium / National Botanical Institute, NBI, in Kirstenbosch. Where necessaty, specialists

Identification of the plant species

were consulted as well (see Table 4).

Table 4. Identification of plant taxa: taxonomic groups and consulted specialist

Taxon

Consulted specialist

Anacampseros (Portulaccaceae)

M. Gerbaulet (Hitzacker / Germany)

Asclepiadaceae

P.V. Bruyns (Cape Town / South Africa)

Asteraceae
(mainly succulent Senecio and Othonna)

B. Nordenstam (Stockholm / Sweden)

Argyroderma (Mesembryanthema)

H.E.K. Hartmann (Hamburg / Germany)

Cephalophyllum (Mesembryanthema)

H.E.K. Hartmann (Hamburg / Germany)

Conophytum (Mesembryanthema)

S. Hammer (Vista / California)

Crassulaceae

P.V. Bruyns (Cape Town / South Africa)

Dicrocaulon (Mesembryanthema)

H.-D. lhlenfeldt (Hamburg / Germany)

Drosanthemum (Mesembryanthema)

C. Bruckmann & B. Hansen (Hamburg /
Germany)

Euphorbiaceae

P.V. Bruyns (Cape Town / South Africa)

Mesembryanthemoideae (Mesembryanthema)

M. Gerbaulet (Hitzacker / Germany)

Monocotyledoneae

J. Manning (Kirstenbosch / South Africa)

Pelargoniaceae

U. Meve (Bayreuth / Germany)

Phyllobolus (Mesembryanthema)

M. Gerbaulet (Hitzacker / Germany)

Psilocaulon (Mesembryanthema)

C. Klak (Cape Town / South Africa)

Lachenalia (Hyacinthaceae)

G. Duncan (Kirstenbosch / South Africa)

Spiny Mesembryanthema

D. Stlber (Hamburg / Germany)
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- In addition, the following keys were used:

- A preliminary version of the "Flora of Namaqualand" edited by Le Roux and Boucher
(version from 1993, Le Roux & Boucher, unpublished)

- Miller (1985): Griser Suidwestafrika/Namibias
- Gibbs Russel ¢z al. (1990): Grasses of Southern Africa
- Leistner (eds.): Flora of South Africa (various volumes)

- Monographs on various taxa

[1.3.3 Nomenclature

See Flora (Chapter 11.2.2).

11.3.4 Vouchers

For each species, herbarium or living plant specimens were collected. The vouchers were lodged
at the Herbarium Hamburgense of the University of Hamburg (HBG), at the Bolus Herbarium at
the University of Cape Town / South Africa or at the McGregor Herbarium in Kimberley/
South Africa. The live plants are lodged at the living plant collection of the Botanical Garden of
the University of Hamburg.

[1.3.5 Soil and habitat data determined in the field

The following soil and habitat data were collected per relevé (see Table 5 for synoptic
presentation of the units and abbreviations):

- Inclination of slope (in percent), determined with an inclinometer (SUUNTO)

- Exposition of slope (in degree), determined with a compass

- Soil depth (in centimetre) by digging soil profiles to the bedrock or crusts

- Cover values of small to mediate-sized quartz fractions (2 mm-60 mm@) on soil surface
(estimated in %)

- Cover values of coarse quartz fractions (estimated in %) on soil surface (estimated in %)

- Cover values of stone of other lithology than quartz on soil surface (estimated in %o)

1.4 Soil analysis
For 1039 vegetation relevés, the following soil data were collected (compare Table 5 for synoptic
presentation of the units and abbreviations):

- Stone content in soil quantified as the proportional weight of stones (> 2 mm in diameter) in
the soil profile

- Soil texture by employing the standardised finger test outlined in the Bodenkartieranleitung (AG
Boden 1994).

- The thickness of the fine material above the bed rock or crust in centimetres.

- Limiting layer of the horizon (bed rock, different sorts of crusts).
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- Each of these 1039 relevé were sampled in the following way: a) 1 sample at the soil surface
(0-1 cm) and 1 sample between 1-10 cm. In addition, for several relevés further samples from
deeper layers and mixed samples from the whole soil profile were taken.

- Carbonate content (semi-quantitative) by employing the standardised HCl-test outlined in
Bodenkartieranleitung (AG Boden 1994)

- Electrical conductivity determined in a 1:5 suspension of air-dry fine material and aqua bides,
employing the WTW LF 91” instrument.

- Soil pH in a 1:2.5 suspension of air-dry fine material and 0.01M CaCl,. After one hour time
the suspensions were measured by using a WTW Digital pH meter.

Table 5. Units used for description of the vegetation and habitats

Parameter Method Unit Symbol
Cover values of | Projected from the top on the ground,| Percentage %
vegetation estimated (0.01-100)

Species richness | Species per relevés of 5 x 5 = 25 m? spp. / relevé -
Cover values of|Percentage of coverage of the total soil| Percentage %
stones surface, estimated (1-100 %)
Inclination Handheld inclinometer Percentage %
Exposition Compass (0-360°) Degree °
Soil depth Soil profiles Centimetre cm
Stone content Related to the entire soil profile Percentage of %
weight
Soil texture Finger test - S /s =sand/ sandy
U /u =silt/ silty

T/t=clay/ clayey
L/1=loam /loamy
S| = loamy sand

Su = silty sand

Lt = clayey loam etc.

f = fine fractions (of
sand)

g = coarse fractions
(of sand)

Salinity Electrical conductivity meter mS/cm EC

pH pH-metre pH
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Carbonate HCI test (estimate), according to the| carbonatein % |cO0=0 %
content (AG Boden 1994) of weight c1<05%

c2=0.52%
c3.2=24%
c3.3=4-7%
c3.4=7-10%
c4 =10-25%
c5=25-50 %
c6 > 50 %

For 183 relevés from quartz fields and neighbouring sites (i.e., 107 relevés from the Knersvlakte,
19 from the Riethuis-Wallekraal area, seven relevés from the Richtersveld, and 50 from the Little
Karoo) the content and composition of soluble salts were determined in the soil lab of the
Institute of Soil Science of the University of Hamburg. The determination was restricted to the
most relevant ions for plants. The following cations were determined: chloride, nitrate, sulphate.
Due to technical implications, carbonate and phosphate could not be included. However,
previous studies of the area (Schmiedel 1994, Bartels 1994) and HCl-tests conducted within this
study revealed that carbonate occurred with very low frequency on quartz fields. For the anions
calcium, magnesium, sodium, and potassium for the cations were determined. For the analysis, a
suspension of 30g air-dry fine material () < 2 mm) and 30 ml aqua bides was used. The
suspensions were shaken for 1h, centrifuged at 3000 U/min for 20 min and filtered through a
cellulose-acetone filter. The anions were determined in watery extracts by employing an ion-
chromatography instrument (Metrohm). The cations were determined in water extracts by
employing a (flame) Atom Absorption Spectrometer (PE 1100B). For conservation purposes, the
watery extracts were acidified by adding nitric acid (ca. 10 ul of 1:1 nitric acid-water solution per 1
ml water extract) immediately after extraction. Calcium and magnesium were determined with an
addition of 2000 ppm of Lanthanum. Sodium was determined with an addition of 2000 ppm of
potassium and potassium without any addition. The measurements of sodium and potassium
were carried out by employing the emission mode whereas sodium and the potassium were
measured by employing the absorption mode.

1.5 Vegetation analysis

11.5.1 Vegetation table

The vegetation was classified in the soft ware programme MEGATAB by employing the
TWINSPAN algorithm and subsequent manual refining of the table in MEGATAB. For the
hierarchical order of the vegetation the synoptic tables were classified (on association level) using
the TWINSPAN algorithm employing presence data only.

11.5.2 Gradient analyses

To analyse the major dissimilarities within the data sets and interpret them in terms of gradients
of environmental variables responsible for the dissimilarities, indirect (Correspondence Analysis
= CA) and direct gradient analysis (Canonical Correspondence Analysis = CCA) were applied
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(Gauch 1982, Jongman e al. 1995, Okland 1996). The ordinations were run using the programme
CANOCO 4.0 (ter Braak & Smilauer 1998). CA ordination methods aim at ordering samples
and/or species along axes that represent the main compositional gradients in the data set, using
abundance data for the species in the sample plots. CCA is a multivariate direct gradient analysis
(ter Braak & Smilauer 1998) by which, in a two-dimensional space, the relevés are scattered in
relation to gradients in selected variables. For the CCA both possible options were selected:
unconstrained (the final site/samples scores are weighted averages from the species scores) and
constrained relevé scores (i.e., the final site/sample scotes are linear combinations of
environmental variables) (McCune 1997b).

The indirect gradient analysis reveals dissimilarities within the data set which can be interpreted
by relating the axis to supplied environmental variables as has been done in the present study.
The unconstrained scores of the relevés of the CCA ordination were applied parallel since the
unconstrained relevé scores best present the community structure and are less sensitive to noise
in the environmental data whereas only in the constrained ordination the relevés are linear
combination of the environmental variables and thus only the constrained ordination presents a
direct gradient analysis sezsu stricto (McCune 1997b, Kovach, pers. comm.).

The number of relevés per area employed for the analysis differed. The number of relevés and
corresponding soil data which were available per area depended on the size and heterogeneity of
the quartz fields of the area (Table 06).

Table 6. Number of relevés per area employed for the CCA ordinations

Areas Number of relevés included into the CCA
Bushmanland 46
Richtersveld 82
Riethuis-Wallekraal 46
Knersvlakte 217
Little Karoo 239

The following environmental variables were employed:

Inclination, percentage of total quartz cover on soil surface, percentage of coarse fragments of
quartz on soil surface (20-63 mm in diameter = Grobgrus according to the German standard, AG
Boden 1994), percentage of cover of other stones (e.g., shale, phyllite, sand stone), soil depth,
stone content in soil, electrical conductivity, H" concentration in soil, and carbonate (see Chapter
IV.7). For the CCA the soil pH values were transformed into H" concentration in order to
receive a linear scale.

Canonical correspondence analysis of the growth-form composition of the vegetation of
different areas

- For the vegetation analysis the same growth-form categories were used as for the analysis of
the growth-form spectrum of the obligate QFF (see Chapter II1.1.4). However, the four
nano-chamaephyteous subgroups were extended by three additional types that do not play a
role in the obligate QFF:

- nano-chamaephytes with creeping axis with adventitious roots (i.e., naCh rept = reptant) e.g.,
Cephalophyllum framesii, Mesembryanthema

- nano-chamaephytes prostrate, non-rooting axis (i.e., naCh pros = prostrate) e.g., Dicrocaulon
prostratum spec. nov., Mesembryanthema
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- nano-chamaephytes with upright stem-like, non-assimilating axis (naCh stem) e.g., Tylecodon
Ppygmacens, Crassulaceae

- Moreover, monocotyledoneous and dicotyledoneous geophytes and hemicryptophytes were
distinguished (G mon, G dic, H dic, H mon) as well as graminoid hemicryptophytes
designated as a separate group (H gram). Succulent therophytes (T succ) were distinguished
from the others (T).

- For the CCA the species names were replaced by the species’ growth form as described
above and the cover values of each species summed up for cover values per growth-form
group. A list of all obligate quartz-field species and their designated growth forms is given in
Appendix 1.

The CCA were run using the same programme as for the CCA on species level (CANOCO 4.0
(ter Braak & Smilauer 1998). The results were depicted visually by plotting on the two-
dimensional ordination space (constrained relevé scores only), the relative canopy cover of
selected growth-form groups.

For each area, the same array of environmental variables was employed and the same groups of
growth forms were designated.

1.6 Climatic and microclimatic measurements

In 1995 and 1996 preliminary measurements of weather and microclimatic conditions were
conducted in the Knersvlakte (Quaggas Kop) and the Little Karoo (Eyerpoort). From October
1997 to September 2000 weather and microclimatic data were collected continuously in the
Knersvlakte:

- from October 1997 to September 1999 on the farm Wolvenes (31°22’ S, 18°35” E)
- from September 1999 to September 2000 on the farm Kaap se Drif (31°28’ S, 18°46” E)

In spring (August to October) 1996, measurements of incoming global solar radiation (300-
3000nm) and reflected radiation above soils with and without quartz cover were conducted in the
Knersvlakte (Quaggas Kop, 31°24° §, 18°38’ E).

Measurements of leaf surface temperatures of Argyroderma spp. were conducted intermittently on
the farm Quaggas Kop from 1997 to 1999 and continuously on the farm Kaap se Drif from
September 1999 to September 2000. In the Little Karoo leaf surface temperatures were measured
in March 1998 on Gibbaeum cryptopodium plants on the farm Eyerpoort (33°39’ S, 20°33’ E).

The automatic weather station (ecoTech, Bonn) gathered the following variables:

- Temperature (PT1000 sensors) and relative humidity (capacitive sensor) of air in 2 m height
- Wind direction in 2 m height

- Wind speed (m/s) in 2 m height

- Precipitation (tipping scale)

- The data recording interval was 30 min, the actual values were determined.

The microclimatic measurements were conducted on level, adjacent sites with and without quartz
cover. They comprised:

- Air temperature (PT1000 sensors) and relative humidity (capacitive sensor) at 10 mm above
soil surface (same sensors as for the air temperature in 2 m height)

- The measurement of relative humidity of the air close to the soil surface is technically
problematic; due to the impact of dust and salt the reliability of the values decreased after
several weeks in the fields and tend to be too high and unstable. These values were therefore
only used for the period just after their calibration.
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- Soil temperature on soil surface (PT100 sensors)
- Soil temperature at 3 mm below soil surface (PT100 sensors)

- Temperature of leaf surface of Argyroderma pearsonii (N.E.Brown) Schwantes, A. delaetii C.A.
Maass and Gibbaenm cryptopodinm (Kensit) Bolus (all Aizoaceae) inside and outside of quartz
fields (thermocouples type K: nickel-chromium/nickel-aluminium)

- The actual values were recorded by a data logger in 20 or 30 minutes intervals.

Two Argyroderma species and Gibbaenm heathii were chosen for the temperature measurements on
plant surfaces. They represent two different types of dwarf growth forms, i.e., submerged (A.
delaetii, G. cryptopodium) and subglobose dwarf shrubs with few, almost spheroid leaves (A.
pearsonii) (Schmiedel & Jirgens 1999). The species were selected because of their flat leaf-tips
which enable a vertical application of the sensors on a horizontal surface and thus differences in
temperature caused by different exposure to the sun have been avoided. Four plants were
measured per each habitat type.

Measurements of surface temperatures of a quartz and a shale stone (O app. 40 mm) at
Eyerpoort / Little Karoo as well as a quartz stone at Quaggas Kop / Knersvlakte has been
conducted intermittently by employing thermocouples type K (nickel-chromium/nickel-
aluminium).

Due to the immense amount of data (measuring period of several years) only some extracts of
the data can be shown here. To understand the habitat ecology of quartz fields, main focus was
put on the differences of summer and winter temperatures, as two extremes of climatic
conditions.
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Il RESULTS

lll.1 The phytogeographical subdivision of the quartz-field
flora

[11.1.1 Phytogeographical subdivision on species level

The obligate quartz-field flora (Chapter 1.5) comprises 150 plant taxa (species and subspecies)
and 142 taxa on species level. Only a few of them were found at quartz-fields of all areas but
inhabit a very restricted range size of distribution. An analysis of the phytogeographical
subdivision of the obligate quartz-field flora shall indicate the pattern of distribution and centres
of diversity and endemism of the flora. A subsequent comparison of the regional quartz-field
floras regarding taxonomic and growth-form composition will reveal the similarity and
differences between the regional quartz-field floras.
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Figure 3. DCA ordination of half-degree squares (HDS) of the southern African obligate QFF.

For the DCA ordination based on the presence / absence of the quartz-field taxa per half-degree
square (HDS) following eight taxa had to be omitted as outliers from the ordination, which were
all Mesembryanthema (Aizoaceae):

Schwantesia borcherdsii (Mesembryanthema) is presently only known from a restricted area near
Augrabies Falls (Zimmermann & Hartmann 1995).
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Diplosoma retroversum occurs on isolated quartz fields far south-east of the Knersvlakte, between
Het Kruis and Eendekuil (32° 30°-45°S, 18° 45’-19° 00’E; Ihlenfeldt 1988).

Glottiphyllum oligocarpum, Glottiphyllum peersii, and Pleisopilos nelii are the only obligate quartz-field
dwellers between the Little Karoo in the west and the Steytlerville Karoo in the east.

Acrodon  guarcicola, Gibbaenm esterbuyseniae, and Gibbaeum haagei which are restricted to the
Swellendam area south of Langeberge which forms the southern border of the Little Karoo.

The resulting DCA ordination (Figure 3) showed a clear separation of the entire flora into three
main divisions. The HDS of the Little Karoo (3220C, 3221D, 3319B,D, 3320A,B,C,D,
3321A,B,C,D, 3322C) were scattered on the right-hand side of the diagram. The HDS of the
Knersvlakte (3017D, 3117B, 3018C, 3118A,B,C,D) formed a distinct cluster in the centre of
the diagram. The HDS of the remaining areas in the northwest (central Namaqualand to the
Richtersveld and Bushmanland were plotted together on the left-hand side of the diagram. This
clear separation indicates little overlap between the inventories of quartz-field taxa. Least overlap
was shown between the obligate QFF in the Little Karoo on the one hand and those of the other
areas on the other. The obligate QFF of the Knersvlakte showed a closer relationship with
Namaqualand, Bushmanland and the Warmbad area, than with the Little Karoo.
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Figure 4. DCA ordination of quarter-degree squares (QDS) of the western areas with respect to their
inventories of quartz-field taxa (species/subspecies)

To analyse the phytogeographical patterns of the obligate QFF of the western areas in more
detail, a separate analysis omitting the squares of the Little Karoo Phytochorion was performed.
For a separate analysis of the western areas (i.e., without the Little Karoo) the grids were divided
into quarter-degree squares (QDS). In addition, for nine species Anacampseros papyracea,
Argyroderma framesii, Conophytum calenlus, Conophytum  manghaniz, Crassula columnaris, Dinteranthus
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microspermus, Dinteranthus wilmotianus, Monilaria scutata, and Phyllobolus digitatus) the subspecies were
considered separately because of their differing geographical distributions.

The resulting ordination diagram (Figure 4) showed five clusters of differing distinctiveness.
Again, the Knersvlakte was cleatly separated from the rest, The QDS of this area were plotted in
an isolated dense cluster. The Riethuis-Wallekraal Phytochorion formed a bridge between the
cluster of the Phytochoria of the Knersvlakte and the Southern Richtersveld. The QDS of the
Northern Richtersveld Phytochorion were plotted next to the squares of the Southern
Richtersveld. The cluster of squares on the left-hand side of the diagram represents the Warmbad
and Bushmanland area; these areas were largely plotted together.

Table 7 showed the numbers of taxa and level of endemism for the six phytochoria of the
obligate QFF as they resulted from the analyses described above. Altogether, there were 150 taxa
(species and subspecies) in the entire obligate QFF of which 130 taxa (86.7 %) were endemic to
one of the six phytochoria. If only species (not subspecies) were taken into account, there were
142 quartz-field species in total of which 115 species (81 %) were endemic to one of the defined
phytochoria. The Swellendam and the Eastern Cape region (Steytlerville) each housing three
endemic species, lay outside the defined phytochoria.

Table 7. Numbers of taxa and level of endemism for the defined phytochoria

. Quartz-field taxa
. Quartz-field taxa - .
Taxonomic level . endemic to the six Relative share
in total . .
defined phytochoria [%]
Species only 142 115 80.98
Species and subspecies 150 121 80.66

The highest number of taxa restricted to quartz fields occurred in the Knersvlakte (Table 8). Here
03 taxa are exclusively found on quartz, of which 94 % were endemic to the Knersvlakte. The
next highest number of quartz-field taxa and a high level of endemism were found in the
Northern Richtersveld Phytochorion with 39 quartz taxa of which 22 are restricted to the area.
The Northern Richtersveld Phytochorion is followed by the Bushmanland-Warmbad
Phytochorion, the Southern Richtersveld Phytochorion, and the Riethuis-Wallekraal
Phytochorion. The lowest number of taxa within the regional obligate QFF is found in the Little
Karoo Phytochorion but this area has a very high level of endemism (81.8 %) in the obligate
QFF.

Table 8. Species number and level of endemism of the defined phytochoria of the obligate QFF

Obligate quartz- Number of obligate Rela_tlve S B
. : . obligate quartz-
Phytochoria of the field taxa quartz-field taxa . .
. . . field taxa endemic
obligate QFF occurring per endemic to the to the
phytochorion phytochorion phytochorion
Knersvlakte 67 63 94.0
Northern Namaqualand 39 22 56.1
Bushmanland-Warmbad 24 16 66.6
Southern Namaqualand 19 6 31.6
Riethuis-Wallekraal 17 7 41.2
Little Karoo 11 9 81.8
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The degree of relationship between two phytochoria was calculated by employing Sérensen’s
quotient of similarity (Sorensen 1948, Schaefer 1992), calculated as follows

C.= [2 (number of shared taxa) / (number of taxa of Phytochorion x) + (number of taxa of
Phytochorion y)]

The C,-value lies between 0 and +1. A high quotient indicates a high level of similarity in terms
of species inventories between the two respective phytochoria.
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Figure 5. Sorensen’s quotient (Cs) of similarity for the species/ subspecies inventories of the six
regional QFFs. Figures in brackets below the quotient show the shared taxa. The figures in the circles
represent the total number of obligate quartz-field taxa (above) and the number of endemics (in
brackets below).

The regional obligate QFFs showed different levels of similarities in terms of species/subspecies
inventories (Figure 5). The most isolated obligate QFF was found in the Little Karoo (C, .
between Little Karoo and Knersvlakte = 0). The second lowest quotient of similarity between
neighbouring phytochoria was found between the obligate QFFs of the Knersvlakte and of the
Riethuis-Wallekraal Phytochorion (C; = 0.09). The obligate QFF of the Knersvlakte has a very
high level of endemism, it shares only four species/subspecies with other phytochoria. All of
them also occur in the neighbouring Riethuis-Wallekraal Phytochorion. Two of these non-
endemic quartz-field taxa (Crassula columnaris ssp. prolifera and Senecio alvides) have a wide
distribution which stretches to the Southern Richtersveld and Northern Richtersveld Phytochoria
and, in the case C. ¢ ssp. prolifera into the Bushmanland-Warmbad Phytochorion.

The highest quotient of similarity was found between the obligate QFF of the Riethuis-
Wallekraal Phytochorion and the Southern Richtersveld Phytochorion (C, = 0.44). Both
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phytochoria contain a relatively low number of quartz-field taxa and a low level of endemism.
The next highest quotients are found between the Northern and the Southern Richtersveld
Phytochorion (C, = 0.35) as well as between the Northern Richtersveld and the Bushmanland-
Warmbad Phytochorion (C, = 0.22). The Southern and the Northern Richtersveld Phytochorion
have taxa in common than the Southern Richtersveld and the Riethuis-Wallekraal Phytochorion.
But in contrast to the latter, the Northern Richtersveld Phytochorion comprises a high number
of quartz-field taxa and endemic taxa. The Sorensen’s quotient between the Northern
Richtersveld and the Bushmanland-Warmbad Phytochorion is four times higher than the
quotient between the Southern Richtersveld and the Bushmanland-Warmbad Phytochorion
indicating a close relationship between the obligate QFFs of the two northernmost phytochoria.
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Figure 6. Geographical distribution of the six phytochoria of the southern African obligate QFF.
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[11.1.2 Phytogeographical patterns on regional scale:
subdivision of the Knersvlakte Phytochorion

The Knersvlakte formed a phytochorion which is particularly rich in obligate quartz-field taxa (67
species and subspecies) and therefore of high importance for the obligate QFF. Several of the
taxa have a very restricted range-size of distribution which covers far less than the entire
phytochorion of the Knersvlakte. In order to get insight into the patterns of distribution and
diversity on local scale within the Knersvlakte the phytogeographical subdivision of the
phytochorion was analysed. The phytogeographical patterns help to understand the history and
genesis of the quartz fields of this area.

In Table 9 the quartz-field species and subspecies of the Knersvlakte were arranged according to
their presence / absence in each quarter-degree square (QDS) of the area. The resulting
phytogeographical patterns are shown in Figure 7: the western zone is shown in green, the north-
eastern zone is shown in red and the southern zone is shown in pink. The blue line marks the
distribution of the fourth group which is defined in Table 9.

Table 9. Presence/absence per quarter-degree square of the quartz-field taxa showing the
phytogeographical subdivision of the obligate QFF of the Knersvlakte.

c OO O0m NCCCNOCONOCOONOMA O
CO<C N0l OO0N0OO000OMNMONO0
O 0w 0[S 0NN NGGOONO®DMOW O 0
) _ e P e c T - 0000000 = = O
Quartz_f|e|dspec|es nNDMmH O™ D OOV O OOOONOMOMOOHOMOMm MM
1. Aravroderma conaregatum X X X X
2. Monilaria pisiformis X X X X X
3. Phyllobolus digitatus ssp. digitatus [x x x x X X
4. Zygophyllum teretifolium X X X X X X
5. Dicrocaulon brevifolium X X X X
6. Phyllobolus abbreviatus X X X X X
7. Pelargonium caroli-henrici X X X |x
8. Oophytum oviforme X X X
9. Cephalophyllum pulchellum X X X X
10. Dicrocaulon grandiflorum X X X
11. Bulbine wiesei X
12. Bulbine margarethae X
13. Bulbine louwii X
14. Argyroderma patens X
15. Argyroderma framesii ssp. X
16. Tylecodon tenuis X X
17. Dicrocaulon humile X X
18. Cephalophyllum spissum X X
19. Argyroderma pearsonii X X
20. Dicrocaulon neglectum X X X
21. Lasiopogon minutus X
22. Othonna hallii X
23. Argyroderma framesii ssp. hallii X X
24. Argyroderma subalbum X X
25. Oedera silicola X X
26. Babiana lewisiana X
27. Dicrocaulon prostratum spec. nov. X
28. Pentzia peduncularis X X X |X X
29. Phyllobolus digitatus ssp. X X X X
30. Pelargonium quarciticola X X
31. Lithops divergens ssp. divergens X X X
32. Bulbine haworthioides X
33. Dicrocaulon pseudonodosum X X
34. Jacobsenia hallii X X
35. Dicrocaulon nanum spec. nov. X
36. Babiana pilosa X
37. Laperiousia lewisiana X
38. Leucoptera oppositifolia X
39. Othonna lepidocaulis X




40. Aravroderma testiculare X X
41. Lachenalia patula X X
42. Tylecodon peculiaris X X
43. Conophytum subfenestratum X X X X
44, Eriospermum titanopsoides X X
45, Tylecodon pygmaeus X X X X X X X
46. Othonna intermedia X X X X X X X
47. Oophytum nanum X X X X X
48. Dicrocaulon nodosum X X X X X
49. Leucoptera subcarnosa X X X X X
50. Monilaria chrysoleuca X X X X X X
51. Argyroderma delaetii X X X X X X
52. Cephalophyllum caespitosum X X X X X X X X X
53. Phvllobolus herbertii X X X X X
54. Diplosoma luckhoffii X X X X X X
55. Tylecodon occultans X X X X X X
56. Crassula columnaris ssp. prolifera [Xx X X X X X X [X X X X
57. Senecio aloides X X X X X X [X X
58. Monilaria moniliformis X X X X X X X X X X X
59. Argyroderma crateriforme X X X X X X X X
60. Conophytum calculus ssp. X X X X X X |X X X X X X X
61. Phyllobolus tenuiflorus X X X [X X X
62. Dicrocaulon microstiama X X X
63. Crassula multiceps X X X
64. Crassula barklyi X X X X X
65. Argyroderma ringens X
66. Bulbine diphylla X
67. Dicrocaulon longifolium X X X X X
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Figure 7. Phytogeographical subdivision of the obligate QFF of the Knersvlakte. The bold figures
below show the numbers of quartz-field species that occur in each square. Pink: Central Knersvlakte;
red: Northern Knersvlakte; green: Western Knersvlakte.
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According to the table, five geographically defined groups of species and subspecies was
distinguished. The first group of taxa (# 1-27) was largely restricted to the southern and central
part of the Knersvlakte, i.e., the triangle between Klawer in the south, Goedehoop in the north
and Deelwater in the east (3118AD, BC, BD, CB). Due to its central position within the
Khnersvlakte in total, this zone will be addressed as Central Knersvlakte in the following. Merely
four species covered the entire quartz-field area of the Knersvlakte (# 1-4) whereas the other had
been recorded for parts of it only. The second group (# 28-33) was largely restricted to the
notrtheastern corner of the Knersvlakte, to the area south-east of Nuwerus to northwest of
Bitterfontein (3018CD, 3118AB, BA). This zone will be addressed as Northern Knersvlakte. The
quartz-field species of the third group (# 34-39) were restricted to the western out-layers of the
Knersvlakte between Komkans and Kotzesrus (3117BB, 3118AA). The fourth group (# 40-61)
comprise those obligate quartz-field taxa that are broadly distributed in all three zones of the
Khnersvlakte. The area covered by this species group (surrounded by a blue line in Figure 7) can
be addressed as the main distribution area of the obligate QFF of the Knersvlakte. The remaining
quartz-field species (# 62-67) occurred roughly to the same extend inside and outside the floral
centre.

The Central Knersvlakte is the largest and most species-rich area. It stretches from Moedgewin
in the north-west (3118AD) to the escarpment in the east (3118BD). In the south-west it also
includes the quartz fields between Kokenaap and Vredendal (3118CB). The most species-rich
QDS lies between Luiperskop and Saggiesberg station (3118BC).

The Northern Knersvlakte borders on the first in the north. It covers the area from
Bitterfontein in the west to the Flaminkvlakte in the east (3118AB and 3118BA) and to Stofkraal
in the north (3119CD). The QDS around Nuwerus and Bitterfontein (3118AB) comprises the
highest number of quartz-field species.

The Western Knersvlakte covers the smallest area which is also the poorest in terms of quartz-
field species and subspecies. It stretches from Meerhofkasteel in the east (3118AA) to the
Kotzesrus area in the west (3117BB). The Western Knersvlakte comprises the lowest number of
quartz-field species and subspecies.

Table 9 makes emerge that the three sub-units show different levels of species overlap. The
highest correspondence was found between the Central and the Northern Knersvlakte. The two
sub-units share 11 quartz field taxa which show no preference to any of the two sub-units. Eight
taxa occur in all three sub-units. Merely one species (Pentzia peduncularis, Asteraceae) is restricted
to the Western and Northern Knersvlakte sub-unit and is absent in the Central Knersvlakte. All
other quartz-field taxa in the list that are centred in the three sub-units (no. 1 to 61) are either
restricted to the Western or to the Northern Knersvlakte sub-unit. The remaining six quartz-field
taxa (no. 62 - 67) do not fit into the common patterns of distribution as described above.

By far the highest numbers of quartz-field taxa were found in the squares 3118BC (38
species/subspecies) and 3118AD (33 species/subspecies) of the Central Knersvlakte (Figure 7,
pink). Also the other squares of the Central and Northern Knersvlakte showed a considerably
high number of quartz-field taxa. In contrast, the numbers of quartz-field species in the western
zone (3117BB, 3118AA) was comparatively low with 11 species each.

The remaining QDSs of the Knersvlakte area harbour comparatively little quartz-field species /
subspecies only (up to 8) and could not be clearly ascribed to any of the floral sub-units. They are
located in a fringe around the three sub-units. They were shown in black in Figure 7.
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[11.1.3 Phytogeographical subdivision on genus level

Figure 8 is based on a DCA ordination employing the obligate QFF inventory per QDS on genus
level with simple present-absent data. For the analysis the same methods were applied as for the
phytogeographical subdivision on species level (Figure 3). Four genera were omitted as outliers
(Acrodon, Glottiphyllum, Pleiospilos, and Schwantesia) since the occurrence of their intraspecific
quartz-field taxa did not overlap with that of any of the other genera. Crassula, a very widespread
genus that occurs in all phytochoria and in almost all QDSs was also omitted from the ordination
in order to achieve a better resolution. The QDS were marked according their association with
one of the six regional obligate QFFs as they were defined above.
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Figure 8. Phytogeographical subdivision of the obligate QFFs on genus level: DCA scatter diagram of
the QDSs.

The distribution of the QDS in the ordination (Figure 8) corresponded largely with that of the
ordinations on species / subspecies level (Figure 3). In correspondence with the latter, the Little
Karoo Phytochorion was clearly separated from the remaining five obligate QFFs which were
largely arranged (from left to right) along a south-north gradient according to their geographical
distribution. The QDS of the Knersvlakte Phytochorion were plotted on the left hand side of the
diagram in a dense cluster. Within this cluster also QDS of the Riethuis-Wallekraal Phytochorion
were plotted. The two phytochoria formed one unit on genus level. The next group to the right
mainly comprised QDS of the Southern Richtersveld Phytochorion. Only two QDS of the
Knersvlakte Phytochorion were plotted among them. The QDSs of the Northern Richtersveld
Phytochorion were plotted next to those of the Southern Richtersveld, forming a bridge between
the QDSs of the Southern Richtersveld Phytochorion and of the Bushmanland-Warmbad
Phytochorion. The QDSs of the Little Karoo Phytochorion were located at the lower fringe of
the diagram.

From the left (QDSs of the Knersvlakte Phytochorion) to the right (QDSs of the Bushmanland-
Warmbad Phytochorion) the density of the QIDSs decreased significantly.

The scatter plot of the genera (Figure 9) formed a very dense cloud on the left side (formed by
the genera occurring in the Knersvlakte and Riethuis-Wallekraal Phytochorion) and a more spares
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cloud in the centre of the diagram (formed by the genera of the Southern and Northern
Richtersveld Phytochoria and the Bushmanland-Warmbad Phytochorion).

]
# Anacampseros (widespread genus)
+ Dinteranthus (Bushmanland-Warmbad)
o Richtersveld
+ Knersvlakte and Riethuis-Wallekraal
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Figure 9. Phytogeographical subdivision of the obligate QFFs on genus level. Scatter diagram of the
genera.

The genera that were plotted next to the QDS of the Knersvlakte formed a dense cluster which
corresponded with the dense cluster of the QDSs (Figure 9). Only one genus (Oedera) was drawn
aside. Apart from the dense cluster on the left hand side there were two groups of genera which
were plotted in two loose clouds. In the left lower corner the genera of the Little Karoo were
plotted separately from the rest. In the upper right corner Dinteranthus was plotted far off the
other genera.

The genera of the Knersvlakte and the Riethuis-Wallekraal Phytochorion showed the densest
cluster. This can be attributed to the high number of genera whose quartz-field species are
restricted to both the Knersvlakte Phytochorion and the Riethuis-Wallekraal Phytochorion. The
sparse cloud in the centre of the diagram corresponded well with the distribution of the QDSs of
the Southern and Northern Richtersveld Phytochorion as well as the Bushmanland-Warmbad
Phytochorion. The lower-left section of the cloud comprised these four genera (Mitrophyllum,
Nelia, Odontophorus, Polymita, and Schlechteranthus) whose quartz-field taxa are restricted to the
Richtersveld s.l. or which spread further to the south (into Riethuis-Wallekraal and Knersvlakte
Phytochoria) These genera that occur in the Northern Richtersveld Phytochorion and in the
Bushmanland-Warmbad Phytochorion were plotted in the upper-right section of the cloud.

Consequently, on genus level the two regional QFFs of the Richtersveld (Figure 9) were merely
differentiated by four genera that are restricted to the Northern Richtersveld Phytochorion
(Adrocymbinm, Cheiridopsis, Odontophorus, and Strumaria), whereas the Southern Richtersveld does
not house any endemic genus in the quartz-field flora. The Southern and Northern Richtersveld
Phytochoria thus showed a relatively high correspondence on genus level. However, the genera
of the obligate QFF of the Richtersveld s.1. were was subdivided into two main groups. The left
group showed main affinities to the southern obligate QFFs (Southern Richtersveld and Riethuis-
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Wallekraal Phytochorion) the right group with the northern and eastern obligate QFFs (Northern
Richtersveld Phytochorion and Bushmanland-Warmbad Phytochorion).

Dinteranthus, the only genus of the quartz-field flora that were entirely restricted to the
Bushmanland-Warmbad Phytochorion was plotted in the upper right corner of the diagram.

Anacampseros, which occur in all phytochoria except in the Knersvlakte, was plotted in the gap
between the genera of the Little Karoo Phytochorion and those of the Bushmanland-Warmbad
Phytochorion and the Northern Richtersveld Phytochorion. It obviously causes the relative high
correspondence between the Little Karoo, Bushmanland-Warmbad, and Northern Richtersveld
Phytochoria.
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Table 10. Genera of the obligate QFF sorted according to their occurrence (from right to left) in the
scatter diagram of the genera (Figure 9). Genera that are largely or entirely restricted to quartz fields
were underlined. Genera with a broad distribution within the obligate QFFs were written in italics.

Scores Genus Distribution of the quartz-field species within the genus
on Axis 1
-0.7271 |Oedera Knersvlakte Phytochorion
0.3149 [Diplosoma Knersvlakte Phytochorion and outside the Knersvlakte in the south
0.3407 (Babiana Knersvlakte Phytochorion
0.5856 [Lapeirousia Knersvlakte Phytochorion
0.6857 |Dicrocaulon Knersvlakte Phytochorion and Riethuis-Wallekraal Phytochorion
0.7271 |Pentzia Knersvlakte Phytochorion
0.9554 |Lasiopogon Knersvlakte Phytochorion
1.0912  |Pelargonium Knersvlakte Phytochorion
1.2021  |Eriospermum Knersvlakte Phytochorion
1.2098 |Leucoptera Knersvlakte Phytochorion
1.2183 |Othonna Knersvlakte Phytochorion and Riethuis-Wallekraal Phytochorion
1.2348 |Oophytum Knersvlakte Phytochorion
1.2691  |Zygophyllum Knersvlakte Phytochorion
1.2895 |Argyroderma Knersvlakte Phytochorion
1.4840 |Jacobsenia Knersvlakte, Riethuis-Wallekraal and Southern Richtersveld
1.4908 |Monilaria Knersvlakte, Riethuis-Wallekraal and Southern Richtersveld
15196 |Senecio Knersvlakt.e, Riethuis-Wallekraal and Southern and Northern Richtersveld
Phytochorion
1.5239 |Lachenalia Knersvlakte Phytochorion
Knersvlakte Phytochorion, Riethuis-Wallekraal Phytochorion, Southern and
1.6099 |Phyllobolus Northern Richter};veld Phyt’ochorion g 0
2.4570 |Polymita Southern Richtersveld Phytochorion
25956  |Meverophvtum Riethuis-WaIIekraaI Phytochorion, Southern and Northern Richtersveld
Meyerophytum Phytochorion
2.6151 |Cephalophyllum [Knersvlakte Phytochorion and Northern Richtersveld Phytochorion
Knersvlakte  Phytochorion Northern  Richtersveld  Phytochorion  and
27171 |Tylecodon Bushmanland- Wa{r;bad Ph );tochorion g
2.8369 |Mitrophyllum Southern and Northern Richtersveld Phytochorion
2.8665 |Bulbine Knersvlakte, Southern and Northern Richtersveld Phytochorion
2.9488 |Aspazoma Riethuis-Wallekraal, Southern and Northern Richtersveld Phytochorion
3.0671 [Nelia Southern and Northern Richtersveld Phytochorion
3.3396 [Octopoma Southern and Northern Richtersveld Phytochorion
3.8036 |[Schlechteranthus |Southern and Northern Richtersveld Phytochorion
3.8420 [Strumaria Northern Richtersveld Phytochorion
4.0255 |Odontophorus Northern Richtersveld Phytochorion
3.0911  [Androcymbium Northern Richtersveld Phytochorion
3.7808 [Cheiridopsis Northern Richtersveld Phytochorion
3.9252  |Conophytum Knersvlaktg Phytochorion, Riethqis—Wallekraal Phytochorion, Southern and .
Northern Richtersveld Phytochorion and Bushmanland-Warmbad Phytochorion
43338 |Lithops Knersvlakte Phytochorion, Southe(n and Northern Richtersveld Phytochorion,
Bushmanland-Warmbad Phytochorion
45302 |Tridentea Northern Richtersveld and Bushmanland-Warmbad Phytochorion
4.7021 |Adromischus Northern Richtersveld and Bushmanland-Warmbad Phytochorion
5.047 Ihlenfeldtia Northern Richtersveld and Bushmanland-Warmbad Phytochorion
5.3233 [Lapidaria Bushmanland-Warmbad Phytochorion
6.3653 [Dinteranthus Bushmanland-Warmbad Phytochorion
5.3416 |Anacampseros Little Kar(?o, Southern and Northern Richtersveld, Bushmanland-Warmbad
Phytochorion
5.9855 [Muiria Little Karoo Phytochorion
6.9058 [Gibbaeum Little Karoo Phytochorion and Swellendam area
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Comparison of the structural and floral features of the
phytochoria

[11.1.4 Growth-form spectra

The entire obligate QFF

The obligate quartz-field flora (QFF) comprised a very narrow array of growth forms (Figure 10).
In particular, dwarf shrubs which are smaller than 5 cm in height (nano-chamaephytes) were the
most frequent growth forms. 58 % of the quartz field taxa belonged to this group of growth
forms. All other growth-form groups were represented by a much lower percentage (a maximum
of only 14 %).
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Figure 10. Growth-form spectrum of the QFF of Southern Africa (1)
Therophytes were represented by < 1 % (i.e., one species only) and phanerophytes, i.e., shrubs
and trees taller than 50 cm in height, were entirely absent from the obligate QFF.

When the major group of nano-chamaephyteous growth forms were subdivided further into four
subgroups, the following growth-form spectrum emerged (Figure 11).
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Figure 11. Growth-form spectrum of the southern African QFF (2) with special reference to the nano-
chamaephyteous subgroups.

The most species-rich subgroup within the nano-chamaephytes were the subglobose nano-
chamaephytes. This group also comprised the highest number of species and subspecies among
all growth-form groups. Those nano-chamaephytes that did not fit in one of the three subgroups,
the “other nano-chamaephytes”, represented a only small fraction of the nano-chamaephytes (6
% of the flora).

The regional QFFs

The phytogeographical analysis of the obligate QFF revealed six main phytochoria (see Chapter
III.1.1). Each phytochorion was characterised by a number of endemic species or subspecies.
Regarding the high percentage of regional endemic species the growth-form spectra of the
regional quartz-floras was analysed to compare the regional particularities.
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Figure 12. Growth-form spectra (percentage) of the six regional obligate QFFs. T = therophyte, G =
geophytes, H = hemicryptophytes, nC = nano-chamaephytes (< 5 cm), miC = micro-chamaephytes (5-
15 cm), meC = mega-chamaephytes.
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Figure 12 shows the growth-form spectra of the regional obligate QFFs. They were arranged
according to their geographical distribution, from north to south. The six floras showed strong
correspondences: within all regional QFFs, the majority of the growth forms belonged to the
group of nano-chamaephytes (i.e., shrubs < 5 cm in height). This growth group occurred in each
of the floras. Also micro-chamaephytes were found in all floras except in the Bushmanland-
Warmbad Phytochorion. They hence represented the second most frequent growth-form group
within the floras. In contrast, geophytes, hemicryptophytes, and mega-chamaephytes (shrubs 15-
50 cm in height) were absent in at least two of the regional floras. Therophytes were only found
in the obligate QFF of the Knersvlakte Phytochorion.

Consequently, the regional obligate QFFs corresponded in being dominated by nano-
chamaephyteous growth forms and by the fairly frequent occurrence of micro-chamaephytes and
hemicryptophytes.

However, there were also clear differences between the regional floras. The most conspicuous
divergence was found between the obligate QFFs of the Bushmanland-Warmbad Phytochorion
as well as the Little Karoo Phytochorion on the one hand and the remaining obligate QFFs (of
the Namaqualand sensu /ato) on the other hand. The obligate QFFs of both the Little Karoo and
the Bushmanland-Warmbad Phytochorion differed from those of the other phytochoria by an
over-representation of nano-chamaephytes. In both phytochoria, the nano-chamaephytes
contributed a very high percentage of the species and subspecies of the QFF (90 % in the Little
Karoo Phytochorion and 100 % in the Bushmanland-Warmbad Phytochorion) whereas the
percentages of nano-chamaephytes were considerably lower in the other four phytochoria (40-60
%). Other growth forms than nano-chamaephytes were rare (Little Karoo P.) or absent
(Bushmanland-Warmbad P.).

The remaining four obligate QFF (Knersvlakte, the Riethuis-Wallekraal, the Southern and
Northern Richtersveld Phytochorion) corresponded in having a similar percentage of
hemicryptophytes, micro-chamaephytes, and mega-chamaephytes. All chamaephytes as well as
hemicryptophytes were largely equally distributed within these floras. Only in the Southern
Richtersveld Phytochorion mega-chamaephytes were absent. Geophytes and particularly
therophytes, however, showed a slightly different distribution. The first were found in the
Knersvlakte, the Southern and Northern Richtersveld Phytochorion but were absent in QFF of
the Riethuis-Wallekraal Phytochorion. The therophytes, however, were only found in the obligate
QFF of the Knersvlakte Phytochorion.

For a detailed comparison of the growth-form spectra of the regional obligate QFFs the most
important group of the nano-chamaephytes were subdivided into the four subgroups
(subterraneous, subglobose, compact nano-chamaephytes, and “others”; see Chapter 11.2.1).

Again, particular similarity between Little Karoo and the Bushmanland-Warmbad Phytochorion
could be detected (Figure 13). In both regional obligate QFFs the subglobose nano-
chamaephytes formed the most important group. About half of the species / subspecies of these
quartz floras belonged to this growth-form subgroup. The other nano-chamaephyteous
subgroups were considerably less frequent in both floras. They comprised between 11 and 19 %
of the nano-chamaephytes only.

In correspondence to the similarity regarding the main growth-form groups (Figure 12), again the
obligate QFFs of the Namaqualand sens# Jato, namely the Northern Richtersveld, Southern
Richtersveld Phytochorion, Riethuis-Wallekraal Phytochorion, and the Knersvlakte Phytochorion
showed distinct similarities. In the QFF of these phytochoria, the nano-chamaephyteous
subgroups were more equally represented than in the Little Karoo and the Bushmanland-
Warmbad Phytochoria. Moreover, the “other” nano-chamaephytes formed the most important
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group of nano-chamaephyteous growth forms within all Phytochorion of the Namaqualand sezsx
latg, except in the Knersvlakte Phytochorion. The growth-form composition of the latter showed
a generally balanced composition of the growth-form groups. None of the growth-form groups
and subgroups represented more than 20 % of the species or subspecies.
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Figure 13. Growth-form spectra (percentage) of the six phytochoria of the obligate QFF. The nano-
chamaephytes are subdivided into subgroups. The numbers give the percentage of the growth-form
groups within the flora.
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Figure 14. Comparison of the growth-form spectrum of the obligate quartz-field flora (QFF) and of the
Succulent Karoo (data for the Succulent Karoo Flora taken from Milton et al. 1997 and van Rooyen et
al. 1990). T = Therophytes, G = Geophytes, H = Hemicryptophytes, C = Chamaephytes, P =
Phanerophytes.

For comparison purposes, growth-form spectra of the entire Succulent Karoo Flora (SKF, data
from Milton ef al. 1997) and of a small section of the Succulent Karoo (van Rooyen e a/. 1990)
was employed.

Figure 14 revealed the overwhelming dominance of chamaephytes in the obligate QFF. The
percentage of chamaephytes in the obligate QFF is more than double as high as in the
comparative floras of the Succulent Karoo. In contrast, phanerophytes, hemicryptophytes,
geophytes and therophytes are considerably under-represented within the QFF.

Due to the lack of comparative data for the general SKF, the percentage of the other
chamaephyteous groups, such as nano-, micro-, and mega-chamaephytes, as well as the
percentage of the nano-chamaephyteous subgroups (compact, subglobose, subterraneous, others)
cannot be considered here.
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Figure 15. Comparison of the growth-form spectra (percentage of the species /subspecies) of the six
regional QFFs and the general Succulent Karoo Flora (SKF). Figures refer to percentage of species
and subspecies within the floras. Data for the Succulent Karoo are taken from Milton et al. 1997. T =
Therophytes, G = Geophytes, H = Hemicryptophytes, C = Chamaephytes, P = Phanerophytes.

In Figure 15 the form spectrum of the general SKF was compared to that of the regional obligate
QFFs. For the occurrence of the chamaephyteous growth form of different heights or even of
the nano-chamaephyteous subgroups, no floral data for the entire SKF was available. In
correspondence to the situation shown for the entire obligate QFF above, again the
chamaephytes were strongly over-represented in all regional QFFs. In terms of percentage of
hemicryptophytes and geophytes the QFFs of the Namaqualand sensu lato, i.e., Knersvlakte,
Riethuis-Wallekraal, Southern and Northern Richtersveld, corresponded well with the entire
SKF. In the obligate QFF of the Riethuis-Wallekraal Phytochorion, however, the geophytes were
absent and therefore under-represented in comparison to the general SKF. Therophytes are
highly under-represented in all regional QFFs, even in the Knersvlakte where they are
represented by less than 1 % of the taxa.

[11.1.5 Morphological and phenological features

The entire obligate QFF

The obligate QFF was clearly dominated by succulents (Table 11), only 2.6 % of the species and
subspecies of the flora had no succulent organs at all. In addition to succulent leaves and stems,
all organs that have particular tissues to store water, such as bulbs, roots, and tubers of
geophytes, hemicryptophytes and other shrubs were interpreted as succulent organs. The
majority of the succulent taxa within the QFF were leaf succulent (88 %). Only 4 % of the taxa
were exclusively stem succulent (not having succulent leaves) whereas 7 % were both leaf and
stem succulent. The percentage of species or subspecies with an assimilating succulent stem was
comparatively low (2 %). In comparison to the low proportional representation of the stem
succulents, taxa with a subterranean succulent axis (tubers) or succulent roots were relatively well
represented within the QFF. 17 % of the quartz field taxa had tubers or succulent roots.
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Table 11. Number of taxa and percentage of particular morphological and phenological features within
the southern African obligate QFF. First figure = number of taxa (species and subspecies), second
figure in brackets (percentage within the flora). Non-succulent = taxa without any succulent vegetative
organs, leaf succ = leaf succulent taxa, stem succ TOTAL = total number and percentage of all stem
succulent taxa (assimilating and non-assimilating, leaf succulent and non-leaf succulent); stem succ
NOT leaf succ = stem succulent taxa without succulent leaves); stem succ and leaf succ = taxa that
are stem AND leaf succulent; stem succulent (assim.) = taxa with succulent and assimilating stems;
fleshy roots/ tubers = taxa with succulent roots or tubers;. Drought deciduous = drought-deciduous
plants (excluding therophytes and geophytes)

Stem succulent
Non- | Leaf roots | deon
succulent | succulent Stem Stem Stem Stem tubers G
succ succ NOT | succ AND | succulent
TOTAL leaf succ | leaf succ | (assim.)
4 139 17 6 1 3 26 72
(2.6 %) (87.7 %) (9.7 %) (3.9 %) (7.1 %) (1.9 %) (16.8) % (46.5 %)

About half the taxa (46.5 %) had drought-deciduous leaves. This group included all taxa in which
the leaves were either dropped during the dry period or where they remained on the plants as dry

papery sheaths, often providing shelter and shade for the newly-formed leaves (e.g.,
Mitrophyllinae, Ihlenfeldt 1971b).

The regional QFFs

The six regional QFFs showed high correspondence with respect to frequency of succulence as
well as phenological features. In all phytochoria the obligate QFFs comprised 80 to 100 % of
leaf-succulent taxa whereas only 9 to 18 % of the taxa were stem succulent. However, taxa that
were stem and leaf succulent were only found in the obligate QFFs of the Namaqualand sezsu /ato,
they were absent in the Bushmanland-Warmbad Phytochorion and in the Little Karoo
Phytochoria. Stem succulents with assimilating axis were either entirely absent (Knersvlakte and
Little Karoo Phytochoria) or they were represented by a low percentage. The percentage of taxa
with subterranean succulent organs like succulent roots and tubers was between 10 and 21 %
in all regional floras except in the Riethuis-Wallekraal Phytochorion where this group comprised
only 6 % of the obligate QFF. Also, the obligate QFF of the Knersvlakte housed the only taxa
without any succulent organ. They comprised 6 % of that flora, though.
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| Riethuis-Wallekraal @ Knersvlakte M Little Karoo

Figure 16. Percentage of taxa with particular morphological and phenological features within the
regional obligate QFFs. deciduous = taxa with drought-deciduous leaves (incl. T, G, H = including
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therophytes, geophytes, hemicryptophytes; Ch only = excluding therophytes, geophytes,
hemicryptophytes); leaf succ = leaf-succulent taxa; stem & leaf succ = taxa with succulent leaves and
stems; stem succ ass = taxa with succulent and assimilating axes; roots fleshy/ tubers = taxa with
succulent / fleshy roots or tubers (includes geophytes), non-succ = taxa without any succulent organ.

Relatively low correspondence between the regional obligate QFFs was found regarding the
occurrence of drought-deciduous leaves. This category was considered in two different
versions: with and without having included therophytes and geophytes. Therophytes,
hemicryptophytes, and geophytes are generally not acknowledged as drought-deciduous but in
fact they are adapted to adverse or dry seasons by giving up the photosynthetic active organs
(geophytes) or the entire plant (therophytes). Consequently, they were partly included into the
group of drought-deciduous plants.

If the therophytes and geophytes were included, the highest percentages of drought-deciduous
plants occurred in the Riethuis-Wallekraal Phytochorion and the Knersvlakte Phytochorion
(Figure 16 and Table 12). Here about 70 % of the taxa shed their leaves at the beginning of the
dry period. The Southern and the Northern Richtersveld Phytochorion still comprised roughly
50-60 % of drought-deciduous taxa. However, for the Bushmanland-Warmbad Phytochorion and
particularly for the Little Karoo Phytochorion the percentage of drought-deciduous plants was
considerably lower. If the therophytes and geophytes were excluded from this group, the
percentage within the QFF of the Riethuis-Wallekraal Phytochorion remained the same but
within the other QFFs of Namaqualand sensu /ato, the percentages drop considerably.

Table 12. Morphological and phenological features of the species / subspecies of the regional obligate
QFFs. First figure = number of species / subspecies; second figure in brackets = percentage within the
regional obligate QFFs .

Drought
decid Stem Roots
eIC| 2L Leaf Stem | succulent| Stemand | o Non-
Phytochoria eaves succulen | succulen| (stems leaf ; Y| succu-
incl. | excl. t t ass_imi- succulent tubers lents
G&T|G&T lating)
Bushmanland- 9 9 23 o o 4
Warmbad 35%) | (35%) | (88 %) |*(15%) |[1(4%) O (15 %) |°
Northern 19 13 23 o o o 6
Richtersveld | (48%) | (33%) | (80 %) [8(19%) |3(@%) 113 %) | 4504, |0
Southern 11 8 19 o o o 3
Richtersveld | (58%) | (42%) | (100 %) |[3(16%) |1(5%) 13(16%) | 450, |0
Riethuis- 12 | 9 17 ) : ) 1
Wallekraal 71%) | (53%) | (100 %) |3(18 %) |1(6%) 13(18%) | go |O
46 | 27 57 ) ; 14 :
Knersvlakte 69%) | (40%) | (85 %) 6 (9 %) 0 6 (9 %) 21 %) 4 (6 %)
. 2 2 9 , 1
Little Karoo 20%) | (20%) | (90 %) 1(10%) |0 0 (10 %) 0

In order to analyse the resemblance between the six phytochoria in terms of growth-form
spectrum and occurrence of morphological and phenological features, a cluster analysis were
conducted employing the percentage of nine growth-form groups, as well as eight morphological
and phenological features as they are shown in Figure 13 and Figure 16. The resulting
dendrogram (Figure 17) showed two main groups: the Bushmanland-Warmbad Phytochorion
and the Little Karoo on the one hand and the Namaqualand sens# /ato on the other hand. The
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latter group again was subdivided into two pairs: Southern Richtersveld, Riethuis-Wallekraal
Phytochorion and Northern Richtersveld, Knersvlakte.

Case 0 5 10 15 20 25

Bushmanland-WB —
Little Karoo —
S Richtersveld —
Riethuis-Wallekraal —

N Richtersveld
Knersvlakte jf

Figure 17. Dendrogram of a cluster analysis (using Ward Method) of the six regional obligate QFFs
based the percentage of 17 structural features (9 growth-form groups, 8 morphological and
phenological features).

.2 Floral similarities between the phytochoria

In the following chapter the major taxonomic groups, the family spectra, the species to genera
ratio, and finally the species inventories of the regional obligate QFFs will be analysed. The
presentation of the floral spectra will be followed by a comparative analysis of the diversity of the
regional floras with respect to various taxonomic levels. Finally, a synopsis of the floral
interrelation of the floras will be given.

[11.2.1 Major taxonomic groups

The obligate quartz-field flora in general

No pteridophytes were recorded to be an obligate quartz-field taxon.

Table 13 shows that the majority of the 155 obligate quartz-field taxa (species and subspecies)
were dicotyledonae: 139 taxa (90 %) belonged to this group. In contrast, only 16 taxa (10 %) of
were monocotyledonae.

The number of monocotyledonae genera (7 genera, 15 %) was similarly low compared to the
number of the dicotyledonae genera (40 genera, 85 %). This relationship changed drastically
when the number of families per major group was taken into account: there were 6 families of
the monocotyledonae and only one more family (7 families) in the dicotyledonae group.
Consequently, the number of species/subspecies per genus (compare species to genus ratios) was
about the same in both major groups. However, there were about three times more
species/subspecies per family in the dicotyledonae than in the monocotyledonae (compare the
species to family ratio).



52

Table 13. The floral composition of the obligate QFF in terms of numbers of families, genera, taxa
(species/subspecies) of the major taxonomic groups (Monocotyledonae, Dicotyledonae) and (in
brackets) the percentage within the flora.

. Species Genera - Species to Species to
Major group . Families . g ]
Isubspecies genus ratio family ratio
Pteridophyta 0 0 0 - -
Monocotyledonae 16 (10.3 %) 7 (14.9 %) 6 (46.2 %) 2.4 2.8
Dicotyledonae 139 (89.7 %) 40 (85.1 %) 7 (53.8 %) 3.5 19.7
Total 155 (100 %) 47 (100 %) 13 (100 %) 3.3 11.9

The ratio of mono- and dicotyledonae, within the obligate QFF and the general Succulent Karoo
flora (SKF)

Table 15 shows little difference on the lower taxonomic ranks, ie., species and genera. In
correspondence with the QFF, in the SKF the ratio of mono- to dicotyledonae on genus (1 : 2.7)
and species / subspecies (1 3) level are similar. Also in the QFF the ratio on
species/infraspecific taxa and genus level did not differ considerably (1 : 5.7 on genus level and 1
: 8.7 on species level). That is, in both floras the two major taxonomic groups are represented by
about the same number of taxa on species and genus level. However, the floral composition of
the obligate QFF in terms of major taxonomic groups diverges considerably from the SKF with
respect of the ratio of mono- and dicotyledonae families.

Table 14. The percentage [%] of the major groups in terms of numbers of families, genera, and
species/subspecies within the quartz field flora (QFF), in comparison with the Succulent Karoo flora
(SKF). Data for the SKF from Hilton-Taylor 1996a.

- - Species / Sp ecies/_
Major group Families | Families |Genera Genera subspecies sub_sp_ec:es /
(QFF) (SKF) (QFF) (SKF) (QFF) varieties
(SKF)
Pteridophyta 0 5.9 0 1.4 0 0.5
Monocotyledonae 46.2 21.2 14.9 26.3 10.3 24.6
Dicotyledonae 53.8 72.9 85.1 72.3 89.7 74.9
Total 100 100 100 100 100 100

Table 15. Monocotyledonae / dicotyledonae ratio of the obligate quartz-field flora (QFF) and the
Succulent Karoo flora (SKF) at different taxonomic ranks. Data for the SKF taken from Hilton-Taylor

1996a.

Flora Family rank Genus rank Species / ssp. rank
QFF 1:1.2 1:5.7 1:8.6
SKF 1:34 1:27 1:3.0

In the SKF the percentage of mono- to dicotyledonae on family rank is about the same ratio as
on genus and species rank. That is, in the monocotyledonae and the dicotyledonae of the SKF
the relation between numbers of taxa is roughly the same at all taxonomic ranks. In the QFF, in
contrast, the ratio on family rank differs considerably from those on the other taxonomic ranks: 1
: 1.16. Consequently, the relative low number of genera and species / subspecies per family of the
monocotyledonae within the QFF is unusual and does not correspond at all with the situation in
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the SKF. Consequently, on family level dicotyledonae are strongly under-represented within the
QFF. Whereas, on genus and species level dicotyledonae are over-represented.

The regional obligate QFFs

Obviously, in all regional obligate QFFs the majority of the species and subspecies were
dicotyledonae. In three of the regional obligate QFFs (Riethuis-Wallekraal, Bushmanland-
Warmbad, Little Karoo), monocotyledonae were completely absent. In the other phytochoria the
monocotyledonae comprised relatively few species or subspecies only. The highest proportion of
monocotyledonae was found in the obligate QFF of the Knersvlakte. Here, they represented
about 15 percent of the quartz-field species and subspecies. In the other two phytochoria where
monocotyledonae belonged to the obligate QFF (Southern and Northern Richtersveld) they
comprised less than 10 percent of the species and subspecies.

Table 16. Percentage of monocotyledonae and dicotyledonae taxa in the regional obligate QFFs of
southern Africa

Monocotyle- Dicotyle- Monocotyle- Dicotyledonae

Phytochoria donae [n] donae [n] donae [%] [%]
Knersvlakte 10 57 14.92 85.07
Riethuis-Wallekraal - 17 - 100.00
Southern Richtersveld 1 18 5.26 94.73
Northern Richtersveld 3 40 0.75 99.25
Bushmanland-Warmbad - 26 - 100.00
Little Karoo - 10 - 100.00

Monocotyledonae were best represented in the obligate QFF of the Knersvlakte which also
comprised the highest number of quartz-field species in total. The second highest number and
percentage of monocotyledonae were found in the obligate QFF of the Northern Richtersveld
which had the second highest number of species and subspecies. But the percentage of
monocotyledonae were not generally correlated with the species numbers of the obligate QFF: in
the Bushmanland which was the third phytochorion with respect to richness in quartz-field
species, no monocotyledonous species or subspecies occurred.

In Table 17 the percentage of monocotyledonous and dicotyledonous taxa within the regional
obligate QFF's in comparison with their percentage within the entire flora of the areas covered by
the phytochoria is shown. The lack of monocotyledonae in three of the regional obligate QFFs
was not mirrored in the entire flora. In the flora of the Bushmanland-Warmbad Phytochorion as
well as of the Little Karoo the monocotyledonae comprised about 20 % of the flora, where the
percentage of monocotyledonae seems to be even higher than in the flora of the Namaqualand
sensu lato (Desmet & Cowling 1999a).
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Table 17. Comparison of the percentage of monocotyledonae and dicotyledonae within the obligate
QFFs and general floras of the phytochoria.

Entire floras of the
Regional obligate areas covered by the
QFFs phytochoria
. (see Table 16) (data taken from
Phytochoria literature) References
Mono- Dicotyle- Mono- Dicotyle-
cotyle- | donae [%)] cotyle- | donae [%]
donae [%] donae [%]
Knersvlakte 14.92 85.07 ? ?
Riethuis-Wallekraal 0 100.00 ? ?
Southern Richtersveld 5.26 94.73 12 88 I?ggs&et & Cowling
Northern Richtersveld 0.75 99.25 12 88 Ii)ggsg;et & Cowling
Bushmanland- Werger 1986: Orange
Warmbad 0 100.00 22 8 River Broken Veld
Little Karoo 0 100.00 18 g2 | Werger 1986:
Succulent Karoo

[11.2.2 Family spectra

The entire quartz-field flora

Table 18 shows the family spectrum of the southern African obligate QFF in terms of numbers
of species or subspecies. By far the most important family of the obligate QFF are the Aizoaceae.
105 taxa (species and subspecies) — more than one third of the taxa —belonged to this group. All
Aizoaceae taxa of the obligate QFF belonged to the Mesembryanthema, no taxa of the Aizoaceae
s. str. were restricted to the quartz fields. The Crassulaceae, the second most highly represented
family within the QFF, supplied only 17 taxa (10 %) to the flora. The Asteraceac and
Asphodelaceae (Liliaceae s.l) both contributed nine and seven taxa to the obligate QFF,
respectively and form the third and fourth largest group. Each of the remaining families, several
of them monocotyledons, contributed a few taxa only and form less than 2 % of the QFF.

Table 19 shows the family spectrum of the obligate QFF in terms of numbers of genera and
their percentage within the obligate QFF. The Aizoaceae formed the most important group, it
has the highest number of genera per family within the obligate QFF. With 28 genera and 61 %
of the flora, the Aizoaceae ranked far above the Asteraceae (5 genera, 11 %), Crassulaceae (3
genera, 6 %), Iridaceae (2 genera, 4 %). The remaining families each contributed only one genus.



Table 18. Family spectrum of the flora of the southern African quartz fields (QFF). Percentages refer

to importance of the families in terms of numbers of species and subspecies within the flora.
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Number of species /

Family subspecies per family Percentage within the QFF
QFF
Aizoaceae 105 67 %
Crassulaceae 17 10 %
Asteraceae 9 5%
Asphodelaceae 7 5%
Portulacaceae 4 3%
Iridaceae 3 2%
Asclepiadaceae 2 1.5%
Geraniaceae 2 1.5 %
Hyacinthaceae 1 1%
Amaryllidaceae 1 1%
Colchicaceae 1 1%
Eriospermaceae 1 1%
Zygophyllaceae 1 1%
Total 155 100 %

Table 19. Numbers of genera per family represented in the flora of the southern African quartz fields
(QFF) and their percentage in terms of numbers of genera.

Numbers of genera per family

Family within the QFF Percentage within the QFF
Aizoaceae 28 61 %
Asteraceae 5 11 %
Crassulaceae 3 6 %
Iridaceae 2 4%
Asphodelaceae 1 2%
Asclepiadaceae 1 2%
Hyacinthaceae 1 2%
Geraniaceae 1 2%
Amaryllidaceae 1 2%
Portulacaceae 1 2%
Colchicaceae 1 2%
Eriospermaceae 1 2%
Zygophyllaceae 1 2%
Total 47 100 %
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The family spectrum in terms of numbers of genera differs slightly from that in terms of
numbers of species. The Asteraceae are more important than the Crassulaceae, the Iridaceae are
more important than the Asphodelaceae and the Asclepiadaceae rank above the Portulacaceae
when considering genera per family instead of species.
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Figure 18. Percentage of families in terms of numbers of species / subspecies within the QFF (QFF)
and the Succulent Karoo Flora (SKF). Black columns = obligate QFF, grey columns = SKF. Data for
the SKF were taken from Hilton-Taylor (1996a).

The comparison with the family spectrum of the SKF give insight into the particularities of the
composition of the obligate QFF (Figure 18) .The comparative data for the SKF were taken from
Hilton-Taylor (1996a). For his checklist, Hilton-Taylor (1996a) includes infraspecific taxa such as
subspecies and varieties for most of the genera. Since subspecies rank was also included for the
QFT, the data sets are largely comparable.

The family spectra of the two floras differed considerably on the species/subspecies level. Again
in both floras the Aizoaceae represent the most important family, but the Aizoaceae are strongly
over-represented within the QFF.

Also the Crassulaceae, the second group within the QFF in terms of species/subspecies are
significantly over-represented within the obligate QFF (tepresented by 10 % of the species /
subspecies in contrast to 4 % in the SKF). Consequently, the Aizoaceae and the Crassulaceae, the
most species-rich families of the QFF were both represented by a 2.5 times higher percentage
than in the SKF. Less significant but still obvious is the over-representation of the Asphodelaceae
(5 % compared to 2 % in the SKF) and the Portulacaceae (2 % compared to < 1 % within the
SKT). Colchicaceae, Eriospermaceae, Zygophyllaceae, four families that contributed 1 species
(and about 1 % of the flora) to the QFF only, do not belong to the 20 most species-rich families
of the SKF and are therefore not considered by Hilton-Taylor (1996a). On the other hand, a
number of families are relatively under-represented within the QFF: Asteraceae and Iridaceae are
the second or third most important families within the SKF (13 % and 7 % of the species), but in
the QFF they contributed only 5 % and 2 % of the species / subspecies. Fabaceae s.1., Poaceae,
and Scrophulariaceae which also belong to the ten most important families of the Succulent
Karoo flora (representing 5 % or 4 % of the species/ infraspecific taxa) do not contribute any
species to the flora of the quartz fields.
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According to the comparison of the family spectra in terms of numbers of genera per family of
the QFF and the SKF both floras correspond largely (Figure 19). The only difference is (i) the
over-representation of the Aizoaceae and the Crassulaceae and (ii) the under-representation of
the Poaceae, Fabaceae s.l. and the Scrophulariaceae within the QFF. The latter three families are
ranked as the most important families within the SKF in terms of numbers of genera
(contributing 8 %, 4 % and 3 %, respectively, to the genera of the SKF). They are entirely missing
within the QFF. All other families of the QFF are fairly in line with the SKT.
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Figure 19. Percentage of families in terms of numbers of genera within the obligate quartz-field flora
(QFF) and the Succulent Karoo Flora (SKF). Black columns = QFF, grey columns = SKF. Data for the
SKF were taken from Hilton-Taylor (1996a).

Table 20. Families that are under- or over-represented in the obligate quartz fields flora (QFF) in terms
of numbers of species/subspecies compared to the general Succulent Karoo flora (SKF). The families
that are also under- or over-represented in terms of numbers of genera are given in bold letters.

Families that are under-represented Families that are over-represented
Asclepiadaceae Aizoaceae
Asteraceae Asphodelaceae
Fabaceae Crassulaceae
Hyacinthaceae Portulacaceae
Iridaceae
Oxalidaceae
Poaceae
Scrophulariaceae

The comparative ranking of the families in terms of numbers of genera for the QFF and
the SKF, shows a far higher conformity than the ranking in terms of numbers of species.
Compared to the SKF only the Aizoaceae and the Crassulaceae and those families that are
entirely absent from the QFF show considerable differences. Aizoaceae and Crassulaceae are
clearly over-represented but in contrast to the family spectra in terms of numbers of species /
subspecies, Asphodelaceae and Portulacaceae are not. They are represented roughly by the same
percentage. Also, all the families that are listed in Table 20 as being under-represented in the QFF
in terms of numbers of species / subspecies are represented to about the same petrcentage as in
the SKF when the numbers of genera are taken into account.
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The regional QFFs

In total 13 families were represented in the obligate QFF of southern Africa (Figure 20 and
Figure 21). Only two families were found in all of the defined phytochoria, i.e., Crassulaceae and
Aizoaceae (Mesembryanthema). The Asteraceae were the third group in terms of occurrence in
the phytochoria. They were represented in the obligate QFFs of the Namaqualand sensu Jato
(Knersvlakte, Riethuis-Wallekraal, Southern and Northern Richtersveld) but were absent in the
obligate QFFs of the Bushmanland-Warmbad Phytochorion and in the Little Karoo. The same
applied for the Asphodelaceac which were also found only in the obligate QFFs of the
Namaqualand sensu lato However, they were absent in the Riethuis-Wallekraal Phytochorion.
Geraniaceaec were restricted to the obligate QFFs of the Knersvlakte and the Northern
Richtersveld Phytochorion. Figure 20 and Figure 21 show the relative proportion of the plant
families in the obligate QFF. By far the richest family in terms of species were the
Mesembryanthema (Aizoaceae). In Bushmanland-Warmbad Phytochorion, the southern
Richtersveld and the Little Karoo Mesembryanthema provide about three quarter of the quartz-
field species and subspecies. In the other regional obligate QFFs, i.e., Northern Richtersveld,
Riethuis-Wallekraal Phytochorion, and Knersvlakte, the Mesembryanthema comprised only up to
two third of the species or subspecies respectively. The family spectrum of the obligate QFF of
the Knersvlakte was particularly remarkable, because of the relatively small proportion of the two
main groups of the southern African obligate QFF, i.e., Mesembryanthema and Crassulaceae.
Here, the Mesembryanthema and the Crassulaceae contributed 56 % and 13 % of the regional
quartz-field species only. In return, other families such as Asteraceac and Asphodelaceae were
represented to a far higher proportion than in other regional obligate QFFs.

The highest numbers of different plant families in the regional obligate QFFs were found in
the Knersvlakte and Northern Richtersveld Phytochorion. Nine families were encountered from
these regional obligate QFFs. Besides an overlap of four plant families between the two regional
QFFs, the family spectra of the obligate QFFs of the Knersvlakte comprised four families that
were missing in the Northern Richtersveld (Eriospermaceae, Hyacinthaceae, Iridaceae,
Zygophyllaceae) and in return, the obligate QFFs of the Northern Richtersveld Phytochorion
comprised four families (Amaryllidaceae, Asclepiadaceae, Colchicaceae, Portulacaceae) that were
missing in the obligate QFF of the Knersvlakte.
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Northern Richtersveld Bushmanland-
Warmbad

Southern Richtersveld

Amaryllidaceae
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Figure 20. Family spectrum of the main regional obligate QFFs of southern Africa. The figures
represent the numbers of species or subspecies per family in the obligate QFF of each area.
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Table 21. Family spectra of the obligate QFF of the defined phytochoria
a) Numbers of species / subspecies per family.
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There was a particular correspondence between the family spectrum of the obligate QFF of the
Northern Richtersveld and of the Bushmanland-Warmbad Phytochorion: the two floras
shared two of the four families (Asclepiadaceae, Portulaccaceae) that were not found in the
obligate QFFs elsewhere in the Namaqualand sensu lato. The overlap in the species inventories of
the obligate QFFs of the Northern Richtersveld and the Bushmanland-Warmbad Phytochorion
had been mentioned already when presenting the species inventories of the phytochoria (Chapter
IIL.1.1).

Summarising, Mesembryanthema (Aizoaceae) and Crassulaceae were found in all regional
obligate QFFs. Beyond this correspondence there were distinct differences between the regional
obligate QFFs. Asteraceaec and Asphodelaceae were restricted to (at least parts of) the obligate
QFFs of the Namaqualand sexsu lato Five more families were only found in the obligate QFF of
the Knersvlakte whereas four other families were found in the obligate QFF of the Northern
Namaqualand only which shared two families with the obligate QFF of the Bushmanland-
Warmbad Phytochorion and one with the Little Karoo.

The regional obligate QFFs differed considerably with respect of numbers of plant families
(Table 22). Richest in species were the obligate QFFs of the Knersvlakte and the Northern
Richtersveld Phytochorion. Both floras comprised 9 families. These two phytochoria also
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comprised the highest numbers of species or subspecies within their obligate QFF (Knersvlakte
67 taxa and Northern Namaqualand 39 taxa). The obligate QFFs of the other phytochoria were
considerably poorer with respect of plant families. They comprised 4 (Bushmanland-Warmbad
and Southern Richtersveld) or three families (Riethuis-Wallekraal and Little Karoo) only. This
largely corresponded with their lower numbers of quartz-field species.

Table 22 also shows the Shannon-Wiener diversity index. Besides the number of taxa (here
families) this index also takes their abundance (here species per family) into account. The
sequence of phytochoria in this table is sorted according to the Shannon-Wiener diversity index.
The highest diversity index on family level was calculated for the Knersvlakte. The obligate QFF
of the Northern Richtersveld Phytochorion had the second highest diversity index. Due to the
more equal representation of the 3 families within the obligate QFF of the Riethuis-Wallekraal
Phytochorion, the Shannon-Wiener diversity index was slightly higher than for the Southern
Richtersveld Phytochorion where the obligate QFF comprised 4 families. The lowest diversity
index was calculated for the obligate QFF of the Little Karoo. This regional obligate QFF
comprised 3 families only of which one contributes 75 percent of the species.

Table 22. Number of families, diversity index and evenness on family level of the regional obligate
QFFs.

. Number of families Shannon-Wiener
Phytochoria : " sl Evenness
per phytochorion diversity index
Knersvlakte 9 1.477 67.2
Northern Richtersveld 9 1.291 62.1
Riethuis-Wallekraal 3 0.873 79.5
Southern Richtersveld 4 0.826 59.6
Bushmanland-Warmbad 4 0.839 60.6
Little Karoo 3 0.802 72.9

The evenness index was calculated (column 4 in Table 22) to give insight into the equal or
unequal composition of the family spectrum within the floras. The higher the evenness index the
more equal the families were represented in the flora. The evenness indices did not correspond
directly with the Shannon-Wiener index of diversity. By far the highest evenness indices were
calculated for the obligate QFF of the Riethuis-Wallekraal Phytochorion and of the Little Karoo
Phytochorion which both had an intermediate diversity index. This high evenness indices
mirrored the relative equal representation of the families within the species spectra of the floras.
In return, those floras that were most diverse on family level (Knersvlakte and Northern
Richtersveld) had a rather intermediate evenness index. For the other regional obligate QFFs
(Southern and Northern Richtersveld as well as Bushmanland-Warmbad Phytochorion) the
evenness indices were equally low (about 60).

[11.2.3 Spectrum of genera

The 155 species and subspecies of the obligate QFF formed part of 47 genera and 13 plant
families. The number of species contributed to the obligate QFF was very heterogeneous among
the genera 47 genera. As Table 23 shows 14 genera contributed three or more species or
subspecies to the obligate QFF each whereas the remaining genera had one or two species only
within the obligate QFF. The 14 most species rich genera within the obligate QFF contributed
105 species and subspecies, 67 % of the taxa.
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Table 23. Fourteen most species-rich genera within the obligate quartz-field flora (QFF) and the total

number of taxa (species and subspecies) per genus.

Number of Total |Relative share
Genus Famil taxa within [number of | of quartz field References
y the QFF per| taxa per |species within
genus genus the genus
Conophytum 'I;A.esembryanthema, 21 120 18 % S. A. Hammer, pers.
izoaceae comm.
Dicrocaulon M_esembryanthema, 12 12 100 % H.-D. Ihlenfeldt,
Aizoaceae pers. comm.
10 144
Crassula Crassulaceae . (exclusivel | 6 % (7 %) |Tolken 1977a
(9 species) .
y species)
Argyroderma 'IXI_esembryanthema, 9 10 90 % Hartmann 1977
izoaceae
Monilaria M_esembryanthema, 7 7 100 % Ih__IenfeIdt &
Aizoaceae Jorgensen 1973
Gibbaeum M_esembryanthema, 7 15 47 % J. Thiede, pers.
Aizoaceae comm.
Bulbine Asphodelaceae 7 ~ 50 14 % Leistner 2000
Dinteranthus [y ocomoyantema,) g 6 100%  |Sauer 1979, 1980
izoaceae
Tylecodon Crassulaceae 5 27 18 % Télken 1985
Phyllobolus [y ooompryanthema, 5 34 15%  |Gerbaulet 1997
izoaceae
Lithops X.esembrya“thema’ 5 51 8% Smith et al. 1998
izoaceae
Mesembryanthema, o
Cephalophyllum Aizoaceae 4 30 13 % Hartmann 1988
Anacampseros |Portulacaceae 4 29 12 % Gerbaulet 1992a
Othonna Asteraceae 3 96 3% Herman 1993
Total 105 67.7 %

The most important genus in terms of numbers of species and subspecies was Conophytum.
Twenty-one species and subspecies of Conophytum were recorded as quartz fields specialists.
Dicrocanlon (Mesembryanthema), was the genus with the second-highest numbers of species
within the obligate QFF. In addition to the Mesembryanthema, the Crassulaceae, Asphodelaceae
(Bulbine), Portulacaceae (Anacampseros), and Asteraceae (Othonna) were also well represented
amongst the most species-rich genera.

Table 24 shows the genera that were largely or completely restricted to quartz fields. Nine genera
were completely restricted to quartz fields. Three of these contributed more than two species
(Dicrocanton, Dinteranthus and Monilaria) whereas the other six genera were monotypic (Aspazoma,
Muiria) or neatly so (Iblenfeldtia, Meyerophytum, Oophytum, Schlechteranthus). The genera that are
largely or completely restricted to quartz fields belong, with only one exceptions (Leucoptera,
Asteraceae), to the Mesembryanthema (Aizoaceae).
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Table 24. Genera that were largely or completely restricted to the southern African quartz fields.

Percentage of
Number of quartz field
. er - Total number of .
Genus species within species species References
the quartz flora P within the
genus

Dicrocaulon 12 12 100 H-D. Ihlenfeldt, pers.

comm.
Argyroderma 9 10 90 Hartmann 1977
Gibbaeum 7 15 47 J. Thiede, pers.

comm.
Monilaria 5 5 100 Ihlenfeldt 1973
Dinteranthus 4 4 100 Sauer 1979, 1980
Oophytum 2 2 100 Ihlenfeldt 1978
Jacobsenia 2 3 66 Ihlenfeldt 1997
Diplosoma 2 2 100 Ihlenfeldt 1988
Ihlenfeldtia 2 2 100 Hartmann 1992
Leucoptera 2 3 66 Nordenstam 1976
Meyerophytum 2 2 100 H.-D. Ihlenfeldt,

pers. comm.
Schlechteranthus 2 2 100 Smith et al. 1998
Aspazoma 1 1 100 Smith et al. 1998
Muiria 1 1 100 Smith et al. 1998

In the following a short description of the most species-rich genera shall be given.

Conophytum N.E.Br., a genus that contribute the highest number of species and subspecies to
the QFF (Schmiedel 2001a) comprises about 85 species and 35 subspecies (S. A. Hammer pers.
comm.) and is therefore one of the most species-rich genera of the Mesembryanthema (Smith ez
al. 1998). With the only exception in C. frutescens, the Congphytum species are generally strongly
reduced, cushion or cluster forming growth forms (Hammer 1993b). The leaves of the opposite
leaf pairs are almost entirely united, forming distinct bodies (“Korpuskeln™). Conophytum 1is
broadly restricted to the winter rainfall zone but also stretches into the arid parts of the summer
rainfall zone in southern Namibia, north-western (Bushmanland) and in the transition zone in the
south-eastern (Little Karoo) South Africa (Hammer 1993b, Hartmann 1991, Jurgens 1992). The
quartz-field taxa within Conophytum are assorted to 10 of the 15 sections acknowledged by
Hammer (1993b). Provided that these sections mirror the real infrageneric relationship of the
genus, the quartz-field Congphytum taxa do not seem to be particularly closely related. Hence, the
colonisation of the quartz fields by Conophytum taxa seems to have happened several times
independently. This again may indicate that Congphytum taxa are generally pre-adapted to this kind
of habitat.

Dicrocaulon N.E.Br. the next species-rich genus shows cushion-like to shrubby growth forms
between 5 and 50 cm high (H.-D. Ihlenfeldt, pers. comm., Smith ez a/ 1998). Dicrocanlon belongs
to the Mitrophyllinae, a subtribe which is characterised by succulent, semi-spheroid to oblong,
mesomorphous, heterophyllous leaves (Ihlenfeldt 1971b). The genus comprises seven validly
described species and at least five species that are undescribed still (H.-D. Ihlenfeldt, pers.



64

comm.). All Dicrocanlon taxa are restricted to quartz fields. The centre of diversity of the genus is
the Knersvlakte but the two species are found in the Namaqualand region (Chapter II1.1.1).

Crassula (Crassulaceae) is the third important group of the quartz field flora. Ten taxa (8 species
and 2 subspecies) are restricted to the quartz fields. But with respect to the species-richness of
the genus, Crassula comprises 144 species in total (Télken 1977a), the percentage of species that
are restricted to quartz fields is comparatively low (7 %). They can be either widespread (C.
colummaris, C. congesta ssp. laticephala, C. grisea, C. mesembryanthemopsis) or have a rather restricted
range-size (C. susannae, C. obscurum ssp. violaciflorum as well all Tylecodon and Adromischus nanus of the

QFF).

Table 25. Quartz-field species/subspecies of Crassula their sections and distribution. Nomenclature
follows Tolken (1977). All quartz-field species of the genus belong to the subgenus Crassula.

Species / subspecies Section Distribution

C. congesta ssp. laticephala Little Karoo

C. columnaris ssp.

: Little Karoo and adjacent areas
columnaris

Namaqualand to Bushmanland-

C. columnaris ssp. prolifera | Columnares Haw. ex DC Warmbad Phytochorion

C. multiceps Knersvlakte
C. barklyi Knersvlakte to Riethuis-Wallekraal
. Southern and Northern Richtersveld
C. alstonii ;
Phytochorion
C. susannae /;‘g?lz’;f]phy"a (Schoenl.) Riethuis-Wallekraal
. Warmbad area and southwestern
C. mesembryanthemopsis o
Namibia
C. grisea Riethuis-Wallekraal to Southern and
Arta (Schoenl.) Télken Northern Richtersveld Phytochorion
C. plegmatoides Northern Richtersveld Phytochorion

Argyroderma N.E.Br. (Mesembryanthema) is an endemic genus of the Knersvlakte. Nine of the
10 Argyroderma species (and 2 subspecies) are restricted to the quartz fields. Merely .A. fissum (the
only species of the subgenus Roodia) the putatively less derived species (Hartmann 1977) and the
only species with oblong leaves, occurs also outside the quartz fields on loamy soils. The
remaining species of the genus are characterised by hood-shaped or spheroid pairs of leaves and
(in the putatively more derived taxa) little branching. Hartmann (1977) suggests that the
colonisation took place at least three times independently. The putatively less derived, highly
branched species (A. framesii, A. subalbum, A. congregatum) represent the intermediate links between
ancestor A. fissum and the terminal species (A. delaetii, A. patens, A. pearsonii, A. testiculare).
However, provided that the evolutionary trend as described by Hartmann (1977) proves right, the
colonisation of the quartz-fields by .Argyroderma might also have had taken place as a single event
with subsequent adaptive radiation on the quartz fields. It is worth noticing that all ten
Argyroderma species occur within a small area of about 100 by 60 km. Some of the species have
broad distribution (A. delaetii, A. fissum) occur sympatrically with other species. But the locally
restricted taxa show clear allopatric distributions. According to Hartmann (1977) they follow an
ecological gradient parallel to the coast.
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Gibbaeum (Haw.) N.E.Br. (Mesembryanthema) comprises 15 species (J. Thiede, pers. comm.)
of which seven are restricted to quartz fields. According to recent findings, G. pilosulum and G.
cryptopodinm are the same taxon (J. Thiede, pers. comm.). Since G. eryptopodium (Kensit) Bolus is
the older name G. pilosulum will be sunk. For the current studies, this still unpublished new
combination has been acknowledged already and the formerly two species are named G.
cryptopodinm. Gibbaenm 1s largely restricted to the Little Karoo. Only one species, namely G.
gibbosumr, 1s also found north of the Swartberge in the southern Ceres Karoo. G. gibbosum,
however, is not restricted to the quartz fields. Two other species (G. haagei, G. esterhuyseniae) occur
beyond the southern border of the Little Karoo, south of the Langeberge. There, they inhabit the
quartz fields of the Swellendam area. Within the range of the Little Karoo, Gibbaeum represents
the most important group with respect to cover values of the vegetation and to species richness
within the QFF. Those species that are not restricted to quartz fields are found on brown shale
bands (G. nebrownii, G. johnstonii), sand stone gravel (G. pachypodium), light brown, soft shale (G.
velutinum), or loamy soils (G. angulipes, G. geminum). The growth-form spectrum of Gibbacum
comprises a variety from frequently branched almost shrubby growth forms (G. pachypodium) to
dwarf shrubs with oblong leaves to smaller growth forms with shorter, egg-shaped leaves. The
revision of the Gibbaeinae by Glen (1974) hypothesises a phylogenetic trend from G. pachypodinm
as a basic taxon to increasing dwarfism and reduction of leaf-surface. However, there are
indications for a polyphyletic status of the genus in its present delineation (J. Thiede, pers.
comm.).

Bulbine Wolf (Asphodelaceae), a bulb with upright, oblong succulent leaves, is the most species-
rich genus of the monocotyledonae in the QFF. The about 50 species of the genus are largely
restricted to Southern Africa (Botswana, Malawi, Mozambique, Namibia, South Affrica, Zambia,
and Zimbabwe). Only five species are found in Australia. However, about three quarter of the
species (approximately 37 of the about 50 species) are restricted to the winter rainfall zone of
southern Africa. Seven species of the genus are restricted to quartz fields, all of them are very
locally distributed, some of them are only known from their type locality (B. wiesei, B. lonwii, B.
margarethae). [Data on number of species and distribution of the presently unrevised genus where
kindly supplied by D. Snijman, NBI Kirstenbosch.]

In correspondence with Dicrocanlon, all six taxa of Monilaria (Schwantes) Schwantes (5 species
and 1 subspecies, Mesembryanthema) are restricted to quartz fields. But in contrast to Dicrocanlon,
the genus Monilaria shows a broader distribution from the southern Knersvlakte to the
Richtersveld. The three taxa that occur north of the Knersvlakte have a largely allopatric
distribution. In the Khnersvlakte, however, the distribution of the species overlap broadly,
resulting in sympatric occurrence. Only the two species In terms of growth-form and leaf shape
and size the species show very little variation. All taxa are dwarf shrubs with two different pairs
of succulent leaves per axis (heterophylly) and succulent stems that are covered by persistent leaf
bases (Ihlenfeldt & Jorgensen 1973).

Dinteranthus Schwantes (Mesembryanthema) comprises 4 species and 2 subspecies which are all
restricted to quartz fields (Sauer 1979, 1980). The genus is endemic to the quartz fields of the
Bushmanland and the Warmbad area where they occur largely allopatrically. Dinteranthus species
are dwarf shrubs with reduced axis and highly succulent, egg-shaped, partly fused leaf pairs.

Tylecodon Tolken (Crassulaceae) comprises 28 species which are restricted to the western part
southern Africa (Namibia and South Africa) (Leistner 2000). In correspondence to the genus
Crassula, Tylecodon is fairly restricted to edaphically arid habitats. Again, only a relatively small
percentage of the species, namely five species (18 %), are restricted to quartz fields. Tylecodon have
tiny more or less succulent stems and deciduous, succulent leaves (T6lken 1985).
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Four species and two subspecies of the QFF belong to Phyllobolus N.E.Br.
(Mesembryanthema). Phyllobolus species are erect or creeping shrubs or dwarf shrubs or geophytes
with deciduous succulent leaves. Although the genus is widespread in the western and central
parts of South African and southern Namibia (Gerbaulet 1997), four of the five quartz-field
species of the genus are restricted to the Knersvlakte Phytochorion. Only one species (P. prasinus)
is found outside the Knersvlakte in the Riethuis-Wallekraal and the Southern Richtersveld
Phytochorion.

The genus Lithops N.E.Br. (Mesembryanthema) comprises about 36 species and 15 subspecies
(= 51 sp./ssp.). The distribution of the genus covers the central South African plateau and the
western (arid) parts of Namibia (Cole 1988, Hartmann 1994). In general, Iithops mainly occurs on
open, sloping sites or ridges with shallow, stony soils - with or without a surface layer of stones
of different geological origin (Cole 1988). Considering the habitat ecology of the genus, the
relative small share of the Lithops species within the QFF, i.e., six taxa only, is remarkable.

l11.2.4 Species inventories of the phytochoria

The species inventories of the obligate QFFs will be presented according to their geographical
distribution, from south (Little Karoo) to north (Bushmanland-Warmbad Phytochorion).

Little Karoo Phytochorion

The inventory of quartz-field species of the phytochorion of the Little Karoo (Table 26) was
almost entirely restricted to Gibbaeum species. The only other taxa were Crassula congesta ssp.
laticephala, Crassula colummnaris ssp. colummnaris, and Muiria hortenseae (Mesembryanthema).

Table 26. Quartz-field species that are endemic to the Little Karoo (* = endemic species)

Crassula congesta ssp. laticephala

(Crassulaceae)* Muiria hortenseae (Mesembryanthema)

Gibbaeum album (Mesembryanthema)* Anacampseros papyracea ssp. papyracea
Gibbaeum cryptopodium (Mesembryanthema)* (Portulacaceae) Little Karoo, Great
Gibbaeum dispar (Mesembryanthema)* Karoo

Gibbaeum heathii (Mesembryanthema)* Crassula columnaris ssp. columnaris
Gibbaeum petrense (Mesembryanthema)* (Crassulaceae) SW Cape

Gibbaeum pubescens (Mesembryanthema)*

Only two taxa of the obligate QFF of the Little Karoo were not restricted to the area, both have
a very broad distribution. They have to be considered as only moderately restricted to the quartz

fields.

Knersvlakte Phytochorion

The obligate QFF of the Knersvlakte comprised 63 endemic species (Table 27) and thus houses
the highest number of endemics of all regional QFFs. Several genera (mainly Mesembryanthema)
provided numerous species to the obligate QFY (Argyroderma, Bulbine, Dicrocaulon, Monilaria,
Phyllobolus, Tylecodon).

Table 27. Quartz-field species of the Knersvlakte (*= endemic species)

Argyroderma congregatum Argyroderma crateriforme
(Mesembryanthema)* (Mesembryanthema)*



Argyroderma delaetii (Mesembryanthema)*
Argyroderma framesii ssp. framesii

(Mesembryanthema)*

Argyroderma framesii ssp. hallii

(Mesembryanthema)*

Argyroderma patens (Mesembryanthema)*
Argyroderma pearsonii (Mesembryanthema)*
Argyroderma ringens (Mesembryanthema)*
Argyroderma subalbum (Mesembryanthema)*
Argyroderma testiculare (Mesembryanthema)*
Babiana lewisiana (Iridaceae)*

Babiana pilosa (Iridaceae)*

Bulbine diphylla (Asphodelaceae)*

Bulbine haworthioides (Asphodelaceae)*
Bulbine louwii (Asphodelaceae)*

Bulbine margarethae (Asphodelaceae)*
Bulbine wiesei (Asphodelaceae)*
Cephalophyllum caespitosum

(Mesembryanthema)*
Cephalophyllum pulchellum

(Mesembryanthema)*
Cephalophyllum spissum

(Mesembryanthema)*
Conophytum calculus ssp. calculus

(Mesembryanthema)*

Conophytum subfenestratum
(Mesembryanthema)*

Richtersveld, Bushmanland-WB
Crassula multiceps (Crassulaceae)*
Dicrocaulon brevifolium (Mesembryanthema)*
Dicrocaulon grandiflorum

(Mesembryanthema)*
Dicrocaulon humile (Mesembryanthema)*
Dicrocaulon longifolium (Mesembryanthema)*
Dicrocaulon microstigma (Mesembryanthema)*
Dicrocaulon nanum spec. nov.

(Mesembryanthema)*

Dicrocaulon neglectum spec. nov.

(Mesembryanthema)*

Dicrocaulon nodosum (Mesembryanthema)*
Dicrocaulon prostratum spec. nov.

(Mesembryanthema)*

Dicrocaulon pseudonodosum
(Mesembryanthema)*
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Diplosoma luckhoffii (Mesembryanthema)*
Eriospermum titanopsoides (Eriospermaceae)*
Jacobsenia hallii (Mesembryanthema)*
Lachenalia patula (Hyacinthaceae)*
Lapeirousia lewisiana (Iridaceae)*
Lasiopogon minutus (Asteraceae)*
Leucoptera oppositifolia (Asteraceae)*
Leucoptera subcarnosa (Asteraceae)*
Lithops divergens var. divergens
(Mesembryanthema)*
Monilaria chrysoleuca (Mesembryanthema)*
Monilaria moniliformis (Mesembryanthema)*
Monilaria pisiformis (Mesembryanthema)*
Oophytum nanum (Mesembryanthema)*
Oophytum oviforme (Mesembryanthema)*
Othonna hallii (Asteraceae)*
Othonna intermedia (Asteraceae)*
Pelargonium caroli-henrici (Geraniaceae)*
Pelarogonium quarciticola (Geraniaceae)*
Pentzia peduncularis (Asteraceae)*
Phyllobolus abbreviatus (Mesembryanthema)*
Phyllobolus digitatus ssp. digitatus
(Mesembryanthema)*
Phyllobolus digitatus ssp. littlewoodii
(Mesembryanthema)*
Phyllobolus herbertii (Mesembryanthema)*
Phyllobolus tenuiflorus (Mesembryanthema)*
Oedera silicola (Asteraceae)*
Tylecodon occultans (Crassulaceae)*
Tylecodon peculiaris (Crassulaceae)*
Tylecodon pygmaeus (Crassulaceae)*
Tylecodon tenuis (Crassulaceae)*
Zygophyllum teretifolium (Zygophyllaceae)*

Crassula barklyi (Crassulaceae) Knersvlakte,
Riethuis-W.
Crassula columnaris ssp. prolifera
(Crassulaceae), Knersvlakte, Riethuis-
W,S &N
Othonna lepidocaulis (Asteraceae)
Knersvlakte, Riethuis-W.
Senecio aloides(Asteraceae) Knersvlakte,
Riethuis-W., S & N Richtersveld, SW-
Namibia

Only four quartz-field taxa of the Knersvlakte were not endemic to the phytochorion. Two of
them (Crassula barklyi and Othonna lepidocanlis) also occurred on the quartz fields of the Riethuis-
Wallekraal Phytochorion. The other two species had a very broad distribution: Crassula columnaris
ssp. prolifera covers all areas where quartz fields occur except the Little Karoo. Senecio aloides is only
absent in the Bushmanland-Warmbad Phytochorion but reaches into the south-western part of

Namibia (P.V. Bruyns, pers. comm.).

This high number of species and subspecies is mainly based a five of genera that contribute
several species to the flora: Argyroderma (9 species and 2 subspecies), Bulbine (5 species), Dicrocanlon
(10 species), Phyllobolus (4 species and 2 subspecies), and Tylcodon (4 species). The genus
Argyroderma is of particular importance: Like Gibbaeum in the Little Karoo, the genus Argyroderma
is endemic to the Knersvlakte experienced an adaptive radiation within the small area. Nine of 10
Argyroderma species are restricted to the quartz fields. Bulbine is a succulent geophyte which is
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widespread in southern Africa and Australia. There are seven Bulbine species in the southern
African QFF, of which 5 are restricted in the Knersvlakte. All of them show a very localised
distribution. Some species are known from their type locality only (B. /louwii, B. wiesei, B.
margarethae). The genus Dicrocaulon, is not endemic to the Knersvlakte but its centre of diversity is
located there. Only two of the twelve Dicrocaulon species (i.e., D. spissum and D. ramulosum) occur
outside the Knersvlakte, on the quartz fields of the Riethuis-Wallekraal Phytochorion. Similar to
Argyroderma, Dicrocaulon performed a radiation on the quartz fields of the Knersvlakte. Phyllobolus,
a genus with 4 species and two subspecies in the QFF of the Knersvlakte, belongs to the
specious genera of the Mesembryanthema, since Gerbaulet (1997) sunk the genera Sphalmanthus
N.E.Br. and Dactylopsis N.E.Br. in Phyllobolus. The genus presently comprises 32 species and two
subspecies. The genus is widespread in southern Namibia and in the western and central parts of
South Africa but there is only one quartz-field species of Phyllobolus that occur outside the
Knersvlakte: Phyllobolus prasinus inhabit the quartz fields of the Riethuis-Wallekraal Phytochorion
and southern Richtersveld. Also Tylecodon is a species-rich (28 species, Le Roux & Boucher in
prep.) and widespread genus of which only six species are restricted to the quartz fields. Four of
the six quartz-field species of the genus are endemic to the Knersvlakte, the two others occur in
the western part of the Bushmanland-Warmbad Phytochorion (1. sulphurens) or Northern
Richtersveld Phytochorion (1. pusillus).

Oophytum (Mesembryanthema, Aizoaceae) is besides Argyroderma the only genus which is endemic
to the Knersvlakte. The two Oaphytum species, O. nanum and O. oviforme, are restricted to quartz
tields. O. nmordenstamii also occur on the quartz fields of the Knersvlakte. Since the taxonomic
status of this taxon is ambiguous (Ihlenfeldt (1978) sunk it in O. oviforme whereas Smith ez al.
(1998) and S. A. Hammer (pers. comm.) acknowledge O. nordenstamii as a valid species this taxon
was left out for the analysis.

Riethuis-Wallekraal Phytochorion

The obligate QFF of the Riethuis-Wallekraal Phytochorion comprised five species that were
entirely restricted to the area (Table 28). Two species were represented by a subspecies only,
Monilaria scutata ssp. obovata and Conophytum obscurum ssp. vitreopapillum. In Monilaria scutata the
second subspecies, M. s. ssp. scutata, was also restricted to the quartz fields and occurred at the
Riethuis-Wallekraal Phytochorion but has a broader distribution which stretches further to the
north into the Southern Richtersveld Phytochorion. In Conophytum obscurum the subspecies C. o.
ssp. vitregpapillum is the only taxon that is restricted to quartz fields (Hammer 1993b).

Most of the non-endemic taxa of the obligate QFF of the Riethuis-Wallekraal Phytochorion had
a very broad distribution: Crassula columnaris ssp. prolifera and Senecio aloides covered almost the
entire western part of the southern African quartz fields, whereas Aspagoma amplectens, Crassula
grisea, Meyergphytum meyeri, and Phyllobolus prasinus occurred from the Riethuis-Wallekraal to the
Northern Richtersveld Phytochorion. Four of the non-endemic taxa of the obligate QFF had a
rather restricted distributions which stretched only into the adjacent phytochoria (Southern
Richtersveld, Knersvlakte): Crassula barklyi, Jacobsenia vaginata, Monilaria scutata ssp. scutata, and
Othonna lepidocanlis.

Table 28. Quartz-field species of the Riethuis-Wallekraal Phytochorion (*= endemic species)

Conophytum concavum (Mesembryanthema)* Meyerophytum globosum

Conophytum obscurum ssp. vitreopapillum (Mesembryanthema)*
(Mesembryanthema)* Monilaria scutata ssp. obovata

Crassula susannae (Crassulaceae)* (Mesembryanthema)*

Dicrocaulon ramulosum (Mesembryanthema)*
Dicrocaulon spissum (Mesembryanthema)*
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Aspazoma amplectens (Mesembryanthema) Meyerophytum meyeri (Mesembryanthema)
Riethuis-W., N & S Richtersveld Riethuis-W., N & S. Richtersveld
Crassula barklyi (Crassulaceae) Knersvlakte, Monilaria scutata ssp. scutata
Riethuis-W. (Mesembryanthema) Riethuis-W.,
Crassula columnaris ssp. prolifera Southern Richtersveld
(Crassulaceae) Knersvlakte, Riethuis- Othonna lepidocaulis (Asteraceae)
W., N & S Richtersveld, Bushmanland- Knersvlakte, Riethuis-W.
WB Phyllobolus prasinus (Mesembryanthema)
Crassula grisea (Crassulaceae) Riethuis-W., N Riethuis-W., N & S Richtersveld
& S Richtersveld Senecio aloides (Asteraceae) Knersvlakte,
Jacobsenia vaginata (Mesembryanthema) Riethuis-W., N & S Richtersveld,
Riethuis-W., Southern Richtersveld Bushmanland-W

The widespread genus Crassula (Tolken 1977a) contributed four species to the QFF of the
Riethuis-Wallekraal Phytochorion and thus represented the most species-rich genus of this
regional QFF. The remaining genera contributed merely one or two (Conophytum, Dicrocanlon)
species. None of the genera are endemic to the Riethuis-Wallekraal Phytochorion. But several of
them are restricted to the surrounding: Dicrocauton (12 species, H.-D. Ihlenfeldt, pers. comm.) and
Monilaria (5 species, 2 subspecies, Ihlenfeldt & Jorgensen 1973) occur in the Knersvlakte and in
the Riethuis-Wallekraal Phytochorion only. The distribution of Jacobsenia (Ihlenfeldt 1997)
stretches from the north-western part of the Knersvlakte in the Southern Richtersveld
Phytochorion. Aspagoma (one species, Smith e# al. 1998) and Meyergphytum (two species, Smith ez
al. 1998, H.-D. Ihlenfeldt, pers. comm.) inhabit the quartz fields of the Riethuis-Wallekraal
Phytochorion, to the Southern (Jacobsenia: three species) and Northern (Aspazoma, Meyerophytum)
Richtersveld Phytochoria.

Southern Richtersveld Phytochorion

The obligate QFF of the Southern Richtersveld Phytochorion showed little particularity. The
flora comprised merely seven endemic species and no endemic genera (Table 29). All endemic
taxa had a very limited distribution, that is, they were known from one or two quarter-degree
squares only.

The obligate QFF of the Southern Richtersveld was closely related to the adjacent phytochoria,
the Riethuis-Wallekraal (Table 28) and the Northern Richtersveld Phytochorion (Table 30). Four
taxa (Conophytum manghanii ssp. armeniacum, Crassula alstonii, Nelia meyeri, and Schlechteranthus
maximilianii) were restricted to the Southern and Northern Richtersveld Phytochorion. Six out of
twelve non-endemic species/subspecies of the obligate QFF of the Southern Richtersveld
Phytochorion covered all three phytochoria, between the Riethuis-Wallekraal and the Northern
Richtersveld Phytochoria. Among those, merely two taxa, i.e., Crassula columnaris ssp. prolifera and
Senecio aloides, were widespread and were found beyond the borders of three phytochoria (see
species inventory Knersvlakte Phytochorion, Riethuis-Wallekraal Phytochorion).

Table 29. Quartz-field species of the Southern Richtersveld Phytochorion (*= endemic species)

Bulbine truncata (Asphodelaceae)* Polymita steenbockensis
Conophytum hammeri (Mesembryanthema)* (Mesembryanthema)*
Conophytum violaciflorum
(Mesembryanthema)* Aspazoma amplectens (Mesembryanthema)

Riethuis-W., S & N Richtersveld
Conophytum maughanii ssp. armeniacum
(Mesembryanthema) S & N

Richtersveld
Crassula alstonii (Crassulaceae) S & N

Lithops helmutii (Mesembryanthema)*
Mitrophyllum mitratum (Mesembryanthema)*
Monilaria obconica (Mesembryanthema)*
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Richtersveld

Crassula columnaris ssp. prolifera
(Crassulaceae) Knersvlakte, Riethuis-
W., S & N Richtersveld, Bushmanland-
Warmbad

Crassula grisea(Crassulaceae) Riethuis-W., S

& N Richtersveld

Meyerophytum meyeri (Mesembryanthema)
Riethuis-W., S & N Richtersveld

Nelia meyeri (Mesembryanthema) S & N
Richtersveld

Northern Richtersveld Phytochorion

Jacobsenia vaginata (Mesembryanthema)
Riethuis-W., Southern Richtersveld

Monilaria scutata ssp. obovata
(Mesembryanthema) Riethuis-W.,
Southern Richtersveld

Phyllobolus prasinus (Mesembryanthema)
Riethuis-W., S & N Richtersveld

Schlechteranthus hallii (Mesembryanthema) S
& N Richtersveld

Senecio aloides (Asteraceae) Knersvlakte,
Riethuis-W., S & N Richtersveld, S-
Namibia

Forty quartz-field species/ subspecies occutred in the Northern Richtersveld Phytochotion
(Table 30). The most species-rich group presented the Conophytum species (9 taxa). They provided
both, endemic and non-endemic quartz-field taxa. Besides Conophytum, only Anacampseros, Lithops,
and Odontophorus provided more than one species to the obligate QFF of the Phytochorion.
Besides Conophytum, the genera Crassula and Anacampseros were the most specious taxonomic
groups within the non-endemic QFF of the phytochorion.

Table 30. Quartz-field species of the Northern Richtesveld Phytochorion (*= endemic species)

Anacampseros herreana (Portulacaceae)*

Androcymbium cruciatum (Colchicaceae)*

Bulbine quartzicola (Asphodelaceae)*

Cephalophyllum regale (Mesembryanthema)*

Cheiridopsis velox (Mesembryanthema)*

Conophytum armianum (Mesembryanthema)*

Conophytum auriflorum (Mesembryanthema)*

Conophytum blandum (Mesembryanthema)*

Conophytum irmae (Mesembryanthema)*

Conophytum maughanii ssp. latum
(Mesembryanthema)*

Conophytum phoenicium
(Mesembryanthema)*

Crassula plegmatoides (Mesembryanthema)*

Lithops herrei (Mesembryanthema)*

Lithops meyeri (Mesembryanthema)*

Mitrophyllum grande (Mesembryanthema)*

Odontophorus angustifolius
(Mesembryanthema)*

Odontophorus nanus (Mesembryanthema)*

Octopoma connatum (Mesembryanthema)*

Schlechteranthus maximilianii
(Mesembryanthema)*

Strumaria villosa (Amaryllidaceae)*

Tridentea herrei (Asclepiadaceae)*

Tylecodon pusillus (Crassulaceae)*

Adromischus nanus (Crassulaceae) Northern
Richtersveld, Bushmanland-WB
Anacampseros papyracea ssp. namaensis
(Portulacaceae) Northern Richtersveld,
Bushmanland-WB
Anacampseros recurvata (Portulacaceae)
Northern Richtersveld, Bushmanland-
WB

Aspazoma amplectens (Mesembryanthema)
Riethuis-W., S & N Richtersveld

Conophytum lithopsosides ssp. lithopsoides
(Mesembryanthema) Northern
Richtersveld, Bushmanland-WB

Conophytum maughanii ssp. armeniacum
(Mesembryanthema) S & N
Richtersveld

Conophytum maughanii ssp. maughanii
(Mesembryanthema) Northern
Richtersveld, Bushmanland-WB

Crassula alstonii (Crassulaceae) S & N
Richtersveld

Crassula columnaris ssp. prolifera
(Crassulaceae) Knersvlakte, Riethuis-
W., S & N Richtersveld, Bushmanland-
WB

Crassula grisea Crassulaceae) Riethuis-W., S
& N Richtersveld

Ihlenfeldtia excavata (Mesembryanthema)
Northern Richtersveld, Bushmanland-
WB

Meyerophytum meyeri (Mesembryanthema)
Riethuis-W., S & N Richtersveld

Nelia meyeri (Mesembryanthema) S & N
Richtersveld

Phyllobolus prasinus (Mesembryanthema)
Riethuis-W., S & N Richtersveld

Schlechteranthus hallii (Mesembryanthema) S
& N Richtersveld

Senecio aloides (Asteraceae) Knersvlakte,
Riethuis-W., S & N Richtersveld, S-
Namibia
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Tridentea umdausensis (Asclepiadaceae) WB
Northern Richtersveld, Bushmanland-

Whereas Conophytum is a specious, widespread genus (Hammer 1993b, Smith ef a/. 1998) several
others are endemic to the Southern and Northern Richtersveld Phytochorion (Nelia, Odontophorus,
Polymita, Schlechteranthus) but comprise a few species only with. Only two of the genera are entirely
restricted to quartz fields: Schlechteranthus (2 species, Smith ef al. 1998) and Nelia (4 species, Smith
et al. (1998); due to the lack of knowledge on the taxonomic status and distribution of the
remaining species, only N. meyeri was acknowledged in this study). This is not the case for
Odontophorus (5 species, Smith ez al. 1998) and Polymita (2 species, Hartmann 1996, Smith ez /.
1998).

Bushmanland-Warmbad Phytochorion

The obligate QFF of the Bushmanland-Warmbad Phytochorion comprised 17 regional endemic
and 9 non-endemic species and subspecies (Table 31). The highest number of quartz-field species
/ subspecies were contributed by Conophytum (8 taxa). He second genus with respect to number
of species / subspecies were Dinteranthus (6 taxa). This genus is entirely restricted to the quartz
fields of the Phytochorion. Besides Congphytum and Dinteranthus, there were only two other genera
that provided more than one species to the flora: Crassula and Ihlenfeldtia.

The non-endemic obligate QFF of the Bushmanland-Warmbad Phytochorion showed a strong
affinity to the Northern Richtersveld Phytochorion. Seven out of 10 non-endemic quartz-field
species occurred in the Bushmanland-Warmbad and Northern Richtersveld Phytochorion only.
The other two taxa had a very broad distribution and covered almost the entire distribution of
the southern African quartz fields (Crassula columnaris ssp. prolifera) or stretch from the
Bushmanland-Warmbad Phytochorion far in the north to central Namibia (Crassula
mesembryanthemopsis, Tolken 1977a).

The QFF of the Bushmanland-Warmbad Phytochorion was characterised by two genera that are
endemic to the Phytochorion: Dinteranthus (4 species, 4 subspecies, Sauer 1980, Smith e a/. 1998)
and Lapidaria (1 species Smith ez al. 1998). Schwantesia (8 species, Zimmermann 1996, Smith ez a/.
1998) and Iblenfeldtia (2 species, Hartmann 1992), however, are centred in the Phytochorion but
are not entirely restricted to it: Whereas 1. vanzylii are found in the Bushmanland only, 1. excavata
also stretches in the Northern Richtersveld Phytochorion. Within the regional QFF three genera,
i.e., Dinteranthus, Lapidaria and Ihlenfeldtia are entirely restricted to quartz fields.

Table 31. Quartz-field species of the Bushmanland-Warmbad Phytochorion (*= endemic species)

Conophytum burgeri (Mesembryanthema)* (Mesembryanthema)*
Conophytum calculus ssp. vanzylii Dinteranthus pole-evansii
(Mesembryanthema)* (Mesembryanthema)*
Conophytum friedrichiae (Mesembryanthema)* Dinteranthus vanzylii (L. Bolus) Schwantes
Conophytum lithopsoides ssp. koubergense (Mesembryanthema)*
(Mesembryanthema)* Dinteranthus wilmotianus ssp. impunctatus
Conophytum marginatum (Mesembryanthema)*
(Mesembryanthema)* Dinteranthus wilmotianus ssp. wilmotianus
Conophytum smoreskaduense (Mesembryanthema)*
(Mesembryanthema)* Ihlenfeldtia vanzylii (Mesembryanthema)*
Dinteranthus microspermus ssp. microspermus Lapidaria margaretae (Mesembryanthema)*
(Mesembryanthema)* Lithops olivacea (Mesembryanthema)*

Dinteranthus microspermus ssp. puberulus. Schwantesia borcherdsii (Mesembryanthema)*
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Tylecodon sulphureus (Tolken) Tolken
(Crassulaceae)*

Adromischus nanus (Crassulaceae) Northern
Richtersveld, Bushmanland-WB

Anacampseros papyracea ssp. namaensis
(Portulacaceae) Northern Richtersveld,
Bushmanland-WB

Anacampseros recurvata (Portulacaceae)
Northern Richtersveld, Bushmanland-
WB

Conophytum lithopsoides ssp. lithopsoides
(Mesembryanthema) Northern
Richtersveld, Bushmanland-WB

Conophytum maughanii ssp. maughanii
(Mesembryanthema) Northern

Richtersveld, Bushmanland-WB

Crassula columnaris ssp. prolifera
(Crassulaceae) Knersvlakte, Riethuis-
W., S & N Richtersveld, Bushmanland-
WB

Crassula mesembryanthemopsis
(Crassulaceae) Bushmanland-WB,
SW-Namibia

Ihlenfeldtia excavata (Mesembryanthema)
Northern Richtersveld, Bushmanland-
WB

Tridentea umdausensis (Asclepiadaceae)
Northern Richtersveld, Bushmanland-
WB

[11.2.5 Species-to-genera ratio

The number of genera per phytochorion as well as the species-genera ratio of the different
obligate QFFs varied considerably (Table 32). The highest ratio was found in the obligate QFF of
the Knersvlakte which also was the most species-rich flora. The second highest species-to-genera
ratio, however, was represented by the obligate QFF of the Little Karoo, which was characterised
by the lowest number of species and subspecies. The Northern, Southern Richtersveld and the
Riethuis-Wallekraal Phytochorion showed a species-to-genus ratio that was below the average
(Figure 21). Consequently, there was only a very weak relationship between species number and
species-to-genera ratio of the obligate QFFs.

Table 32. The species/ genera ratio of the regional obligate QFFs

Phytochorion Species and Genera Species-to-genera
subspecies ratio
Knersvlakte 67 25 2.68
Little Karoo 10 4 2.50
Bushmanland-Warmbad 26 11 2.36
Northern Richtersveld 40 23 1.74
Riethuis-Wallekraal 17 11 1.45
Southern Richtersveld 19 14 1.36
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Figure 21. Relationship between number of quartz-field taxa (species and subspecies) and species-
to-genera ratio of the regional obligate QFFs (y = 0.012x + 1.66, r* = 0.18).

l1l.3 Patterns of diversity within the phytochoria

[11.3.1  Centres of diversity of the obligate QFF

The analysis of the regional obligate QFFs revealed that the six phytochoria differ significantly in
terms of growth-form and species diversity. In order to get insight into the patterns of diversity
and endemism, the taxonomic and growth-form data on QDS level were evaluated.

The highest numbers of quartz-field taxa (species and subspecies) per QDS (Figure 22) was
found in the Knersvlakte Phytochotion (up to 40 taxa/ QDS, Table 33). Six of the QDS of the
Knersvlakte housed more than 20 taxa each. Such a high density of quartz-field taxa per QDS is
not found in any or the other phytochorion. The highest numbers of taxa per QDS that occurred
outside the Knersvlakte were 13 in the Riethuis-Wallekraal Phytochorion and 12 in the Northern
Richtersveld Phytochorion. The Bushmanland-Warmbad Phytochorion and the Southern
Richtersveld housed 11 taxa per QDS as a maximum. Ten taxa per QDS was the highest number
recorded for the obligate QFF of the Little Karoo.

The map also shows that the hot spots of quartz-field taxa were not scattered randomly but
clustered to distinct areas of high occurrence of quartz-field taxa. The most obvious centre of
high species richness (= 10 taxa / QDS, bold figures) lay in the Centre of the Knersvlakte. This
area was also the largest in terms of numbers of QDS: nine adjacent QDS housed > 10 taxa.
Another important area of high occurrence of quartz-field taxa were found across the border
between the Northern and the Southern Richtersveld Phytochorion and stretched to the western
border of the Bushmanland-Warmbad Phytochorion (2817CC to 2917BB: west of
Eksteenfontein to east of Steinkopf). Here five neighbouring QDS were inhabited by > 10
quartz-field taxa. The other QDS’ of =2 10 quartz-field taxa were less distinctly grouped or rather
isolated: there were two QDS’ in the Riethuis-Wallekraal Phytochorion, two unconnected QDS’
in the western part of the Bushmanland-Warmbad Phytochorion (2918BB and 2919AB, vicinity
of Pofadder) and one single QDS at the southern fringe of the Little Karoo (3321CC: Muiskraal
and Springfontein area southwest of Vanwyksdorp).

A corresponding map (Figure 23) shows the numbers of genera of the obligate QFF per QDS.
Again the same centres of diversity emerged as at species / subspecies level. They cover largely
the same QDS’. Moreover, there are several QDS’ that showed a high number of genera (= 5) but
wete not identical with the hot spots of species / subspecies diversity. This was the case in the
Southern and Northern Richtersveld Phytochorion: in addition to the five QDS with > 10
species / subspecies, there were six more QDS’ which housed = 5 genera of the obligate QFF.
Therefore, on genus level, the centre of diversity in the Southern and Northern Richtersveld
Phytochorion stretched further to the west and northwest, covering large parts of the two
phytochoria. The area of high genus richness in the vicinity of Pofadder was largely in line with
the pattern on species / subspecies level.

In the Little Karoo Phytochorion none of the QDSs comprised = 5 genera of the obligate QFF.
The very species-rich QDS in the south of the Little Karoo (3321CC) housed the highest number
of genera of the obligate QFF within the Little Karoo, though.
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Figure 23. Numbers of genera of the obligate QFF per QDS within the main phytochoria.

On family level only two of the centres of species diversity were still detectable (Figure 24): two
QDS in the Richtersveld and seven QDS in the Knersvlakte comprised > 5 families of the
obligate QFF. In contrast to the diversity on species / subspecies level, the centre of family
diversity (2917BA, BB) of the Richtersveld was restricted to Northern Richtersveld Phytochorion
only. The numbers of families per QDS in the other three centres of high species / subspecies
richness were between one and three families per QDS only. Therefore, on family level they did
not differ from the other QDS.
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Figure 24. Numbers of families of the obligate QFF per QDS.

Nine different growth-form groups sensu Raunkiaer (1937), modified after Ellenberg & Muller-
Dombois (1960), Jirgens (1986) and Schmiedel & Jurgens (1999) were defined for the obligate
QFF (Chapter 11.2.1). The number of growth-form groups per QDS was plotted according to
their geographical distribution. The resulting map (Figure 25) revealed that the centres of highest
growth-form richness (which housed = 5 growth-form groups per QDS) corresponded largely
with the centres of species / subspecies richness (Figure 22). In the Riethuis-Wallekraal
Phytochorion, the Richtersveld Phytochoria, and in the Bushmanland-Warmbad Phytochorion
the occurrence of QDS with 2 5 growth forms deviated from the QDS with 2 10 quartz-field
species by only one single QDS each. These QDS however, still housed six (Bushmanland-
Warmbad Phytochorion), eight (Riethuis-Wallekraal Phytochorion) or nine quartz-field species
and subspecies (Northern Richtersveld Phytochorion), respectively. In addition there were three
“satellites”, isolated QDS with = 5 growth-form in the Northern Richtersveld Phytochorion
(2816BD), in the western part of the Southern Richtersveld Phytochorion (2917DA) and at the
southern fringe of Bushmanland-Warmbad Phytochorion (2918CB). All three isolated QDS with
> 5 growth forms comprised less than 10 species and subspecies but showed high numbers of
genera (Figure 23) though.
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There is a strong correspondence between species and growth from richness. But this
relationship was not identical between the six phytochoria as it is shown in Figure 26. The highest
coefficient for the relationship was found for the flora of the Northern Richtersveld
Phytochorion (y = 0.52x) whereas the lowest coefficient was found for the Knersvlakte (y =
0.24x). The coefficients of the other floras lay in between.
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Figure 25. Number of growth-form groups within the obligate QFF per QDS.
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Figure 27. Relationship between richness of species / subspecies and growth forms in the
Knersvlakte: QDS with low species richness only.

A separate analysis of the QDS that comprised less than 15 taxa (species/subspecies) per QDS
(Figure 27) of the Knersvlakte Phytochorion showed a higher coefficient (y = 0.48 instead of y =

0.24 for the entire region).

Besides the Knersvlakte, the Southern Richtersveld (y = 0.38) and the Bushmanland-Warmbad
Phytochorion (y = 0.39) had the lowest coefficients, indicating a comparably low relationship
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between species numbers and growth-form numbers per QDS. The Riethuis-Wallekraal
Phytochorion and the Little Karoo showed intermediate coefficients.

The measure of certainty (R?) for the coefficient of the growth-form - species/subspecies
relationship was relatively high for all regional obligate QFFs (R* > 0.77). Nevertheless,
differences could be detected: the highest R*> was found for the Northern Richtersveld (R* =
0.88) which also showed the highest coefficient (y). But for the Southern Richtersveld
Phytochorion, the Riethuis-Wallekraal Phytochorion and the Knersvlakte the measure of certainty
was similarly high (R* > 0.84). However, the Little Karoo and the Bushmanland-Warmbad
Phytochorion showed the lowest measure of certainty (R* = 0.77). In the Bushmanland-
Warmbad Phytochotion in particulat, there were several QDSs of up to four species / subspecies
petr QDS that housed one growth form only. Such a low number of growth forms per species /
subspecies was not found for any other phytochorion. Also, the richness of growth forms was
relatively low in all QDS even if they comprised ten and more species / subspecies, hence the
low coefficient.

[11.3.2 Species richness and size of the phytochoria

To test whether the number of quartz-field taxa is controlled by the size of the phytochorion, the
number of QDS that could clearly be ascribed to a particular phytochorion was determined
(Figure 6). Table 33 shows the size of the defined phytochoria (expressed as number of QDS) as
well as the density of quartz-field taxa and of endemic quartz-field taxa. By far the largest
phytochorion is the Bushmanland-Warmbad Phytochorion in the northeast of the distribution of
the quartz fields (see Figure 22). The second largest phytochoria is the Little Karoo, followed by
the Northern Richtersveld and the Knersvlakte Phytochorion (both equally ranked), the Southern
Richtersveld and the Riethuis-Wallekraal Phytochorion, which presents the smallest
phytochorion. The largest phytochoria (Bushmanland-Warmbad and Little Karoo) showed the
lowest density of both quartz-field species and regional endemics within the obligate QFF
whereas the highest density of endemic and non-endemic species and subspecies of the obligate
QFF was found in the Knersvlakte.

Table 33. Density of obligate quartz-field taxa within the defined phytochoria.

. . . Density of
Phytochoria of the LD th_e ST OF qbllgate endemic obligate
. phytochorion quartz-field .

obligate QFF [QDS] taxa/QDS] quartz-field taxa

[endemics/QDS]
Bushmanland-Warmbad 45 0.51 0.33
Little Karoo 30 0.36 0.30
Northern Richtersveld 22 1.77 1.00
Knersvlakte 22 3.03 2.86
Southern Richtersveld 11 1.54 0.55
Riethuis-Wallekraal 7 2.29 1.00

The relationship between the size of the phytochorion of the QFF and the number of
corresponding taxa and endemics is shown in Figure 28. A high number of QDS per
phytochorion was neither positively associated with a number of quartz-field species per
Phytochorion, nor with the number of endemics within the regional QFF.
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Figure 28. Relation between size of the quartz-field phytochoria and number of quartz-field taxa and
regional endemics of the obligate QFF. Numbers of quartz-field taxa are shown by black squares (y =
0.0305x + 28.804, r? = 0.0004). Numbers of endemics within the regional QFFs are shown by grey
squares (y = 0.1781x + 16.433 r* = 0.0126).

[11.3.3 Relationship between growth-form diversity and species
richness

The comparison of the growth-form spectra of the regional obligate QFFs (Figure 10 and Figure
11) revealed the differences between the regional floras also in terms of numbers of growth
forms. Table 34 shows the number of growth-form groups, the Shannon-Wiener diversity index,
and the evenness value on growth-form level of the obligate QFFs of the six phytochoria. The
Khnersvlakte Phytochorion showed the highest growth-form richness within the obligate QFF. It
was the only obligate QFF that comprised nine different growth-form groups and subgroups.
The Bushmanland-Warmbad Phytochorion in return, comprised the lowest number (four) of
growth-form groups and subgroups. Here also the lowest diversity index was found. The
diversity index of the obligate QFF of the Little Karoo hardly deviated from that of the former
and comprised five growth-form groups only.

The Shannon-Wiener diversity index on growth from level of the regional obligate QFFs was
directly related to the number of growth-form groups (i.e., growth-form richness) per regional
obligate QFF. the evenness values, however, did not correspond strongly with the growth-form
richness and the Shannon-Wiener diversity index. The highest evenness values (E > 93) were
found for the Northern Richtersveld Phytochorion, the Riethuis-Wallekraal Phytochorion, and
for the Knersvlakte Phytochorion. The lowest values were found for the Little Karoo
Phytochorion (E = 76.3), the Southern Richtersveld Phytochorion (E = 88.9), and the
Bushmanland-Warmbad Phytochorion (E = 89.4). That is, with respect to the evenness value, the
obligate QFF of the Southern Richtersveld Phytochorion ranked below the Bushmanland-
Warmbad Phytochorion which, however, was conspicuously poorer in growth-form diversity.
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Table 34. Number of growth-form groups (including 4 nano-chamaephyteous subgroups), Shannon-
Wiener diversity index, and evenness value on growth-form level of the regional QFFs (QFF).

. Number c?f growth Shannon-Wiener
Phytochorion forms within the " i Evenness
regional QFF diversity index
Knersvlakte 9 2.045 93.12
Northern Richtersveld 8 1.952 93.87
Southern Richtersveld 7 1.731 88.95
Riethuis-Wallekraal 6 1.676 93.58
Little Karoo 5 1.294 76.27
Bushmanland-Warmbad 4 1.243 89.42

There was a trend for species-rich quartz-field phytochoria to have a high number of growth
forms groups (Figure 29). However, the obligate QFF of the Bushmanland-Warmbad
Phytochorion deviated conspicuously from those of all other phytochoria. Here, the relation
between number of growth forms and number of species was considerably below the average. In
contrast, in the Southern and the Northern Richtersveld Phytochorion the growth form to taxa
relation was slightly above the average.
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Figure 29. Relationship between number of quartz-field taxa and number of growth forms per
phytochorion. Result of a linear regression: y = 0.0683x + 4.4629, r> = 0.5794.

.4 Endemism in the obligate quartz-field flora

About 80 % of the quartz-field species and subspecies (124 taxa) were endemic to one of the six
phytochoria of the obligate QFF (Chapter II1.1.1). If the minor quartz-field regions, Swellendam
region and Eastern Cape region (Chapter 11.2.4), were also taken into account, the percentage of
regional endemic species rose up to 84 %. Twenty-five species and subspecies or 16 % of the
obligate QFF had a broad distribution which covered more than one phytochorion. In the
following chapter, the endemic and non-endemic taxa will be compared. Which taxa were more
widespread and which are locally restricted? Are there any structural or floral features that are
more common in one of the groups?
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For the following analysis of the endemic obligate QFF, all endemic quartz-field species were
taken into account, that is, not only those that are endemic to the main phytochoria but also
those that are endemic to the minor quartz-field regions in the Swellendam region (four species)
and in the Eastern Cape (three species) (Chapter I11.1.1).

[11.4.1 Growth-form spectra

The spectrum of the endemic flora of the quartz fields was largely in line with that of the entire
flora (Figure 30). The only difference was that the endemic flora comprised slightly more
subglobose and compact nano-chamaephytes and less “other” nano-chamaephytes as well as
micro-chamaephytes than the entire flora. In contrast, the growth-form spectrum of the non-
endemic flora of the quartz fields differed considerably from the entire and the endemic obligate
QFF. Therophytes and geophytes were completely absent from the non-endemic QFF. Distinctly
lower percentages were found for the subglobose and (less distinct) for the subterraneous nano-
chamaephytes as well as mega-chamaephytes. The compact and other nano-chamaephytes as well
as micro-chamaephytes were over-represented compared to the entire and the endemic obligate
QFF. Generally, the growth-form groups within the non-endemic obligate QFF were more
evenly apportioned than in the two other groups.
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Figure 30. Percentage of different growth-form groups in terms of numbers of taxa (species and
subspecies) of the entire flora, the endemic, and non-endemic species within the obligate QFF.

This was also confirmed by the very high evenness value (E = 98.3, Table 35) which is higher
than the evenness values for the other two groups of the obligate QFF. In correspondence to the
smaller number of growth-form groups the diversity index is lowest within the non-endemic
obligate QFF. However, the differences among all three floral groups were rather small.

Summarising, the comparative analysis of the non-endemic, endemic and entire QFF emerged
that the non-endemic QFF showed several differences to the endemic taxa within the QFF. They
showed a narrower growth-form spectrum (no therophytes and geophytes belong in this group)
and the growth forms were more evenly apportioned (each growth-form group was represented
by 10 to 20 %), which was also mirrored by a very high evenness value. Most striking were their
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very high percentage of “other” nano-chamaephytes which did not fit into the three common
growth-form groups of the QFF (subterraneous, subglobose and compact nano-chamaephytes).

Table 35. Number of growth-form groups, Shannon-Wiener diversity index and evenness value on
growth-form level of the entire obligate QFF, endemic and non-endemic quartz-field species.

Number of growth Shannon-Wiener
Floral groups . s Evenness value
forms Diversity index
Entire obligate QFF 9 2.02 91.71
Endemic species 9 1.99 90.41
Non-endemic species 7 1.91 98.28

[11.4.2 Morphological and phenological features

The spectrum of morphological and phenological features within the non-endemic species of the
obligate QFF deviated considerably from the entire and endemic obligate QFF (Figure 31 and
Table 36). Drought-deciduous taxa (with and without therophytes, geophytes, hemicryptophytes)
were represented by a lower percentage in the non-endemic QFF. The percentage of stem
succulents without succulent leaves and the stem succulents with assimilating axes was ten times
higher than within the non-endemic quartz-field taxa than in the endemic flora. The percentage
of taxa with succulent roots or tubers was only slightly higher among the non-endemic but when
the geophytes were excluded, the percentage within the endemic QFF decreased, thus indicating
a high over-representation of tubers and fleshy roots in this group. Regarding the percentage of
leaf-succulent and stem and leat succulent taxa the non-endemic quartz-field taxa did not vary
conspicuously from that of the endemic flora. The endemic taxa within the obligate QFF showed
generally high correspondence to the entire obligate QFF.
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Figure 31. Percentage of morphological and phenological features of the entire obligate QFF as well
as the endemic and non-endemic taxa.
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Table 36. Number of species (above) and percentages (below) of particular morphological and
phenological features of the regional endemic, non-endemic and entire flora of the quartz fields.

No of stem succ roots
species / drought- (without |stem & leaf| stem succ
Group . . leaf succ fleshy/
subspecies | deciduous succ succ ass
tuber
leaves)
Endemi 131 77 116 2 9 1 32
c taxa
Non-
endemic 25 10 21 4 2 2 7
taxa
E"t"e 156 87 137 6 11 3 39
ora
Percentage SiEmSHeC roots
. 9 drought- (without |stem & leaf| stem succ
in terms of . leaf succ . fleshy/
deciduous succ succ assim
no of taxa tuber
leaves)
Endemi 83.9 58.8 88.5 15 6.9 0.8 24.6
c taxa
Non-
endemic 16.1 40.0 84.0 16.0 8.0 8.0 28.0
taxa
Entire 100 55.8 87.8 3.8 7.1 1.9 25.0
flora

[11.4.3 Family spectra and major taxonomic groups

Table 39 and Figure 32 show the percentage of the families within the endemic and non-endemic
taxa of the obligate QFF. The non-endemic taxa comprised 5 families only. In correspondence
with the endemic obligate QFF, the Aizoaceae and the Crassulaceae represented the most
important groups. The percentage of the Aizoaceae was considerably lower in the non-endemic
than in the endemic obligate QFF, though. In return, the percentage of the four other families
increased: in the non-endemic flora the Crassulaceae, Portulacaceae, Asteraceae, and
Asclepiadaceae were over-represented compared to the endemic taxa of the QFF. Generally,
there was a high similarity between the entire and the endemic obligate QFF whereas the non-
endemic taxa of the QFF deviated considerably. No monocotyledonae belong to the group of
non-endemic obligate QFF. All monocotyledonae within the obligate QFF had a fairly restricted
distribution.
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Figure 32. Family spectrum of the non-endemic compared to the entire and the endemic obligate
QFF. Percentage of plant families in terms of numbers of species and subspecies.

Table 37. Comparison of the percentage of the families within the endemic and the non-endemic
obligate QFF
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[n =156 sp. or ssp.]

Regional endemic spp. /
subspp. of the obligate

QFF (incl. Swellendam 71 7 1 5153|211 1] 1| 1] 100
and Eastern Cape)
[n =131 sp. or ssp.]

Non-endemic flora of the
quartz fields 48 | 28 12| 8| 4 100
[n =25 sp. Orssp.]

Although the Aizoaceae represented the biggest group within the non-endemic obligate QFF,
only 11 % of the Aizoaceae within the entire QFF are non-endemic. In contrast, in the
Portulacaceae, Asclepiadaceae and Crassulaceae the share of non-endemic quartz-field taxa within
the obligate QFF was considerably higher.
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Table 38. Percentage of non-endemic compared to their occurrence within the entire quartz field taxa
of the plant families.

Percentage of non-
Family Number of taxa within | No of taxa within the endemig taxa \_Nithin
the entire flora non-endemic flora the entire obligate

QFF
Portulacaceae 4 3 75.00
Asclepiadaceae 2 1 50.00
Crassulaceae 17 7 41.18
Asteraceae 9 2 22.22
Aizoaceae 107 12 11.21

Due to the relatively lower percentage of the Aizoaceae, the family spectrum of the non-endemic
flora was more evenly apportioned. C onsequently, the non-endemic obligate QFF had a much
higher evenness value (E = 93.3) than the endemic (E = 46.7) and entire (E = 49.0) obligate
QFF (Table 39). However, the Shannon-Wiener diversity indices of the three groups differed
only insignificantly (Table 39).

Table 39. Shannon-Wiener diversity index and evenness value for the family spectra of the entire,
endemic and non-endemic QFF.

- Diversity index | Evenness value
Group No of families - -
(on family level) | (on family level)
Entire obligate QFF 13 1.71 48.71
Endemic obligate QFF 13 2.01 46.71
Non endemic obligate QFF 5 1.293 93.34

I11.4.4 Spectra of widespread genera and species

In Table 41 the taxa (species and subspecies) of the obligate QFF that occurred in more than one
phytochorion are listed according to their distribution. The synopsis makes emerge that the non-
endemic obligate QFF not only comprised a very narrow array of families but also was largely
restricted to a few genera only. Most of the species belonged to Crassula, Anacampseros, or
Conophytum which were also the only genera that contributed more than one taxon to the non-
endemic obligate QFF. The percentage of non-endemic to total quartz-field taxa within the
genera differed considerably (Table 40). Whereas in Crassula and Anacampseros the majority of the
quartz-field species occurred in more than one phytochorion, in Conophytum the majority of the
taxa were local endemic to one phytochorion. Conophytum contributed the highest number of taxa
to the obligate QFF (Chapter II1.2.3) but only 14.3 % of these taxa had a broad distribution.
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Table 40. Genera that contribute more than one species / subspecies to the non-endemic obligate
QFF. Number of taxa within the non-endemic and the entire obligate QFF and the percentage of non-
endemic taxa within the entire obligate QFF.

Number of taxa Percentage
Py Number of taxa .
within the non- ir . [non-endemic /
Genus - . within the entire . .
endemic obligate obligate QFF entire obligate
QFF 9 QFF]
Crassula (Crassulaceae) 6 10 60.0 %
Anacampseros (Portulacaceae) 3 4 75.0 %
Conophytum 3 21 14.3 %
(Mesembryanthema)

The names and distribution of taxa that occur in more than one phytochorion are listen in Table
41a-f. Among those taxa that had a particularly broad distribution in terms of numbers of
phytochoria covered by their distribution (Table 41f), no Mesembryanthema were listed. This
group only comprised Crassulaceae, Portulacaceae, and Asteraceae.

Table 41. Quartz-field species that occur in more than one phytochorion.

a) Species that occur in the Knersvlakte and the Riethuis-Wallekraal Phytochorion only

Crassula barklyi Crassulaceae
Othonna lepidocaulis Asteraceae

b) Species that only in the Riethuis-Wallekraal and Southern Richtersveld Phytochorion

Jacobsenia vaginata Mesembryanthema (Aizoaceae)
Monilaria scutata ssp. obovata Mesembryanthema (Aizoaceae)

c) Species that only in the Riethuis-Wallekraal, Southern and Northern Richtersveld

Phytochorion
Aspazoma amplectens Mesembryanthema (Aizoaceae)
Crassula grisea Crassulaceae
Meyerophytum meyeri Mesembryanthema (Aizoaceae)
Phyllobolus prasinus Mesembryanthema (Aizoaceae)

d) Species that only in the Southern and Northern Richtersveld Phytochorion

Conophytum maughanii ssp. armeniacum Mesembryanthema (Aizoaceae)
Crassula alstonii Crassulaceae

Nelia meyeri Mesembryanthema (Aizoaceae)
Schlechteranthus maximilianii Mesembryanthema (Aizoaceae)

e) Species that only occur in the Northern Namaqualand and Bushmanland-Warmbad

Phytochorion
Adromischus nanus Crassulaceae
Anacampseros papyracea ssp. hamaensis Portulacaceae
Conophytum lithopsoides ssp. lithopsoides Mesembryanthema (Aizoaceae)
Conophytum maughanii ssp. maughanii Mesembryanthema (Aizoaceae)
Ihlenfeldtia excavata Mesembryanthema (Aizoaceae)
Tridentea umdausensis Asclepiadaceae
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f) Taxa with a broad distribution

Crassula mesembryanthemopsis

Crassulaceae

Bushmanland-Warmbad to central
Namibia

Senecio aloides

Asteraceae

Knersvlakte to southwest Namibia

Crassula columnaris ssp. prolifera

Crassulaceae

Knersvlakte to Northern Richtersveld and
Bushmanland-Warmbad

Crassula columnaris ssp.
columnaris

Crassulaceae

Southwestern Cape

Anacampseros papyracea ssp.
papyracea

Portulacaceae

Little Karoo, Great Karoo

Anacampseros recurvata

Portulacaceae

Southern to Northern Richtersveld and

Bushmanland-Warmbad Phytochorion

lI.5 Vegetation classification

111.5.1

The phytogeographical analysis of the obligate QFF revealed six main phytochoria which differed
considerably with respect to species inventories (Chapter III.1.1). The vegetation of the quartz
fields, however, did not only comprise obligate quartz-field taxa but also eurytopic species.
Therefore, the broad subunits of the vegetation did not necessarily mirror the phytogeographical
subdivision of the obligate QFF.

Main groups within the vegetation

The analysis of the entire data set of the vegetation of the quartz fields showed two main groups
(Figure 33): a broad represent the relevés from the Little Karoo. The broad cloud along Axis 1
represented the relevés of the quartz fields of the Little Karoo Phytochorion the and Swellendam
area. The dense cloud on the left hand side represented the relevés of the Namaqualand sexsu Jato
and the Bushmanland-Warmbad Phytochorion. The Knersvlakte relevés were plotted furthest to
the right, thus indicating highest affinity to the relevés of the Little Karoo.
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Figure 33. CA ordination of all quartz-field relevés of the study area. Scatter diagram of relevés.
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Figure 33 showed three main groups: species occurring in the Namaqualand sensu lato as well as
the Warmbad-Bushmanland on the left side, the species largely restricted to relevés of the Little
Karoo Phytochorion in the centre and those from the Swellendam area in the upper right corner.
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87 o
§
6 .o.
. 1} .
4 ¢ ® Bushmanland-Warmbad
° Richtersveld North
Richtersveld South
Namagqualand
5] . ° @ Knersvlakte
& o ® ® Species
[ ] ‘..?‘k.:" .. . @ o® . 0 . Axis 1
1 °’ . . 1‘. * 2 ¢ o® 3 4
. ‘ e ¢
(P
) R T
Qe
DN )
e ©
4]

Figure 35. CA ordination of quartz-field relevés of the Namaqualand and Bushmanland-Warmbad

Phytochorion. Joint plot of relevés and species.

The intrinsic relationship within the quartz-field relevés of the Namaqualand sensu lato and of the
Bushmanland-Warmbad Phytochorion has been analysed by a separate CA. The scatter diagram
of the relevés (Figure 35) revealed a clear geographical gradient from south (left) to north (right)
along Axis 1. The relevés of the Knersvlakte were plotted in the highest density. From south to
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north the distribution of relevés within the ordination became more broadly scattered. The
northern phytochoria (Bushmanland-Warmbad and Richtersveld s.l.) were separated into the
western (Richtersveld s.l., above Axis 1) and the eastern section (Bushmanland-Warmbad
Phytochorion, below Axis 2). The relevés of the Richtersveld s.l. were split into two distinct
groups each comprising both, relevés of the southern and northern Richtersveld. The lower
group showed close relationship to the relevés of the central Namaqualand (Riethuis-Wallekraal
area) on the one hand and of the Bushmanland-Warmbad area on the other hand. The upper
group of Richtersveld relevés were strongly separated from all other relevés. The most important
species that were associated with the second group were Drosanthemum inornatum, Brownanthus
pubescens,  Ruschia  inconspicna  (Mesembryanthema, Aizoaceae), and  Portulacaria  pygmacea
(Portulacaceae), i.e., the Community # 51 (Chapter IX.1.5).

Based on the results of the CA ordination of all quartz-field relevés (Figure 33 and Figure 35), the
classification of the vegetation the data set was subdivided into three parts, resulting in three
phytosociological tables: the Little Karoo and adjacent areas (Appendix 12), the Namaqualand
sensu lato (Appendix 10), and the Bushmanland-Warmbad area (Appendix XX).

The description of the communities comprises the diagnostic species (character and differential
taxa), additional data on the vegetation community: vegetation cover, species richness (species
numbers per relevé) as well as growth-form composition. For each community a habitat
description is given comprising the distribution area, the topography, inclination, exposition,
physical soil properties (soil depth, stone content, soil texture, geology) and chemical soil
properties (electrical conductivity, soil acidity, carbonate content and composition of the water
soluble ions).

[11.5.2 Little Karoo and adjacent areas

All references to species groups (SG) and numbers of communities refer to the phytosociological
table I of the Little Karoo (Appendix 11).

Hierarchical classification

The phytosociological table of the Little Karoo and adjacent areas comprises 200 relevés which
form part of 16 communities (# 1-16) and two sub-communities of quartz fields and related
habitats. The CA of the data matrix of the synoptic table (Figure 36) revealed a clear subdivision
along Axis 1 into two Major Communities, Community # 1 on the one hand and # 2-16 on the
other hand. The second Major Community (comprising Community # 2-16) comprises four
subgroups of lower hierarchy: Communities # 2-4 as well as Community # 16 were plotted apart
from the rest (i.e., Communities # 5-15) along Axis 2, thus revealing a sub-division of the Major
Community into Community Group B, C & D, and E (left). Community Groups C and D
showed the highest similarities and were only separated in the CA after having omitted
Communities # 1-4 from the analysis (Figure 41, right). In the classification they were merely
separated by the occurrence of the differential species in SG F and ], respectively.

The communities were all characterised by a low number of diagnostic species. Also, very few
species revealed to be appropriate to separate community groups of higher hierarchical level. The
only species groups were SG F, combining Communities # 5-7, as well as species group SG ],
combining Communities # 8-15. Numerous species are common for the majority of the
communities (SG E, T and U). Among those Hereroa tenuifolia (SG E), Pteronia pallens, Malephora
Iutea, Tetragonia robusta (both SG 1), and Psilocaulon articulatum (SG U) occurred with high
constancy in the majority of the communities.
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Figure 36. CA ordination of the data matrix of the synoptic table.

The resulting community groups (A-E) based on the hierarchical classification (Figure 37) mirror
largely the geographical distribution of the communities:

A) Major Association: Swellendam area, south of the Langeberge
1 Gibbaenm haagei-Delosperma aspernlum Community

B-D Major Association: Little Karoo and adjacent areas to the north

B) Association Group: Barrydale-Vanwyksdorp area, southern fringe of the Little Karoo
2 Gibbaeum velutinum Community
3 Gibbaeum angnlipes Community

4 Gibbaeum album Community

Association Group: Barrydale-Vanwyksdorp area, southern fringe of the Little Karoo
5 Gibbaeum dispar Community

6 Zeuktophyllum suppositum Community
7 Gibbaeum petrense Community
Association Group: Central and northern part of the Little Karoo between Kruistivier in the east

and Calitzdorp in the west as well as southern fringe of the Ceres Karoo, north of the
Swartberge.
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8 Gibbaeum cryptopodium Community

9 Gibbaeum pubescens Community

10 Pteronia pallens-Aridaria noctiflora ssp. defoliata Community
11 Gibbaeum gibbosum Community

12 Gibbaeum geminum Community

13 Gibbaeum shandii Community

14 Gibbaeum heathii Community

15 Gibbaeum pachypodinm Community

Association: Widespread in the Little Karoo

16 Psilocanton junceurn Community

South of the Little Karoo and adjacent areas to the north

Langeberge
Southern LK Southern LK K and
Swellendam (Barrydale to (Barrydale to Central and o an .
area Vanvyksdorp Vanwksdoro  northern LK adjacen
areq) areq) areas
1 2-4 5-7 8-15 16

B

Maijor community Major community

mainly acid soils mainly neutral to alkaline soils

mainly silty soils mainly loamy to sandy soils

Figure 37. Hierarchical cladogram of the plant communities, Little Karoo.

Total cover values and species richness

The mean total cover values were low for most of the communities (4.4-10.8 %). Only the
Gibbaeum baagei-Delosperma aspernlum Community (# 1) and the Psilocanton junceunn Community (#
16) had considerably higher mean cover values (17 and 59 %, respectively).
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For the majority of the communities the mean species numbers per relevé (25 m?) were below 10
spp- pet televé. Considerably higher value (17 spp/ televé) was only found for the Zeuktophyllum
suppositum Community (# 6) (Figure 38 and Table 42).
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Figure 38. Box-Whisker plots of total cover values and species numbers of communities # 1-16 of the
Little Karoo and adjacent areas.

Table 42. Plant cover and number of species for the communities # 1-16 of the Little Karoo and
adjacent areas (mean, minimum, maximum).

Community 1 2 3 4 5 6 7 8 91 92| 10 | 11 12 | 13 | 14 | 15 | 16

Plant Mean | 17.5| 8.7 10.1] 21| 5.2| 6.5 6.3 6.7 7.7/ 7.6 9.6/ 10.8/ 10.4| 8.4 4.4 9.8 59.1
cover | Min 120, 42| 80| 01] 31| 17 21 01] 31| 26| 44 66| 41 36| 02 4.7 351
values |Max 38.1] 18.3] 12.2| 21.2] 5.5 8.8] 30.5| 27.6| 14.7) 14.1] 37.0| 37.7| 33.6]| 22.0| 21.4| 26.2| 66.1
Number [Mean 3 5 4 4 5 17 6 8 8 10 11 6 7/ 10 6 8 5
of Min 3 4 1 1 4 6 4 1 4 2 6 5 4 5 2 7 2
species |Max 5 1 7 7 9 2 11 22| 18/ 200 19| 17| 12| 17/ 16, M 14

The vegetation of the Namaqualand sensu lato

All references to species groups (SG) and numbers of communities refer to the Synoptic Table 11
and Phytosociological Table II (Appendix 9 and Appendix 10).

[11.5.3 Knersvlakte

Major habitat units of the Knersvlakte

The Knersvlakte is the most southern section of the Namaqualand (Cowling e /. 1999b) and
forms part of the Lowland Succulent Karoo (Hoffman 1996a) of the Succulent Karoo Biome
(Cowling ez al. 1986, Rutherford & Westfall 1986). The area is situated between 30° 15’ and 31°
45’S where the escarpment draws back towards east and opens up a broad and gently undulated
lowland plain of roughly 10 000 km? in size between the west coast and the escarpment. The
average annual rainfall ranges between 100-120 in the southeast, 120-140 mm in the northeast
and 140-160 mm/a in the southwest (Figure 39) and occurs mainly during winter months
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(June/July, Figure 2). The variance of rainfall is higher in the west than in the east but generally
low between 20 and 30 mm (Max - Min) of the long-term average. Rainfall is thus low but very
predictable.

Based on the land and soil types by Ellis (1988) the Knersvlakte can be subdivided into five
major habitat units (MHU): sandy soils, moderately deep loamy soils, quartz fields, shale bands,
and dolomite outcrops. Three of them comprise geographically and geomorphologically defined
sub-sections as listed in Table 43 (compare also Figure 40):

Table 43. Major habitat unites of the Knersvlakte and their geographical subsections.

[ \\O JE U NE N QN
P ON-
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— —

2.1.2

Sandy soils

Coastal Sandveld

The inland stretching sand strip north of Vanrhynsdorp

The alluvial fans in the northern Knersvlakte

Sandy plains along the Sout Rivier and Groot-Graafwater Rivier in the central Knersvlakte
Moderately deep loamy soils: sandy loam plains with heuweltjies in the central and northern
Knersvlakte

Heuweltjie veld in the north-eastern Knersvlakte

Southern section of the heuweltjie veld: homogeneous, little structured into heuweltjies and the
interspace.

Northern section of the heuweltjie veld: strongly structured into heuweltjies and the interspace,
which is characterised by shallow, impoverished soils and vegetation communities of its own
Sandy loam plains south of the sand strip in the southern Knersvlakte and between the shale
bands in the east

Quartz fields, small scale mosaics of quartz covered desert pavements, loamy soils without
cover of quartz gravel, and heuweltjies

along the upper Geelbek Rivier (= northern quartz fields)

along the lower Geelbek Rivier (= central quartz fields, Arizona area)

along the lower Sout and Varsch Rivier north of the sand strip (central quartz fields, Quaggas
Kop area)

in the Rooiberg-Moedverloren area in the western Knersvlakte (central quartz fields).

Shale bands in the eastern Knersvlakte parallel to the Bokkelveldberge (escarpment)
Limestone outcrops with shallow soils
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Figure 39. Spatial distribution precipitation in the Knersvlakte and surroundings on a resolution of 5 x
5 km. Above: Long-term average of total annual precipitation. Below: Variance (Max - Min) of the long-
term average of total annual precipitation. Maps kindly supplied by the German Aerospace Centre,
DLR.

The Knersvlakte comprises four different areas with sandy soils of different origin. The white
coastal sand (MHU 1.1) and the inland stretching red sand strip (MHU 1.2) seems to originate
from the coast, whereas the sand in the northeastern Knersvlakte presents an extensive alluvial
fan which extends down from the escarpment between Loerriesfontein, Kliprand and
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Kamieskroon (De Beer ¢7 al. in press). Of alluvial and aeolian origin is the sand along the Sout
River and the Groot-Graafwater-River in the Central Knersvlakte (Gresse 1992). Due to the
distance to the coast, the sandy habitats at the coast and those further inland differ considerably
regarding climatic conditions, i.e., temperature regime and precipitation in particular. But also
regarding the soil conditions the four sandy habitat types can be distinguished. The coastal sand
is generally very deep (> 100-150 cm) and poortly structured. The red sand strip (MHU 1.2)
differs with shallow (< 50 ¢cm) to very deep (>> 150 cm) soils with low dunes even. The alluvial
sands in the central and northern Knersvlakte, in return, is typically more shallow and hardly
reach depths of > 100 cm.

Moderately deep, loamy sandy soils cover broad plains in the northeastern, eastern and the
southern Knersvlakte. In the northeast (MHU 2.1), they reach largest extension and form a
hardly undulated plain which borders to the alluvial plains in the north (MHU 1.3), to the
escarpment and the shale bands (4) in the north and to the quartz fields in the southwest (MHU
3). The whole plain is characterised by the frequently and regularly occurrence of mainly deserted
heuweltjies. Particularly in the northern section (MHU 2.1.1) this plain is strongly structured into
heuweltjies and the interspace with shallow, impoverished sandy soils, whereas this pattern is less
strongly developed in the southern section (MHU 2.1.2). Here, the vegetation which is associated
with the heuweltjies typically extend into a broad circle around the heuweltjies often cover a
broad area without leaving any gaps with non-heuweltjie vegetation. The other type of loamy
soils either occur as two disjunct islands within the shale bands or cover the entire southern
Khnersvlakte, south of the red sand strip. In contrast to the sandy loamy plain in the northeast, the
southern and eastern loamy soils largely lack of heuweltjies. The eastern and the southern sub-
section of the loamy correspond largely regarding the vegetation which is characterised by
disturbance and overgrazing (Steinschen ez a/. 1990).

Quartz fields (MHU 3) represent an unusual habitat type which is widespread in the semiarid
parts of the winter rainfall area of Southern Africa. But in the Knersvlakte, quartz fields reach
their broadest extension and highest habitat diversity. Quartz fields are edaphically induced
special habitats with shallow soils and which are either extremely saline or they are rich in stone
content and have a very low soil pH. The quartz derives from weathering quartz veins. In the
Knersvlakte the are found in the central part, along and west of the N7 as well as along the
northwestern border of the Knersvlakte, west of the loamy plains (MHU 2.1). The quartz fields
of the central Knersvlakte, again comprise three zones which are geographically fairly distinct and
also differ regarding climatic conditions (more influence of fog in the west) and vegetation
composition. Quartz fields typically form a small scale mosaic comprising quartz fields of
different habitat types, closely mingled with loamy soils without quartz cover as well as
heuweltjies with an island-like occurrence. These soils without quartz cover within the quartz-
field mosaics largely house vegetation units of its own (Community # 10-13) but also shares
communities of the loamy sandy plains (MHU 2).

In the western Knersvlakte, largely parallel to the escarpment, dominate the poorly weathered
shale bands of the Besonderheid Formation (Gresse 1992). The topography is gently undulated
comprising ridges or plateaux of shale and shallow valley bottoms which are are partly covered by
alluvial deposits of the Kleinfontein and Vars Rivier. The soils at the slopes and plateaux are
typically shallow and skeletal whereas in the valleys they are rich in loamy sand.

West of Vanrhynsdorp, along the Widouw and the Troe-Troe Rivier limestone of the Widouw
Formation (Gresse 1992) occurs and present a small but distinct Major Habitat Unit (5).
Carbonate which is elsewhere in the Knersvlakte largely restricted to heuweltjies and their
surrounding (only in the Varsche Rivier Extension, south of the Sout Rivier, limestone outcrops
are found along the River), presents a very important feature here. Particularly on plateaux and
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outcrops where the limestone is exposed, communities occur which are absent elsewhere in the
Knersvlakte. However, spiny species clearly dominate and beyond that the slopes and valleys are
largely covered by the Australian invader A#riplex: lindleyi ssp. inflata. This an severe soil erosion
indicate strong overgrazing and disturbance in this area.

The major habitat units again consist of geographical sub-sections and comprises a certain array
of different small scale habitats, controlled by changes in soil conditions, geology or topography
(e.g., soil depth, salinity, run-off and run-on areas, heuweltjies, micro dunes, angle of slope). The
number of habitats within a land type depends on the soil and geo-diversity and therefore differs
between the major habitat units.

The vegetation of the Knersvlakte outside the quartz fields

Most of the communities and even the alliances can be clearly associated with particular habitat
units. In the formal description of the communities (Chapter I11.5.3, Appendix) and in Table 44
their association to particular major habitat units is given.

Table 44. Vegetation communities and sub-communities of the Knersvlakte (without quartz-field
vegetation) and their association with Major Habitat Units.

Major . . . . Dolo-
habitat (Deep) sandy soils Loamy soils Quartz-field mosaics | Shale rite
unit
(MHU)
Com Sub-]1 11 |12 | 13 |14 |211|21.2| 22 | 31 | 3.2 | 3.3 | 34 4 5
“ | com.
1 X
2|1 X X X
X X
3
4 X X
5 X
6 X X
71 X
2 X X X
3 X
8 (x) X
914 (x) X
10 X X X
11 X X X X
12 X X X X
13 X
14 X
15 X
16 |1 X X
2 X
3 X
17 X X
18 X
19|1-3 X X X X X
20 |1 X X X X
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Figure 40. Distribution and delimitation of the Major Habitat Units of the Knersvlakte. GIS map by
Annelise Le Roux, Western Cape Nature Conservation Board, based on data of Ute Schmiedel and
Freddy Ellis.
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The vegetation of the very deep, sandy soils: Zygophyllum morgsana-Othonna cylindrica
Alliance

1 Eriocephalus racemosus-Lebeckia multiflora Strandveld Community

2 Cladoraphis spinosa Spiny Grass Community

2.1 Cladoraphis spinosa dominated Sub-Community
2.2 Cladoraphis spinosa-Euphorbia burmannii Sub-Community

3 Ruschia ruschiana aff. (Schmiedel 93302 HBG)-Antimima excedens Succulent Shrub Community

Deep to moderately shallow, sandy soils of the central and northern Knersvlakte: Ruschia sp.
(Schmiedel 104621 HBG)-Drosanthemum curtophyllum Alliance

4 Stipagrostis namaquensis Grass Veld Community
5 Ruschia robusta Succulent Shrub Community
6 Ruschia versicolor Succulent Shrub Community

7 Leipoldtia calandra-Ruschia lisabeliae Succulent Shrub Community

7.1 Leipoldtia calandra-dominated Succulent Dwarf Shrub Sub-Community
7.2 Drosanthemum curtophyllum Succulent Dwarf Shrub Sub-Community
7.3 Ruschia sp. (Schmiedel 104621 HBG) Succulent Shrub Sub-Community

8 Cephalophyllum parvibracteatum Dwarf Shrub Community

Vegetation of the shale bands: Brownanthus ciliatus-Ruschia spinosa Dwarf Shrub Community

9 Brownanthus ciliatus-Ruschia spinosa Dwarf Shrub Community

9.1 Brownanthus ciliatus-dominated Dwarf Shrub Sub-Community
9.2 Ruschia spinosa-dominated Dwarf Shrub Sub-Community

9.3 Rhinephyllum macradenium Dwarf Shrub Sub-Community

9.4 Arenifera stylosa Dwarf Shrub Sub-Community

Vegetation of loamy-sandy soils of the Knersvlakte: Psilocaulon leptarthron-Euphorbia
muricata Alliance

10 Ruschia patulifolia Succulent Shrub Community

11 Drosanthemum roseatum Succulent Shrub Community

12 Cephalophyllum framesii Succulent Dwarf Shrub Community
13 Ruschia stricta var. turgida Succulent Shrub Community

14 Drosanthemum deciduum Succulent Shrub Community

15 Drosanthemum hispidum Succulent Shrub Community

16 Atriplex lindleyi ssp. inflata Annual Weed Community

16.1 Atriplex lindleyi ssp. inflata-Stipa capensis Sub-Community
16.2 Atriplex lindleyi ssp. inflata-Malephora purpureo-croccea Sub-Community
16.3 Atriplex lindleyi ssp. inflata-Augea capensis Sub-Community

17 Salsola zeyheri Semi-Succulent Shrub Community
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18 Melolobium candicans-Hermannia cuneifolia Thorny Shrub Community
19 Ruschia subsphaerica Succulent Shrub Community

19.1 Ruschia subsphaerica dominated sub-community
19.2 Ruschia subsphaerica - Ruschia patulifolia sub-community

19.3 Ruschia subsphaerica-Drosanthemum roseatum sub-community
20 Aridaria serotina-Ruschia sp. (Bartels 93268 HBG) Succulent Shrub Community

20.1 Aridaria serotina-dominated Sub-Community
20.2 Aridaria serotina-Ruschia sp. (Bartels 93268 HBG) Sub-Community

Communities of the quartz-field vegetation of the Knersvlakte

The quartz-field vegetation of the Namaqualand sensu# Jato, including the Knersvlakte, central
Namaqualand and the Richtersveld, was characterised by species group (SG) W, which comprises
Crassula colummnaris ssp. prolifera, C. deceptor and Senecio alvides as the most constant species. The
vegetation of the quartz fields of the Knersvlakte was subdivided into two main groups (alliances)
which covered all but two intermediate communities. Despite the differences in species
composition, all quartz-field communities of the Knersvlakte were characterised by common
species which were grouped in SG X (Drosanthemum diversifolium, Argyroderma fissum, Phyllobolus
spinuliferns) and Y (Argyroderma  delaetii, Cephalophyllum  spissum, Othonna intermedia, Zygophyllum
teretifolium, and others). SG X had a broader distribution, though. It was also recorded for the
relevés outside the quartz fields in the Knersvlakte and for communities that were also recorded
for the central Namaqualand (Riethuis-Wallekraal area).

The Salsola sp. (Schmiedel 93110 HBG)-Argyroderma pearsonii Alliance was defined by SG Z
(Argyroderma pearsoniz, Mesembryanthemum fastigiatum, M. stenandrum, Salsola sp. Schmiedel 93110
HBG, and Tylecodon pygmaens). The communities of this alliance occurred on saline quartz fields of
the Knersvlakte. The majority of the communities were poorly defined by diagnostic species.
However, each community typically was by one single species which often also occurred on other
communities but with very low cover values only. Therefore, several communities were defined
the dominating species and not by a diagnostic species.

The Conophytum calenlus ssp. calenlus Alliance is restricted to acid, moderately to non-saline quartz
fields of the Knersvlakte. It was defined by the occurrence of C. caloulus ssp. caleulns only. Also
species Group AH (Antimima dualis, Phyllobolus tenuiflorus, Anacampseros retusa, Lachenalia patula,
Ruschia vanbeerdei, Mesembryanthema longistylum, Trachyandra tortilis, Pentzia peduncularis, Dicrocanlon
humile) covered large parts of the Alliance but with low constancy values only. The SG was absent
from the quartz-field communities of the northern Knersvlakte (# 38 Dicrocanlon longifolium and #
39 D. nodosum Community). Due to the SG AG (Spergularia media, Conophytum minutum ~. pearsonit,
Cephalophyllum pulchrum, Aspalathus sp. (Schmiedel 110253 HBG), Crassula capitella ssp. thyrsiflora,
Ficinia lateralis, Euphorbia hamata, Hirpicium alienatum, Salsola sp. Schmiedel 102410 HBG) the
Alliance was related to the communities of the Riethuis-Wallekraal area. Species Group AF
(Pteronia ciliata, Gazgania krebsiana, Pelargoninm crithmifolinm, Phyllobolus deciduus) were characteristic
species of the non-saline quartz fields of the Namaqualand sens# /lato In contrast to the
communities of the saline quartz-field of the Knersvlakte, the communities of this alliance were
all defined by diagnostic species, However, the number of diagnostic species per community were
low for the majority of the communities.



Salsola sp. (Schmiedel 93110 HBG)-Argyroderma pearsonii Alliance (# 21-30)
21 Drosanthemum diversifolium-dominated Community

22 Argyroderma fissum-dominated Community

23 Argyroderma delaetii-dominated Community

24 Cephalophyllum spissum-dominated Community

25 Argyroderma pearsonii-dominated Community

26 Mesembryanthemum fastigiatum-dominated Community
27 Oophytum nanum Community

28 Phyllobolus digitatus ssp. digitatus Community

29 Oophytum oviforme Community

30 Monilaria pisiformis Community

31 Conophytum minutum var. minutum Community

32 Brownanthus corallinus Community

The Conophytum calculus ssp. calculus Alliance (Community # 33 - 39)
33 Ruschia burtoniae Community

34 Monilaria chrysoleuca var. chrysoleuca Community

35 Monilaria moniliformis Community

36 Dicrocaulon brevifolium Community

37 Dicrocaulon pseudonodosum Community

38 Dicrocaulon longifolium Community

39 Dicrocaulon nodosum Community

[11.5.4 Riethuis-Wallekraal area
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The communities that were largely restricted to the quartz-field habitats of the Riethuis-
Wallekraal Phytochorion showed a low internal subdivision. The regional communities were
combined by the SG AR (Othonna incisa, Phyllobolus prasinus, Othonna rechingers, Meyerophytum meyeri,
Senecio sulcicalyx, Meyerophytum globosum, Cephalophyllum inaequale) but also shared SG AG with the
acid non-saline quartz fields of the Knersvlakte and SG AF with the acid quartz fields of the
Knersvlakte and the Richtersveld. In correspondence with the communities of the non-saline,
acid quartz fields of the Knersvlakte, the communities were clearly defined by diagnostic species

and not only by dominating species.

40 Monilaria scutata var. obovata Community

41 Jacobsenia vaginata Community
41.1 Jacobsenia vaginata-Meyerophytum globosum Sub-Community
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41.2 Jacobsenia vaginata-dominated Sub-Community
42 Dicrocaulon spissum Community
43 Dicrocaulon ramulosum Community
44 Ruschia viridifolia Community
45 Monilaria scutata var. scutata Community

[11.5.5 Richtersveld

The vegetation of the Richtersveld was separated from the vegetation of the Riethuis-Wallekraal
area by the occurrence of Cheiridopsis robusta and Euphorbia ephedroides (SG BG). Only the
Aspazoma amplectens Community (# 46) which was grouped together with the plant communities
of the Richtersveld was also found in Riethuis-Wallekraal area. The communities which occur
exclusively (# 46-48, # 50-51) or facultatively (# 49) on quartz fields were defined by species
group BH (Sarcocaulon crassicanle, Crassula grisea, Euphorbia decussata, Trachyandra muricata, Othonna
obtusiloba, Cephalophyllum numeesense, Anacampseros papyracea ssp. namaesis, Crassula expansa ssp.
expansa, Tetragonia reduplicata, Zygophyllum prismatocarpum). The quartz-field communities of the
Richtersveld were again subdivided into two groups. One group was defined by the occurrence of
SG AY (Antimima sp. Schmiedel 104874 HBG, Swuaeda sp. Schmiedel 102015 HBG, _Adenoglossa
decurrens, Lithops meyeri, Octopoma connatum etc.) and comprised Communities # 46-48 which were
hardly defined by diagnostic species but by the dominance of particular species. The second
group (Communities # 49-51) was not defined by joint species and its communities were defined
by several diagnostic species each.

46 Ruschia leucosperma Community

47 Cephalophyllum regale-dominated Community
48 Aspazoma amplectens Community

49 Eberlanzia cyathiformis Community

50 Schlechteranthus hallii Community

51 Brownanthus pubescens Community
51.1 B. pubescens-dominated Community
51.2 B. pubescens-Ruschia inconspicua Community

The zonal lowland vegetation of the Richtersveld were represented by the Brownanthus
pseudoschlichtianus Community (# 51) that strongly dominates the loamy-sandy soils of the lowland
plains of the Richtersveld. The community is very poor in species and hardly share species with
any of the other major groups, except Cheiridopsis robusta and Euphorbia ephedroides (SG BG).

52 Brownanthus pseudoschlichtianus Community

[11.5.6 Bushmanland-Warmbad area

All references to species groups (SG) and numbers of communities refer to the Phytosociological
Table III. Detailed description of the communities are given in Chapter IX.1.6.

The Bushmanland-Warmbad area only comprised a low number of quartz-field communities of
which only the Lithops julii Community is entirely restricted to quartz fields.

1 Zygophyllum decumbens Community
2 Lithops julii Community
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3 Oropetium capense Community
3.1 Oropetium capense-Ruschia odontocalyx Sub-Community
3.2 Oropetium capense-Lithops julii Sub-Community
3.3 Oropetium capense-Galenia fruticosa Sub-Community
34 Oropetium capense species-poor Sub-Community
4 Drosanthemum sp. (Schmiedel 102344 HBG) Community

.6 Environmental variables controlling the species
composition

Quartz fields represent special habitats which are defined by properties of the soil surface
(Chapter 1.4). The vegetation classification (Chapter III.5) revealed the occurrence of distinct
Community groups within the vegetation which, in return were associated with certain habitat
conditions. In order to make the main gradients within the vegetation emerge, correspondence
analyses (CA of the computer programme CANOCO) were applied. The main gradients were
interpreted by employing the direct gradient analyses, based on canonical correspondence analysis
(CCA, of the same computer programme). The unconstrained relevé scores were used to
investigate the relationship between the communities and the environment whereas the
constrained relevé scores revealed the (linear) relationships between the relevés and the
environmental variables. To exclude the overruling influence of geographical particularities, based
on the high degree of endemism, the regional data sets were always analysed separately.

The following environmental variables were used: inclination of slope, quartz cover on soil
surface, stone cover on soil surface of other lithology as quartz, soil depth, stone content in soil,
electrical conductivity, soil pH (H" concentration was employed here in order to obtain a linear
relation), and carbonate. Due to the fact that the quartz fields mainly occur in plains or on very
moderate hills exposition plays a minor role for the vegetation.

[11.6.1 Little Karoo

Indirect gradient analyses

The CA ordination of the communities # 1-16 (Figure 41, left) of the Little Karoo and adjacent
areas mirrored the hierarchical classification of the vegetation as described above (Figure 37).
Communities # 1-4 were clearly separated from the remaining communities: Gzbbaeunm haagei
Community (# 1), G. velutinumr Community (# 2), and the G. albwm Community (# 4) were
plotted from left to right along Axis 1 of the scatter diagram, whereas the G. angulipes Community
(# 3) was plotted at the distal end of Axis 2. The remaining communities (Community # 5-16)
were plotted in a dense cloud in the left lower corner of the scatter diagram.

The summary statistics of the correspondence analysis (Table 45) had high eigenvalues (> 0.9).
The species-environment correlation was considerably low (< 0.5) though. Eleven percent of the
variance of the species data and 22 % of the species-environment relationship was explained by
the ordination. The environmental variable H™ concentration had the strongest positive
correlation with the first two axes. Although the correlation was slightly higher with Axis 2 than
Axis 1. Quartz cover (< 6 cm in diameter) was positively correlated with Axis 1 and the variable
coarse quartz cover (> 6 cm in diameter) was positively associated with Axis 4. The other
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environmental variables showed very poor correlation with any of the axes. Thus, the clear
separation of the data set along Axis 1 and 2 was not entirely explained by the employed
environmental variables which were mainly based on environmental properties.

40
40 1 Gibbaeum haagei
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Figure 41. CA ordination of species data of quartz fields and related habitats of the Little Karoo and
adjacent areas. Communities # 1-16. Left: Scatter plot of relevés. Right: Scatter plot of species.

Table 45. Summary statistics of the CA of species data of the quartz-field and related habitats of the
Little Karoo and adjacent areas.

Axes 1 2 3 4
Eigenvalues: 993 973 .881 .828
Species-environment correlations: 464 482 206 .503
Cumulative % of variance

of species data: 5.6 11.0 159 20.6
of species-environment relation: 10.7 220 239 343
Sum of all unconstrained eigenvalues: 17.868
Sum of all canonical eigenvalues: 1.999

Table 46. Correlation matrix of the supplementary environmental variables and CA axes of species
data of the Little Karoo and adjacent areas.

Axis 1 2 3 4

incl 1163 .1476 -.0232 .0234 .
soildpth -.0614 -.1253 -.1053 -.0260 -.
coarseq -.0311 .0982 .0733 .4710 -.
quartz . 2559 .1091 -.0199 -.0183 .
stonecov -.1932 -.0869 .0983 .0142 -.
stonecon -.1452 -.0650 .0278 -.0688 -.
elconduc .0383 -.0172 -.0639 -.0538 .
carbonat -.0869 -.0650 -.0198 -.0051 -.

H* conc .3588 .4656 -.0538 -.0230
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Figure 42. CA ordination of species data of quartz fields and related habitats of the Little Karoo and
adjacent areas. Without the G. angulipes Community (# 3). Scatter plot of relevés.

A subsequent correspondence analysis of the same data set but without the G. angulipes
Community (# 3) (Figure 42, right) revealed the same pattern as before but allowed the G.
velutinum Community (# 2) and the G. dispar Community (# 5) to move up along Axis 2.

Table 47. Summary statistics of the CA ordination of species and environmental variable data of
quartz fields and related habitats of the Little Karoo and adjacent areas.

Axes 1 2 3 4

Eigenvalues: 992 888 .829 .786
Species-environment correlations: 467 203 .506 .612

Cumulative % of variance

of species data: 5.9 111 16.0 20.7

of species-environment relation: 11.7 137 252 411

Sum of all unconstrained eigenvalues: 16.916
Sum of all canonical eigenvalues: 1.845

Table 48. Correlation matrix of the supplementary environmental variables and CA axes of species
data of the Little Karoo and adjacent areas.

Axes 1 2 3 4

incl .0549 .0088 .0252 -.1395
soildpth -.0483 -.1206 -.0270 .0226
coarseq -.0533 .0843 .4784 -.1035
quartz .2379 -.0077 -.0167 -.5194
stonecov -.1784 .0885 .0132 .2701
stonecon -.1512 .0263 -.0692 -.3337
elconduc .0622 -.0715 -.0531 -.2924
carbonat -.0782 -.0282 -.0060 .1781
H" conc .3504 -.0147 -.0350 -.2674

The ordination had high eigenvalues (< 0.8 for the first three axes). but the species environment
correlation for the first two axes was comparably low (< 0.5). Particularly Axis 2 was very poorly
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explained by any of the variables. Nevertheless, coarse quartz cover (> 60 mm diameter) was
strongly associated with Axis 3 (0.47) and several environmental variables (i.e., quartz cover,
stone cover, stone content, electrical conductivity) showed significantly strong associations with
Axis 4. The high correlation of environmental variables with Axes 3 and 4 revealed that the
environmental variables explained certain aspects of the variance in species data but were not
relevant for the strongest separation of the species data along Axis 1 and 2.

Direct gradient analyses

The scatter diagram of the unconstrained relevé scores of the Canonical Correspondence
Analysis of the species data of the Little Karoo and adjacent areas (Figure 43) revealed the habitat
preferences of the communities classified above.

Axis 1 represented a gradient of increasing quartz cover on soil surface which revealed to be the
most important gradient (longest arrow) and - with lower importance - of electrical conductivity.
Soil depth was negatively associated with quartz cover on soil surface. H" concentration was
positively associated with both, Axis 1 and Axis 2. Stone cover of other lithology than quartz
stones and carbonate were negatively associated with Axis 2 and negatively associated with H”
concentration. Consequently, quartz cover on soil surface was positively associated with electrical
conductivity, stone content in soil, and less strongly associated with low soil pH (high H"
concentration) and inclination of slope. They were negatively associated with soil depth and, with
lower importance, carbonate content in soil and stone cover of other lithology than quartz.

Table 49. Summary statistics of the CCA ordination of species and environmental variable data of
quartz fields and related habitats of the Little Karoo and adjacent areas.

Axes 1 2 3 4

Eigenvalues: 610 473 340 312
Species-environment correlations: .855 757 721 .691

Cumulative % of variance

of species data: 22 4.0 5.2 6.4

of species-environment relation: 23.7 421 554 675

Sum of all unconstrained eigenvalues: 27.2466
Sum of all canonical eigenvalues: 2.56

The CCA ordination (Table 49) had high eigenvalues and very high species environmental
correlations (>0.75) for the first two axes. the cumulative percentage of variance of species data
was relatively low (4 %) but more than 40 % of the variance of species-environment relation was
explained was explained by the ordination.
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Figure 43. Joint plot of the unconstrained relevé scores of the CCA ordination of the Communities # 1-
16 and eight edaphic variables (H* concentration, inclination of slope, quartz cover on soil surface,
electrical conductivity, stone content in soil, stone cover of other lithology than quartz, carbonate
content in soil, and soil depth) of the Little Karoo and adjacent areas.

The scatter plot of the unconstrained relevé scores showed a high correspondence between
communities and particular environmental variables. The majority of the relevés of the
community groups A, B, C and E (Communities # 1-7 and # 16), were plotted in the right sector
of the scatter diagram whereas the relevés of community group D (Communities # 8-15)
represented the dense cloud below Axis 1 at both sides of Axis 2 (see details in Figure 44). The
majority of the relevés of the southernmost communities (# 1-4) were positively associated with
quartz cover, electrical conductivity, and with stone content in soil. The Gibbaeum angulipes
Community (# 3) and the Gibbacum haagei-Delosperma aspernlum Community (# 1) showed the
strongest association with H" concentration. The majority of the relevés of the Gibbaenm velutinum
Community (# 2) and the Zeuktophyllum suppositurr Community (# 6) were plotted near the centre
of the diagram without an association with any of the environmental variables except H"
concentration and inclination of slope. The typical habitat of the two communities are
characterised by a desert pavement of both quartz stones and stones of other lithology as quartz.
The Gibbaenm album Community (# 4) and the Gibbaeum petrense Community (# 7) were plotted
next to each other. They were positively associated with quartz cover, stone content in soil,
electrical conductivity and negatively associated with soil depth. The Gibbaeum dispar Community
(# 5) was positively associated with stone content in soil and stone cover of other lithology than
quartz. It was negatively associated with soil depth.

The majority of the community group C (Communities # 8-15) as well as the Psilocanlon juncenm
Community (# 16) were plotted in a cloud below Axis 1 near the centre of the diagram. The
details of the central part of the ordination diagram are shown in Figure 44. The figure showed a
clear sequence of the communities # 8-15 along the main gradients that were represented by Axis
1 (ie., high soil depth to quartz cover and high electrical conductivity). The G. cryptopodinm
Community (# 8) was the only community that was broadly scattered along Axis 1, covering a
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broad range of environmental gradients. The strongest positive association with quartz cover was
revealed for the Gibbaeum pubescens Community (# 9). However, the two sub-communities (# 9.1
and # 9.2) showed different habitat preferences: the Gibbaeum pubescens-Berkheya cuneata Sub-
Community (# 9.2) was more positively associated with H" concentration than the G. pubescens-G.
cryptopodinm Sub-Community (# 9.1). The latter revealed to be more positive associated with
electrical conductivity and a closer relationship with the G. eryptopodinm Community (# 8) than the
first (Sub-Community # 9.1). The relevés of G. heathii Community (# 14) were positively
associated with stone content in soil and with stone cover of other lithology than quartz. They
showed little association with quartz cover on soil surface. The relevés of the G. gibbosum
Community (# 11) were plotted near the centre of the scatter diagram showing no clear
association with any of the environmental variables. The G. shandii Community (# 13) was
positively associated with carbonate content and stone cover of other lithology than quartz and
was negatively associated with inclination of slope, H" concentration, as well as quartz cover. The
relevés of the Preronia pallens-Aridaria noctiflora ssp. defoliata Community (# 10), a common lowland
community outside quartz fields in the Little Karoo, were plotted between the G. geminum
Community (# 12) and the G. shandii Community (# 13) revealing a positive association with soil
depth and carbonate content in soil. The G. gewinum Community (# 12) showed the strongest
positive association with soil depth.
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Figure 44. Details of the central part (extract) of Figure 43. Joint plot unconstrained relevé scores of
the CCA ordination of species and edaphic variable data of communities # 1-16 from the Little Karoo
and adjacent areas.
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Figure 45. Joint plot of the constrained relevé scores of the CCA ordination of the communities # 1-16
and eight edaphic variables (H* concentration, inclination of slope, quartz cover on soil surface,
electrical conductivity, stone content in soil, stone cover of other lithology than quartz, carbonate
content in soil, and soil depth) of the Little Karoo and adjacent areas.

The joint plot of constrained relevé scores and environmental variables of the 16
communities of the Little Karoo and adjacent areas was largely in line with that of the
unconstrained relevé scores. The majority of the relevés of communities # 1-7 were scattered on
the right hand side of the ordination diagram. They were mainly positively associated with the
environmental variables quartz cover on soil surface, electrical conductivity and H" concentration
which were plotted parallel to Axis 1. For some communities particular habitat preferences
emerged: the G. haagei Community (# 1) and the Gibbaeum angulipes Community (# 3) were
significantly positively associated with H" concentration. The Gibbaenm album Community (# 4)
and with lower significance, the Gibbaeum petrense (# 7) as well as the Gibbaenm pachypodinm
Community (# 15) showed a positive association with quartz cover on soil surface and electrical
conductivity. The relevés of the Preronia pallens-Aridaria noctiflora ssp. defoliata Community (# 10),
the Gibbaenm gibbosum Community (# 11), the Gibbaeum geminum Community (# 12) and the
Gibbaenwm  shandii Community (# 13) were generally positively associated with soil depth,
carbonate in soil, and stone cover of other lithology than quartz. They were negatively associated
with quartz cover, electrical conductivity and H" concentration. The relevés of the remaining
communities (# 2, 5, 8, 9, 14, and 16) were scattered more broadly in the ordination diagram,
thus covering a broad gradient of environmental variables.

The Box-Whisker plots of the environmental variables determined for the relevés of the 16
communities (Figure 46) showed strongest inter-community differences the for the variables
quartz cover on soil surface, stone cover of other lithology, electrical conductivity, soil pH, and
carbonate content.

In contrast to all other communities the mean quartz cover on soil surface for the communities
10 to 14 and 16 were very low (1-36 %). The lowest values were determined for the Preronia
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pallens-Aridaria  noctiflora ssp. defoliata Community (# 10) as well as the Psilocanlon junceum
Community (# 16) which both represent widespread communities of the surroundings of quartz
fields in the study area. Those communities that showed low mean values for quartz cover,
typically showed high mean values for stone cover of other lithology (> 33 %) except the P.
Juncenm Community (# 16) which typically occurs on soils without any stone cover. Only the G.
dispar Community (# 5) showed a similarly high mean value for both, quartz cover (75 %) and
stone cover of other lithology (52 %). The electrical conductivity was high for all quartz-field and
related habitats (>> 0.5 mS/cm) compared to the communities # 10 and # 16 (mean electrical
conductivity << 0.5). For community # 4 and # 7, the mean values for electrical conductivity
were extremely high (>> 3 mS/cm). The mean values for soil pH for the majority of the
communities lay > 6 pH, whereas community # 1-3 generally occurred on acid soils (mean values
between pH 4.1 and 5). High mean values for carbonate content in soil was only shown for the
Pteronia pallens-Aridaria noctiflora ssp. defoliata Community (# 10) and the P. junceurz Community (#
10).

Other variables showed lower variation. The mean inclination of slope was low for most of the
habitats (<< 10 %). Only the Zeunktophyllum suppositurr Community (# 6) was associated with
steeper slopes (11-25 %) whereas the other communities were typically found on moderate slopes
or level sites. Soils of quartz fields are typically shallow. The mean soil depth for all communities
of quartz fields and related habitats were low (< 20 cm). Only the Psilocanlon juncenn Community
(# 16) showed a mean value of 38 cm. The stone content in soils of quartz fields and related
habitats was generally high (> 20 % weight). Even the values for the zonal Preronia pallens-Aridaria
noctiflora ssp. defoliata Community (# 10) and of the Psilocanton juncenn Community (# 10) lay
within the range. Mean values for carbonate were low for most of the communities. Only the
soils of the surroundings of quartz fields and related habitats (Communities # 10 and # 10)
showed mean values above 0 (Class 1.5 - 4.1).

The composition of ions of the soils of different communities of the Little Karoo and adjacent
areas showed a strong variance within the data set. The total amount of iones of some samples
exceeded other by more than 100 times. Such strong differences were even found between
relevés of the same community (i.e., in Communities # 2, 3, 12, and 13). The variance between
the communities did not exceed the variance within the community. The strong variance between
the samples of the same community revealed hardly any particular preferences of the
communities regarding the ion composition in soil. Only the Gibbaenn velutinum Community (# 2)
had low content of sodium in all three samples whereas the magnesium content increased
relatively. Also, a general trend was that for the relevés of the community groups A (Community
# 1), B (Community # 2-4), and C (Communities # 5-7) the absolute carbonate content tended
to be lower than for the community groups D (Communities # 8-15).
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16 of the Little Karoo and adjacent areas.
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Namaqualand sensu lato: Knersvlakte, Riethuis-Wallekraal,
Richtersveld

In the following, the species group (SG) and numbers of communities refer to Phytosociological

Table II (Appendix 10) and Synoptic Table II (Appendix 9).

[11.6.2 Knersvlakte

The scatter diagram of the relevés based on a CA ordination clearly showed a division of the data
set into two main parts plotted on both sides of the Axis 2 (Figure 48). On the left hand side of
the diagram, the relevés of the saline quartz fields (shown in red) were plotted. The majority of
the relevés were clustered densely close to Axis 1. Merely the relevés of the Oophytum oviforme
Community (# 29) were split off and drawn in the upper left quarter of the diagram. On the right
hand side of the diagram, the communities that are mainly restricted to non-saline, acid quartz
fields were plotted (shown in blue). They were broadly scattered along Axis 2 whereas the
communities formed distinct clusters which were clearly separated from each other.

The Monilaria pisiformis Community (# 30) was plotted in the middle (along Axis 2) thus revealing
an intermediate position between the two main groups. In contrast, among the saline relevés of
the quartz fields, only the Oophytum oviforme Community (# 31) was clearly separated as such,
whereas the other were plotted in a dense sequence: the Mesembryanthemum: fastigiatum Community
(# 20) was plotted furthest to the left, directly bordering to a dense cluster representing the
Argyroderma pearsonii Community (# 25) and, further to the right, the Phyllobolus digitatus ssp.
digitatus Community (# 28). The Cephalophyllum spissum (# 24), Argyroderma fissum (# 22), A. delaetii
(# 23), Oophytum nanum (# 27) and Drosanthemum diversifolinm Community (# 21), in return, were
plotted very closely together without showing any resolution on community level. The
communities of the non-saline, acid quartz fields on the right hand side of the diagram were
clearly separated from each other. The clusters representing communities were scattered parallel
to Axis 2.

In order to explain some aspects of the variance within the species data, environmental variables
were subsequently included into the analysis. The direction of strongest variation within the data
set were presented by arrows. Axis 1 which presented the axis of strongest variance of species
data was best explained by the environmental variables stone content, H" concentration, and
electrical conductivity. Whereas the latter was negatively associated with Axis 1. Coarse quartz
cover on the one hand and stone cover of other lithology than quartz on the other hand largely
explained the divergent distribution of the communities of the non-saline quartz fields along Axis
2. But the remaining variables were of lower importance for the variance of species data. The low
importance of quartz cover was due to the low variance of quartz cover within the data set which
comprised quartz-field relevés only. However, the quartz cover which was restricted to fine to
medium sized quartz gravel (< 60 mm in diameter) decreased with increasing percentage of
coarse quartz gravel (> 60 mm in diameter) which was characteristic for the Brownanthus corallinus
Community (# 32), the Monilaria chrysolenca Community, the Dicrocanlon longifolium (# 38) as well as
the D. nodosum Community (# 39). The Ruschia burtoniae (# 33) and the Conophytum minutum vax.
minutnm Community (# 31), in return, was plotted in the lower right section of the ordination
which was positively associated with stone cover of other lithology than quartz. The separation of
the Oophytum oviforme Community (# 29) from the other saline quartz fields was interpreted by a
more positive association with inclination of slope, soil depth and coarse quartz cover.
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Figure 48. CA ordination of species data of all quartz-field relevés of the Knersvlakte.

The ordination without the outlying Ogphytum oviforme Community (Figure 49) was largely in line
with the previous. The dense cluster of the relevés of the saline quartz fields remained. However,
in contrast to the previous ordination they were arranged in a row largely parallel to Axis 1. In the
row furthest to the left and slightly separated from the rest, the Mesembryanthemum fastigiatunm
Community (# 24) was plotted. This community was recorded for the most extremely saline
quartz fields in the Knersvlakte. It was followed by the other relevés which were less distinctly
arranged according to the communities.

But the communities of the acid quartz fields were spread even broader thus revealing a strong
positive association between the Brownanthus corallinus Community (# 32) and the Dicrocanlon
longifolium Community (# 38) and soil depth whereas the Dicrocanlon nodosum Community (# 39)
was more strongly associated with coarse quartz cover.
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Figure 49. CA ordination of species data of the quartz fields of the Knersvlakte

Oophytum oviforme Community (# 29).

calculated without

Table 50. Summary statistics for the CA of species data of the quartz-field relevés from the

Knersvlakte.

Axes 1
Eigenvalues: .944
Cumulative % of variance
of species data: 4.3
of species-environment relation: 19.1
Species-environment correlations: .680

Cumulative % of variance
Sum of all unconstrained eigenvalues:
Sum of all canonical eigenvalues:

2 3 4
923 916 .900
85 127 16
2715 373 405
460 493 .287

21.840
2.314

Table 51. Summary statistics for the CA of species data of the quartz-field relevés from the
Knersvlakte without Oophytum oviforme Community (# 29).

Axes 1
Eigenvalues .939
Cumulative % of variance
of species data 4.4
of species-environment relation: 21.0
Species-environment correlations :  .709

Sum of all unconstrained eigenvalues
Sum of all canonical eigenvalues

2 3 4
921 901 .894
88 131 173
342 372 409
569 275 .303

21.099
2.280

The eigenvalues and the species environment correlations for both CA ordinations were very
high. The correspondence analysis without the outlying Oophytum oviforme Community (# 39) even
revealed higher species-environment correlations for the first two axes. However, the cumulative
percentage of variance of species data explained by the ordinations was comparatively low (< 10
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% for the first two axes) (Table 50 & Table 51). In both analyses about one third of the variance
of species-environment relation was explained by the ordinations. However, despite the increase
of statistical values for the CA, the changes in the data set did not result into a better resolution
of the communities of the saline quartz fields. Subsequent analyses were therefore conducted
with the complete data set.

In order to dissolve the cluster of relevés of the saline quartz fields, a separate CA analysis of
the corresponding data was conducted (Figure 50). For this analysis, however, the outlying
Ouophytum oviforme community (# 29) was omitted. The correspondence analysis had high
eigenvalues, high species-environment correlation and explained about 20 % of the variance of
species data and 35 % of the variance of the species-environment relation (Table 52).

The resulting ordination revealed a clear separation of the Oagphytum nanum Community (# 27)
from the rest. It showed strongest positive association with H' concentration and, less
significantly, with stone content in soil. The Mesembryanthenum fastigiatum Community (# 20), the
Argyroderma pearsonii Community (# 25) and the Cephalophyllum spissum Community (# 23) were
plotted on the right hand side of the diagram along Axis 1. They were associated with highest
values of electrical conductivity. In return, the Argyroderma fissum C., the A. delaetii Community (#
23), the Phyllobolus digitatus ssp. digitatns Community (# 28) as well as the Drosanthemum diversifolinm
Community (# 21), were plotted next to each other at the lower left corner of the diagram. The
D. diversifolium and Argyroderma fissum Community (# 22) showed the strongest overlap with each
other whereas Argyroderma delaetii and the Phyllobolus digitatus ssp. digitatus Community were plotted
in distinct clusters each.

Table 52. Summary statistics for the CA analysis (Figure 50) of the species data of saline quartz fields
of the Knersvlakte with subsequently included environmental variables.

Axes 1 2 3 4
Eigenvalues: .893 .849 763 .732
Species-environment correlations: 519 540 .390 430
Cumulative % of variance

of species data: 10.3 201 289 374

of species-environment relation: 17.0 345 427 522

Sum of all unconstrained eigenvalues: 8.654

Sum of all canonical eigenvalues: 1.414
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The eigenvalues and the species-environment correlations were high, indicating a robust
ordination. Almost half of the cumulative percentage of variance of species-environmental
relation was explained by the ordination (Table 53).

Table 53. Summary statistics of the CCA ordination of the species and environmental variable data
from quartz fields of the Knersvlakte.

Axes 1 2 3 4

Eigenvalues: 618 417 281 244
Species-environment correlations: .830 736 .644 570

Cumulative percentage variance

of species data: 2.9 4.9 6.2 7.4

of species-environment relation: 271 454 577 684

Sum of all unconstrained eigenvalues: 21.099
Sum of all canonical eigenvalues: 2.280

In correspondence with the CA ordination, the joint plot of unconstrained relevé scores of the
CCA ordination (Figure 51) separated the relevés into two main groups: those on saline quartz
fields and those non-saline, acid quartz fields. The arrow that presents salinity (high electrical
conductivity) directed to the right thus indicating a positive association with Axis 1. The arrow
presenting H concentration (inversion of soil pH) were plotted at the left hand side of the
diagram and was negatively associated with Axis 1. Both environmental variables were
represented by the longest arrows and therefore revealed to be of highest importance for the
variance in species data. Carbonate was positively associated with electrical conductivity whereas
stone content in soil as well as stone cover of other lithology than quartz were negatively
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associated with electrical conductivity and positively associated with low soil pH (H"
concentration). Quartz cover of coarse fractions (> 60 mm diameter), soil depth and inclination
of slopes had positive associations with Axis 2 whereas quartz cover of small fractions (< 60
mm) was negatively associated with Axis 2.

In correspondence with the CA ordination, the relevés of the non-saline, acid quartz fields
(Conophytum minutum vax. minutum Community # 31 to Dicrocanlon nodesum Community # 39) were
scattered broadly along both, Axis 1 and 2. The communities of the saline quartz fields
(Drosanthemum diversifolinm Community # 21 to Oophytum oviforme Community # 29), in contrast,
were densely plotted along Axis 1 which were positively associated with electrical conductivity
and negatively associated with H" concentration. The sequence of communities along Axis 1
mirrored the habitat preferences of the community. The Mesenbryanthenum fastigiatur Community
(# 20), the Argyroderma pearsonii Community (# 25) and the Phyllobolus digitatus ssp. digitatus C. (#
28) showed the strongest association with salinity. The other communities were less strongly
correlated with salinity but also associated with the other environmental variables, such as soil
depth (Drosanthemum diversifolium C. # 21, Argyroderma fissum C. # 22, and Cephalophyllum spissum C.
# 24) or quartz cover on soil surface (Argyroderma delaetii C. # 23, Ogphytum nanum C. # 27,
Ouophytum oviforme C. # 29), respectively. The Oophytum oviforme Community (# 29) which was an
outlier in the CA ordination did not reveal any particularities regarding the its association with
any of the variables taken into account here.

The communities of the non-saline, acid quartz fields (shown in blue) were roughly split into two
parts. One group was positively associated with Axis 2 and thus positively associated with coarse
lithology. This group comprised the Dicrocanlon nodosum C (# 39), the D. longifolinm C. (# 38), the
D. psendonodosum C. (# 37) and the Brownanthus corallinus Community (# 32). Another group was
plotted in negative association with Axis 2 and Axis 1 thus revealing a strong positive association
with H" concentration and stone content in soil (Ruschia burtoniae C. # 33), the Conophytum
minutum var. minutum C # 31, and Dicrocanlon brevifoliume Community # 36). The Monilaria
moniliformis C. (# 35) and the Monilaria chrysolenca C. (# 34) were plotted at the proximal end of the
of the gradients H" concentration and stone content, thus indicating a less strong affinity to any
of the variables that were included into the analysis. In correspondence with the CA ordination,
the Monilaria pisiformis C. (# 30) was plotted in the centre of the ordination, in an intermediate
position between the saline and non-saline quartz fields.

The joint plot of the constrained relevé scores and the environmental variables of the same
CCA ordination (Figure 52) presented the linear combinations of relevés and environmental
variables. In correspondence with the CA ordination and the joint plot of the unconstrained
relevé scores of the CCA ordination, the relevés of the saline (shown in red) and non-saline, acid
quartz fields (shown in blue) were clearly separated from each other. The saline quartz fields were
merely associated with three out of eight environmental variables, i.e., electrical conductivity,
carbonate content and quartz cover on soil surface, among which electrical conductivity and
carbonate direct into the identical direction. The non-saline, acid quartz fields were associated
with five divergent environmental variables and were thus dispersed more broadly than those the
relevés of the saline quartz fields. Due to the linear combination of the relevés and the
environmental variables of the constrained relevé scores, the communities were more broadly
scattered than in the unconstrained relevé scores of the same CCA ordination.

However, several communities showed a distinct association with particular environmental
variables. The Argyroderma fissum C. and Cephalophyllum spissum C. were both positively associated
with coarse quartz cover, soil depth, and inclination of slope and negatively associated with small
to medium sized quartz cover on soil surface. The Argyroderma pearsonii C., Mesembryanthenum
Sastigiatum C. and the Phyllobolus digitatus ssp. digitatus C. The Argyroderma delaetii C., in return was
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plotted along the proximal end of the arrow presenting electrical conductivity and with positive
association with quartz cover on soil surface, thus indicating its preference of less saline quartz-
field habitats. The Oophytum nanum C. and the Oagphytum oviforme C. were plotted in the centre of
the diagram. The did not show any alliance with the environmental variables employed.

Among the communities of the non-saline, acid quartz fields the Monilaria moniliformis C. (# 35),
Monilaria chrysolenca C. (34), the Monilaria pisiformis C. (# 30), and the Brownanthus corallinus
Community (# 32) were plotted in the centre of the diagram. That is, some relevés area positive
associated with electrical conductivity. They thus did not show any particular association with the
environmental variables employed. The Dicrocanlon brevifolium C. (# 36), and the Ruschia burtoniae
C. (# 33) were broadly scattered on the right hand side of the diagram, revealing a generally
positive association with coarse quartz cover, H' concentration, and stone content in soil. The
Conophytum minutum var. minutum C. (# 31), in contrast, was restricted to the lower left section of
the ordination, thus revealing a positive association with H" concentration and stone content in
soil. The Dicrocanlon longifolinm C. (# 38), the D. nodosum C. (# 39), and the D. pseudonodosum C. (#
39) were largely restricted to the upper left section of the ordination which make emerge their
strong association with soils with coarse quartz cover on soil surface, relatively high soil depth,
and relatively high inclination of slope.

A separate CCA ordination was calculated with a data set which was restricted to the
saline quartz fields from the Knersvlakte (after having omitted the Oophytum oviforme
Community # 29). The ordination did not have very high eigenvalues for the axes and the
cumulative percentages of variance of species data explained by the ordination were
comparatively low (Table 54). However, nearly 50 % of the cumulative percentage of variance of
species-environment relation were explained by the ordination.

Table 54. Summary statistics of the CCA ordination of species and environmental variable data from
the saline quartz fields of the Knersvlakte (without Oophytum oviforme Community # 29).

Axes 1 2 3 4
Eigenvalues : 394 301 240 .169
Species-environment correlations: 704 643 .644 535
Cumulative % of variance
of species data: 4.2 7.5 10.1  11.9
of species-environment relation: 26.2 46.2 621 734
Sum of all unconstrained eigenvalues: 9.298
Sum of all canonical eigenvalues: 1.505

The joint plot of the unconstrained relevé scores and environmental variables of the vegetation
data from the saline quartz fields in the Knersvlakte (Figure 54) revealed a clear separation of the
vegetation communities from each other. Each community showed a clear graphical relationship
with any of the environmental variables employed. The Mesembryanthemum fastigiatum C. (# 26) was
plotted in strong positive association with electrical conductivity whereas the _Argyroderma pearsonii
C. (# 25) showed a stronger correlation with quartz cover on soil surface. The Phyllobolus digitatus
ssp. digitatus C. (# 28), in contrast, showed a less pronounced affinity to electrical conductivity.
The Argyroderma fissum C. (# 22) and the Drosanthemum diversifolium C. (# 21) were both positive
associated with carbonate in soil and soil depth, whereas the Cephalophyllum spissum C. (# 24),
which is closely related to the A. fissum C., showed a higher affinity to inclination of slope and
coarse quartz cover. The C. Oaphytum nanum C. (# 27) and, less pronounced though, the
Argyroderma delaetii C. (# 23) were positively associated with H" concentration and stone content
in soil.
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Figure 53. Joint plot of the unconstrained relevé scores of the CCA ordination of the species and
environmental variable data from the saline quartz fields of the Knersvlakte (without Oophytum
oviforme Community # 29).

The joint plot of constrained relevé scores and environmental variables of the canonical
correspondence analysis of data from the saline quartz fields of the Knersvlakte (Figure 53) again
revealed the H" concentration and electrical conductivity as the environmental variables which
are most relevant for the variance in species data. The Argyroderma fissum C. (# 22) and the
Phyllobolus digitatus ssp. digitatus C. (# 28) were broadly scattered and showed weak correlation with
any of the environmental variables. The _Argyroderma pearsonii Community (# 25) and the
Mesembryanthemum fastigiatum Community (# 26), in contrast, were positively associated with
electrical conductivity and quartz cover on soil surface, whereas A. delaetii Community (# 23) had
a stronger correlation with low soil pH, presented by H' concentration as well as with stone
content in soil. Cephalophyllum spissum Community (# 24) and Drosanthemum  diversifolinm
Community (# 21) were both positively associated with inclination of slope, carbonate and soil

depth.

The spectrum of the absolute ion content in the soil samples of quartz-field communities of the
Knersvlakte (Communities # 21-39) (Figure 55) revealed a high variance regarding the total
values with most of the communities. This variance did not differ from the variance between the
communities. Merely the Monilaria pisiformis C. (# 30), the Conophytum minutum C. (# 31), the
Dicrocanlon pseundonodosum Community (# 37), and the Dicrocanlon longifolinm Community (# 38)
showed a strong similarity among the relevés of the same communities. With respect to the
relative composition of the ions (Figure 56) the same variance within and among the quartz-field
communities emerged. However, three communities seemed to be generally associated with soils
with a low percentage of magnesium in the ion spectrum, i.e., the Drosanthenum diversifolinm
dominated C. (# 21), the Brownanthus corallinus C. (# 32), and the Dicrocanlon longifolinm C. (# 38).
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Figure 54. Joint plot of the constrained relevé scores of the CCA ordination of the species and
environmental variable data from the saline quartz fields of the Knersvlakte (without the Oophytum
oviforme Community # 29).

Beyond the particularities of singular communities there was a general difference between the ion
composition of soils of the saline quartz fields (Communities # 21-30) and that of non-saline,
acid quartz fields (Communities # 31-39). Acid quartz fields tended to have a relatively higher
percentage of magnesium, calcium, and sulphate than the saline quartz fields. Among the saline
quartz fields, sodium and chloride were presented with higher percentages.

The ion composition of both groups of quartz-field habitats differed considerably from the soils
outside quartz fields (Communities # 1-20) which largely had lower total values of ion content
for most of the samples. Only the samples from the Salsola zeyher: Community (# 17), the Ruschia
subsphaerica C. (# 19) and the Aridaria serotina-Ruschia sp. (Bartels 93268 HBG) Community (# 20)
had similarly high total content of ions than the quartz-field communities. For these samples
where the ion content was generally low (Community # 1-14) the ion spectrum was composed
more equally: the relative share of sodium and chloride was smaller whereas that of the other ions
increased. Potassium and nitrate, in particular, were presented with a far higher percentage than
in the samples with high total content of ions. The high content of ions in the samples of
communities # 17, # 19, and # 20 were closely related to the high electrical conductivity which is
typical for these communities.
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Figure 55. Absolute content of ions (given in meqg/kg) of selected relevés of the communities of saline
quartz fields (Communities # 21-30, top), non-saline acid quartz fields (Communities # 31-49, middle),

and outside the quartz fields (Communities # 1-20, bottom) of the Knersvlakte.
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Figure 56. Relative composition of ions of selected relevés of the communities of saline quartz fields
(Communities # 21-30, top), non-saline acid quartz fields (Communities # 31-49, middle), and outside
the quartz fields (Communities # 1-20, bottom) of the Knersvlakte.
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[11.6.3 Riethuis-Wallekraal area

The CA ordination of the species data of the Riethuis-Wallekraal area (Figure 57) revealed a
trichotomy of the of the quartz-field vegetation: one group comprised non-saline, acid quartz
fields and two other groups comprised saline quartz fields. Communities that mainly occur
outside the quartz fields (i.e., Drosanthenum roseatum C. # 11 and Ruschia lencosperma Community #
46) were again plotted in a fourth group, in negative association with quartz cover on soil surface.

The summary statistics Table 55 indicated a robust ordination: the eigenvalues (> 0.9 for the first
three axes) and the species-environment correlations (0.79) were extremely high and up to 20 %
of the variance of species data and about one third of the species-environment relation were
explained by the ordination.

Table 55. Summary statistics of the CA ordination of species data and subsequently added
environmental variables of quartz-field and adjacent relevés of the Riethuis-Wallekraal area.

Axes 1 2 3 4
Eigenvalues: 948 935 908 .888
Species-environment correlations : 662 797 .858 .458
Cumulative % of variance

of species data: 10.2 20.2 30.0 395

of species-environment relation: 123 29.8 495 550
Sum of all unconstrained eigenvalues: 9.310
Sum of all canonical eigenvalues: 3.392
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Figure 57. CA ordination of species and subsequently added environmental variable data of the
quartz fields and adjacent relevés of the Riethuis-Wallekraal area.

Each community (as defined in Chapter IX.1.4) was associated to one of these groups and thus
with particular environmental variables. The Monilaria scutata var. seutata Community (# 45) as
well as the Aspazoma amplectens Community (# 48), shown in green in Figure 57, showed a strong
positive association with low soil pH (H" concentration) and coarse quartz cover on soil surface.
They were the only communities that were negatively associated with salinity. Salinity, however,
was of secondary importance for the variance in species data (presented by a short arrow).
Salinity was generally positively correlated with soil depth.
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The saline quartz fields comprised communities that were positively associated with inclination,
quartz cover as well as stone cover of other lithology than quartz, and carbonate content in soil.
The latter environmental variable had lower importance for the variance in species data. The
separation of the Salsola zeyberi-Galenia fruticosa Community (# 17), the Dicrocanlon ramulosum
Community (# 43) and less strongly the Dicrocaulon spissum Community (# 42) were mainly
explained by the variance of these environmental variables. The Monilaria scutata var. obovata C. (#
40), the Jacobsenia vaginata Community (with the . globosum-M. globosum Sub-C. # 41.1 and the J.
vaginata-dominated Sub-C. # 41.2) as well as the Brownanthus corallinus Community (# 32) were
grouped next to each other. They were negatively associated with inclination of slope, quartz
cover on soil surface, stone cover of other lithology than quartz on soil surface. But they were
positively associated with stone content in soil and had a more positive association with soil
depth and electrical conductivity.
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Figure 58. Joint plot of the unconstrained relevé scores and environmental variables of the CCA
ordination of the quartz-field and adjacent relevés of the quartz fields in the Riethuis-Wallekraal area.

The Ruschia lencosperma Community (# 46) as well as the Drosanthemum roseaturn Community (# 11)
formed a fourth group which was not associated with quartz cover at all. The Ruschia lencosperma
Community (# 406) has been recorded for quartz fields in the Richtersveld. The Drosanthemum
roseatnn Community (# 11), however, typically inhabit heuweltjies or their surrounding in the
Knersvlakte and were never recorded for the quartz fields. For the Riethuis-Wallekraal area they
were negatively associated with quartz cover and stone cover of other lithology on soil surface,
inclination of slope, and carbonate content in soil. However, their separation from the remaining
relevés were not explained by the positive by any of the environmental variable.
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Figure 59. Joint plot of the constrained relevé scores and environmental variables of the CCA
ordination of the quartz-field and adjacent relevés of the quartz fields in the Riethuis-Wallekraal area.

The CCA ordination of species and environmental variables of the relevés of quartz fields and
adjacent habitats (Figure 58 and Figure 59) strongly supported the results of the CA ordination.
The ordination was based on high eigenvalues (> 0.7), extremely high species-environment
correlations (> 0.9) (Table 56). More than 15 % of the cumulative percentage of variance of
species data and 44 % of the species-environment relation were explained by the ordination.

Table 56. Summary statistics of the CCA ordination of species and environmental variable data of
quartz-field and adjacent relevés of the Riethuis-Wallekraal area.

Axes 1 2 3 4

Eigenvalues: 760 725 623 .555
Species-environment correlations: 927 914 899 .833

Cumulative % of variance

of species data: 8.0 15.7 223 282

of species-environment relation: 226 441 626 79.1

Sum of all unconstrained eigenvalues: 9.455
Sum of all canonical eigenvalues: 3.367

Both joint plots, those of the unconstrained and of the constrained relevé scores, revealed the
separation of the quartz fields into saline and acid quartz fields. The latter were characterised by
relatively high cover values of coarse quartz debris whereas the latter were strongly positively
associated with cover of medium sized (< 60 mm) quartz debris (quartz cover). The
environmental variable electrical conductivity was presented by a very short arrow, thus
indicating the poor importance of this variable for the variance in species data within the
ordination. This separation of the species data of the saline quartz fields into the two groups
which emerged from the CA ordination (Figure 57) was not mirrored in either of the joint plots



128

of the CCA ordination. Again, the Ruschia lencosperma Community (# 46) and the Drosanthenum
roseatnm Community (# 11) were clearly separated from other communities. Their negative
association with quartz cover, stone content in soil and inclination of slope which was indicated
by the CA ordination was strongly supported by the unconstrained and constrained relevé scores
of the CCA ordination. The two communities did not show any positive association with any of
the environmental variables employed.

The two joint plots of the CCA ordination, based on unconstrained and constrained relevé scores
were largely in line. They both revealed a strong correlation between the communities and
particular environmental variables, thus indicating strong habitat preferences of the communities.

[11.6.4 Richtersveld

The CA ordination of quartz-field and adjacent habitats of the Richtersveld (Figure 60) revealed a
clear separation between the quartz-field relevés (shown in blue and green) and those of the
Brownanthus pseudoschlichtianus Community (# 52). The quartz fields again were divided into two
subgroups: The Brownanthus pubescens Community (# 51, which comprises two sub-communities,
shown in blue) was separated from the Aspazoma amplectens C. (# 48), the Cephalophyllum regale C.
(# 47), and the Schlechteranthus hallii Community (# 50). Some of the relevés of the Cephalophyllum
regale Community, however, were scattered quite broadly along Axis 1. The Ruschia lencosperma
Community (# 46) was plotted close to the latter group of quartz-field communities and the
Eberlanzia cyathiformis Community (# 46) had a intermediate position between the latter and the
Brownanthus psendoschlichtianus Community (# 52).
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Figure 60. CA ordination of species and subsequently added environmental variable data of quartz-
field and adjacent habitats of the Richtersveld. Seven communities and two sub-communities were
distinguished.

The correlation with the subsequently added environmental variables revealed that the two main
groups of quartz-field habitats were associated with contrasting environmental variables each.
The Brownanthus pubescens Community (# 51) was positively associated with electrical conductivity,
inclination of slope and - less strongly - cover of small to medium sized quartz debris (quartz
cover). The remaining quartz-field communities were positively associated with the
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environmental variables H™ concentration, stone content in soil, and stone cover of coarse
fraction (> 60 mm) of quartz debris. The Schlechteranthus hallii Community (# 50) in particular was
plotted in a very close association with the environmental variable stone content in soil. The
Brownanthus psendoschlichtianns Community (# 52) showed a positive association with carbonate
content in soil and - less strongly - with soil depth. Soil depth was generally negatively associated
or independent with both quartz-field habitats. However, it had a less negative association with
the saline quartz fields than with the non-saline, acid quartz-field relevés.

Table 57. Summary statistics for the CA of species data from quartz fields and surroundings in the
Richtersveld

Axes 1 2 3 4

Eigenvalues: 982 958 908 .857
Species-environment correlations: 749 559 604 .651

Cumulative % of variance

of species data: 71 141 207 27.0

of species-environment relation: 18.7 289 401 525

Sum of all unconstrained eigenvalues: 13.731
Sum of all canonical eigenvalues: 2.941

The ordination was supported by high eigenvalues and high species-environmental correlations
(Table 57). About one third of the variance of species-environment relation but only 14 % of the
variance species data was explained by the ordination.
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Figure 61. Joint plot of unconstrained relevé scores of the species and environmental variable data
from the quartz-field and adjacent habitats of the Richtersveld.

In the joint plot of the relevé scores of the species and environmental variable data of quartz-
field and related habitats of the Richtersveld (Figure 61), the separation of the habitats inside and
outside the quartz became even more obvious. The communities that were largely or completely
restricted to habitats outside quartz fields (shown in red) showed a strong positive association
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with carbonate in soil and with soil depth, they were negatively associated with quartz cover on
soil surface. The two main habitat types of the quartz fields which emerged in the CA ordination
already, were clearly separated by the unconstrained relevé scores of the CCA ordination. The
environmental variables H™ concentration on the one hand and electrical conductivity on the
other hand explained the majority of the variance in species data within the quartz-field habitats.
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Figure 62. Joint plot of constrained relevé scores of the CCA ordination of quartz-field and adjacent
habitats of the Richtersveld.

The joint plot of the constrained relevé scores of the CCA ordination (Figure 62) which are the
linear combination of environmental variables strongly supported the separation of saline and
non-saline, acid quartz fields. The communities of the habitats outside quartz fields, ie., the
Brownanthus pseudoschlichtianus Community (# 52), the Eberlanzia cyathiforme Community (# 49), and
to a smaller extend the Ruschia lencosperma Community (# 40) were positively correlated with
carbonate content in soil and soil depth. The latter community, however, was found on both,
inside and outside quartz fields. Its ecological position was mirrored by its pattern of scatter
within the ordination where it was plotted around its centre. The Cephalophyllum regale Community
(# 47) which was mainly associated with non-saline, acid quartz fields in the CA ordination and
the unconstrained relevé scores of the CCA ordination showed a comparatively broad ecological
amplitude along the gradients. The same was true for the Brownanthus pubescens-dominated Sub-
Community (Brownanthus pubescens Community # 51).

The CCA ordination was robust (Table 58): the eigenvalues and the species-environment
correlations were high. Forty percent of the variance of the species-environment relation was
explained by the ordination. However, the cumulative percentage of variance of species data
explained by the ordination was rather low (8.8 %).
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Table 58. Summary statistics for the CCA of species and environmental data from quartz fields and
surrounding habitats in the Richtersveld.

Axes 1 2 3 4

Eigenvalues: .651 551 464 .385
Species-environment correlations: .846 .860 .767 .725

Cumulative % of variance

of species data: 4.7 8.8 121 149

of species-environment relation: 221 409 56.7 69.8

Sum of all unconstrained eigenvalues: 13.731
Sum of all canonical eigenvalues: 2.941

The ion spectrum and composition of the quartz fields of the Riethuis-Wallekraal area
(Communities # 40-45) and the Richtersveld (Communities # 48-51) (Figure 63) revealed a
generally higher content of ions for the samples from the Riethuis-Wallekraal area (# 40-45)
which was mainly due to an increase of sodium and chloride. The samples from the Riethuis-
Wallekraal area showed very low variance within and among the communities. Most of the
samples from quartz fields of the Richtersveld had lower total values of ion content and a more
equal distribution among them. With respect to the relative composition of ions (Figure 63,
below) the samples of the Aspazoma amplectens Community (# 48) and the Schlechteranthus hallii
Community (# 50) had a very high percentage of sulphate, and - less significantly - calcium. Both
communities were also associated with relatively low values of electrical conductivity (< 1
mS/cm) and moderately acid soil pH. The samples of the Brownanthus pubescens Community (#
51), in return, had high very low values of magnesium with respect to both, relative share and
absolute values.
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Figure 63. Absolute (above, values given in meg/kg) and relative (below) composition of cations and
anions of selected relevés of the communities in the Riethuis-Wallekraal area (# 40-45) and the
Richtersveld (# 48-51).
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[11.6.5 Bushmanland-Warmbad area

In the CA ordination of the species data of quartz-field habitats of the Bushmanland-Warmbad
area (Figure 64) the Zygophyllum decumbens C. (# 1 B-W) and the Orgpetium capense-Ruschia odontocalyx
Sub-Community (# 3.1 B-W) were separated from the rest. The relevés of the other sub-
communities of the Oropetinm capensis Community were plotted next to each other, whereas those
of the Lithops julii Community (# 2 B-W) were scattered broadly. The strongest variance in
species data along Axis 1 was positively associated with the variance of the environmental
variables quartz cover on soil surface, inclination of slope, and stone content in soil. The
Oropetinm capensis-Ruschia odontocalyx Sub-Community (# 3.1 B-W) which was plotted along Axis 2
was positively associated with soil depth and negatively associated with electrical conductivity.
The ordination had very high eigenvalues and high species-environment correlations (Table 59).

Table 59. Summary statistics for the CA ordination of species data and subsequently added
environmental variables from quartz-field habitats in the Bushmanland-Warmbad area.

Axes 1 2 3 4
Eigenvalues: 964 831 .803 .713
Species-environment correlations: 412 451 397 .51
Cumulative % of variance
of species data: 13.1 245 354 451
of species-environment relation: 9.4 191 264 37.1
Sum of all unconstrained eigenvalues: 7.338
Sum of all canonical eigenvalues: 1.739
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Figure 64. CA ordination of species data and subsequently added environmental variables of quartz-
field habitats in the Bushmanland-Warmbad area.
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Figure 65. Joint plot of unconstrained relevé scores of quartz-field habitats of the Bushmanland-
Warmbad area.
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Figure 66. Joint plot of constrained relevé scores of quartz-field habitats of the Bushmanland-
Warmbad area (Community 1-4 B-W)

Among the environmental variables that were employed for the CCA ordination (Figure 65 and
Figure 60), inclination of slope and stone content in soil was of highest importance for the
variance in species data. The arrows representing quartz cover, stone cover of other lithology as
quartz, H" concentration, electrical conductivity, and soil depth were of comparatively low
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importance. Axis 1 represented a gradient of increasing inclination, increasing stone content and
decreasing soil depth. Axis 2 represented a gradient of decreasing quartz cover on soil surface.

In general, the communities showed a low affinity to any of the environmental variables
employed, not even for the unconstrained relevé scores (Figure 65). Only the Oropetinm capensis-
Galenia  fruticosa Sub-Community (# 3.3 W-B) showed a positive association with H°
concentration in soil. The strong separation of the Zygophylium decumbens Community (# 1 B-W)
from the rest which emerged from the CA ordination was not explained by environmental
variables in the CCA ordination. Its positive association with quartz cover and inclination of
slope (in CA) was also not supported by the constrained relevé scores of the CCA ordination.

The CCA of the species and environmental variable data of the quartz-field habitats of the
Bushmanland-Warmbad area had high eigenvalues for the first two axes and very strong species-
environment correlations (Table 60). About 50 % of the variance of species species-environment
relation was explained by the ordination.

Table 60. Summary statistics for the CCA ordination of species and environmental variable data from
quartz-field and surrounding habitats in the Bushmanland-Warmbad area.

Axes 1 2 3 4

Eigenvalues: 517 449 293 238
Species-environment correlations: 836 .899 689 .732

Cumulative & of variance

of species data: 7.6 142 18.6 22.1

of species-environment relation: 282 527 687 817

Sum of all unconstrained eigenvalues: 6.785
Sum of all canonical eigenvalues: 1.833

Table 61. Weighted means (above) and weighted standard deviation (below, in brackets) of
environmental variable data employed for ordinations for the different areas.

Carbo-

. Quartz Stone Stone H*
Incli- . Electr. nate
. Soil cover Quartz cover content concen-
nation of R . conduc- | content .
Area slobe depth coarse cover non- in soil tivit in soil tration
[o? [em] gravel [%] quartz [% [mS /c)r/n] [Class (*100
[%] [%] weight] 1-5] 000)
Little 4.2126 15.4447 |- 50.1866 |26.841 40.296 2.0225 0.3489 0.4712
Karoo (4.9157) | (7.8363) (38.125) |(34.825) |(22.871) |(2.0524) |(0.9778) |(1.4794)

Kners- 7.1924 17.351 3.4152 88.808 1.599 46.286 3.019 0.2067 1.9616
vlakte (6.6778) | (7.525) (7.152) (18.077) | (4.217) (20.499) | (2.567) (0.550) (3.3374)
Riethuis- | 8.5099 14.180 0.8073 68.165 7.6339 31.399 2.1667 0.0950 1.2770
Walle- (7.2843) | (6.898) (4.544) (31.381) |(16.595) |(15.819) |(1.802) (0.5517) | (2.8208)
kraal
Richters- | 8.603 19.574 1.673 54.858 3.6948 39.2714 |0.9503 0.2462 0.9516
veld (1.317) (10.031) |(2.485) (42.219) | (14.519) |(17.699) |(1.4807) | (0.606) (3.380)
Bushman | 3.3221 14.119 - 77.276 0.7941 47.752 0.0754 - 0.0933
land-WB | (2.584) (7.357) (18.366) |(2.4892) |(19.319) |(0.0671) (0.1806)
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.7 Growth-form composition of the vegetation

[1.7.1  Growth-form composition inside and outside the quartz
fields of different phytochoria

The comparison of the growth-form composition of the vegetation of the quartz fields and the
surrounding zonal habitats in five different phytochoria with frequent occurrence of quartz fields
revealed a high correspondence within both the quartz fields and the surrounding zonal habitats
of the Succulent Karoo (Figure 67). In these phytochoria, the average canopy cover (Table 62) on
the quartz fields was app. 8-10 % and more than half of this comprised nano- and micro-
chamaephytes (NaCh, MiCh). The average cover of zonal vegetation was higher than of the
quartz-field relevés. Highest average cover for zonal vegetation was recorded for the Knersvlakte
(22 %) whereas it was considerably lower for the other phytochoria (between 5 and 12.3 %).
Mega-chamaephytes (meCh) comprised about 70-80 % of this cover, whereas on the quartz fields
mega-chamaephytes were pootly represented (average canopy cover < 3.5 %). Other growth
forms, i.e., phanerophytes, hemicryptophytes, and geophytes had very low cover values on both
habitat types. In contrast to the other regions, the Knersvlakte had a relatively high average
canopy cover of therophytes in both zonal habitats (3.4 %) and quartz fields (0.6 %). On quartz
fields, these therophytes were mainly succulent (e.g., Mesembryanthemum fastigiatum Thunberg [syn.
Opaophytum aguosum (L. Bolus) N. E. Brown| and Mesembryanthemum stenandrum (1.Bolus) 1.Bolus.)
both Mesembryanthemaceae, whereas on zonal habitats they were non-succulent (mainly
Asteraceae species). The growth-form composition of the vegetation inside and outside the
quartz fields in the Bushmanland differed considerably from the other regions. In contrast to the
Succulent Karoo vegetation, mega-chamaephytes reached higher cover values (average = 3.3 %)
inside than outside quartz fields. Hemicryptophytes, which generally occurred with low cover
values on the relevés of the Succulent Karoo, reached high values in (average = 3.9 %) on the
quartz fields of the Bushmanland-Warmbad area.

Table 62. Average canopy cover (mean values) of quartz-field and zonal vegetation in five different
areas with frequent occurrence with quartz fields.

Buschmanland- |Richtersveld central Knersvlakte Little Karoo
Warmbad Namaqualand
outside |inside |outside |inside |outside |inside |outside |inside |outside |inside
% 5.06 9.74 9.53 7.53 11.3 8.5 22.09 9.43 12.3 7.9

n 9 37 30 66 13 46 329 364 66 121
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Figure 67. Mean canopy cover [%] of the growth forms on relevés with quartz cover (white columns)
and without quartz cover (black columns) of five geographical regions. T= therophytes, G = geophytes,
H = hemicryptophytes, NaCha = nano-chamaephytes (0-5 cm), MiCha = micro-chamaephytes (5-15
cm), MeCha = mega-chamaephytes (15-50 cm), Pna = Nano-phanerophytes).
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[11.7.2 Environmental variables controlling the growth-form
composition of the vegetation

The analyses of distribution of growth forms within the regional sets of growth-form data were
carried out by employing the correspondence analysis, using the programme CANOCO 4.0 (ter
Braak & Smilauer 1998). For the CCA direct gradient analyses the species names were replaced
by the species’ growth-form type. For all regional data sets the same array of environmental
variables and the same growth-form groups were employed.

Little Karoo

The constrained ordination of the CCA analysis of growth-form and environmental variable data
from quartz fields and adjacent habitats of the Little Karoo is shown in Figure 68. The arrows
presenting the environmental variables quartz cover and electrical conductivity were plotted next
to each other, directing into the opposite direction of carbonate content, soil depth, and stone
cover of other lithology than quartz. H" concentration, inclination of slope, and cover of coarse
fragments of quartz were plotted in a rectangle to the other variables but opposite to soil depth.

Table 63. Summary statistics for the CCA analysis of growth-form and environmental variable data
from quartz fields in the Little Karoo and adjacent regions.

Axes 1 2 3 4
Eigenvalues: 319 124 064 .056

Growth form-environment correlations: J75 428 330 .307
Cumulative % of variance

of growth-form data: 8.9 124 142 157

of growth form-environment relation: 550 765 875 97.2
Sum of all unconstrained eigenvalues: 3.575
Sum of all canonical eigenvalues: 0.579

The constrained eigenvalues for the ordination were moderate, however, more than 75 % of the
cumulative variance of the fitted growth-form data were explained by the CCA (Table 63).

The joint plot of growth forms and environmental variables show the correspondence between
the distribution of growth forms and environmental gradients (Figure 68) thus indicating the
habitat preferences of the different chamaephyteous growth forms. High cover values of mega-
chamaephytes were negatively associated with the environmental variables quartz cover, electrical
conductivity, inclination of slope, and coarse quartz cover. It was positively associated with soil
depth, carbonate content, and (with low importance) stone cover of other lithology. High cover
values of micro-chamaephytes also had a broad distribution. Highest values of micro-
chamaephytes were recorded for quartz fields with high electrical conductivity. The relevés with
the highest cover values for compact nano-chamaephytes were plotted in the centre of the
ordination diagram with no obvious association with any of the environmental variables, but a
negative association with soil depth.

Each particular subtype of the nano-chamaephyteous growth forms revealed strong preferences
regarding habitat conditions (Figure 68). Compact and reptant nano-chamaephytes reached
highest cover values on relevés with high H" concentration (low soil pH), high inclination and
coarse cover of quartz. They were largely absent from relevés with deep soils and high carbonate
content. Subglobose nano-chamaephytes were mainly restricted to quartz fields which either have
acid soil pH (high H" concentration) or high electrical conductivity. High cover values of
subterraneous nano-chamaephytes, in contrast, were plotted at the lower right fringe of the
ordination diagram, thus indicating a positive association with high quartz cover and high
electrical conductivity.
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Namaqualand sensu lato: Knersvlakte, Central Namaqualand,
Richtersveld

Knersvlakte

The ordination diagram of the CCA (Figure 69) which was based on the growth-form
composition of the vegetation and its association with environmental variables showed an
identical pattern of environmental variables as was shown for the vegetation composition on
species level (see Chapter 111.6.2). The arrow representing the environmental variable electrical
conductivity was plotted parallel to Axis 1. It had the longest extension, thus indicating a high
explanatory value for the distribution of growth forms within the data set. H" concentration was
negatively associated with electrical conductivity and positively associated with stone content in
soil, thus emerging the two main groups of the quartz-field habitats as has been shown above
(Chapter: II1.6.2). Also in correspondence with the CCA ordination on species level (Figure 51),
Axis 2 was mainly explained by the environmental variables soil depth and, with a negative
association, quartz cover on soil surface. The majority of the environmental variables employed
were shown by particularly long arrows except the variables inclination of slope and stone cover
of other lithology than quartz which were of lower importance for the growth-form composition
of the vegetation.

The ordination was relatively robust: the first two axes had relatively high eigenvalues, strong
growth form-environmental correlation and explained more than 80 % of the variance in the
growth form-environment relationship (Table 64).

Table 64. Summary statistics for the CCA of growth-form and environmental variable data from quartz
fields and surrounding sites in the Knersvlakte.

Axes 1 2 3 4
Eigenvalues: 346 229 066 .025
Species-environment correlations: .668 .558 .332 .223
Cumulative % of variance

of species data: 8.9 14.8 165 17.2

of species-environment relation: 50.7 843 940 97.7

Sum of all unconstrained eigenvalues: 3.874
Sum of all canonical eigenvalues: .682

The CCA joint plot of environmental variables and species as well as the plots of growth-form
abundance per relevé revealed that the growth-form types differentiated within the studies
differed regarding their habitat preferences. The cover values (relative percentage at each relevé)
of the mega-chamaephytes showed positive association with the environmental variables soil
depth, quartz cover of coarse fragments, and inclination of slopes. They were positively
associated with stone content in soil, although less conspicuous. They were negatively associated
with electrical conductivity and quartz cover.

Micro-chamaephytes wete positively associated with H" concentration and stone content in soil.
They occurred with low cover values only on quartz relevés with high soil depth and were largely
absent from quartz-field relevés with high electrical conductivity. The nano-chamaephytes in
general (combining all nano-chamaephyteous subtypes) showed a broad distribution but occurred
with significantly lower cover values on relevés with high soil depth and coarse quartz cover.
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The cover values of the three main subtypes of nano-chamaephyteous growth forms, i.e.,
compact, subglobose, and subterranean nano-chamaephytes) differed significantly from each
other regarding their habitat preferences.

The cover values of compact nano-chamaephytes_showed a nearly opposite pattern to those of
the micro-chamaephytes. High cover values of compact nano-chamaephytes were negatively
associated with stone content but positively associated with electrical conductivity and, less
prominently though, with soil depth. They were negatively associated with stone content and H"
concentration. They showed no strong association with quartz cover but were plotted also in
negative association with quartz cover. Subglobose nano-chamaephytes were strongly positively
associated with stone content in soil and quartz cover on soil surface. They were scattered on the
lower left margin of the joint plot diagram, thus indicating a strong association with highest
values of stone content and quartz cover. High cover values of subterranean nano-chamaephytes
were restricted to soils with quartz cover and electrical conductivity but largely absent from soils
with high stone content.
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Riethuis-Wallekraal area

The CCA ordination (Figure 70) of growth-form data correlated with environmental variables of
quartz fields and adjacent habitats in the central Namaqualand (Riethuis-Wallekraal area)
separated the mega-chamaephytes and the reptant nano-chamaephytes from the remaining
chamaephyteous growth forms along Axis 1. This separation is mainly explained by the
environmental variables quartz cover on soil surface, stone content in soil, and H" concentration.
In contrast to other data sets of quartz-field relevés, electrical conductivity is of subordinate
importance for the variance in species data.

The values in the summary statistics of the CCA ordination (Table 65) show relatively high
eigenvalue for the first axis and low eigenvalues for the following axes. The cumulative
percentages of variance of growth-form as well as growth form-environment data explained by
the ordination were very high.

Table 65. Summary statistics of CCA analysis of growth-form and environmental variables of quartz-
field and adjacent relevés in the Riethuis-Wallekraal area

Axes 1 2 3 4
Eigenvalues: 249 050 .033 .019

Growth form-environment correlations: 727 676 513 406
Cumulative % of variance

of growth-form data: 274 329 36.6 387

of growth form-environment relation: 68.7 824 915 96.8

Sum of all unconstrained eigenvalues: .907
Sum of all canonical eigenvalues: .362

Micro- and mega-chamaephytes showed contrasting patterns regarding their distribution and
abundance. High cover values of mega-chamaephytes were positively associated with high
carbonate and inclination of slope, and electrical conductivity. They were negatively associated
with quartz cover on soil surface, H" concentration, and stone content in soil. Micro-
chamaephytes occurred with highest values on relevés which were positively associated with
quartz cover on soil surface and had lowest cover values on saline soils without quartz cover but
were otherwise broadly scattered.

Repent nano-chamaephytes were restricted to relevés without quartz cover, high soil depth, and
high electrical conductivity. Compact nano-chamaephytes, which occur with low cover values on
all relevés (< 3 %) showed largely the same distribution than micro-chamaephytes. Subglobose
nano-chamaephytes also had a broad distribution. It only occurred with cover values > 1 % on
relevés that were positively associated with quartz cover on soil surface and inclination of slope.
Subterraneous nano-chamaephytes, in contrast, were only recorded for relevés with high quartz
cover, high stone content, H" concentration, and high electrical conductivity. “Other”
chamaephyteous groups which did not correspond with any of the three main subtypes of nano-
chamaephytes (i.e., compact, subglobose and subterraneous) were had too low frequency and
cover values on the relevés employed to be plotted.
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Richtersveld

The CCA ordination of growth-form data correlated with environmental variables of quartz
fields and adjacent habitats in the Richtersveld (Figure 71) revealed that the variable quartz cover
on soil surface explained most of the variance within the growth-form data. It was presented by
the longest arrow which was plotted parallel to Axis 1. Another strong variable was “soil depth”
which was negatively associated Axis 2. Numerous relevés were plotted along Axis 2, indicating a
negative association with soil depth and electrical conductivity but did not show a positive
association with any environmental variable. Consequently, the eigenvalues for Axis 2, 3 and 4
were very low but the growth form-environment correlation and the cumulative percentage of
variance of growth-form and of growth form-environment relation were high (Table 66).

Table 66. Summary statistics of CCA analysis of growth-form and environmental variable data of
quartz fields and adjacent habitats of the Richtersveld.

Axes 1 2 3 4
Eigenvalues: 302 .072 .037 .017

Growth form-environment correlations: .684 405 421 281
Cumulative % of variance

of growth-form data: 139 172 189 197

of growth form-environment relation: 67.3 833 915 0954

Sum of all unconstrained eigenvalues: 2.168
Sum of all canonical eigenvalues: 448

In the data set from the Richtersveld, mega- and micro-chamaephytes showed contrasting
patterns regarding distribution of high cover values. The first group was positively associated
with carbonate in soil and soil depth and negatively associated with quartz cover. Micro-
chamaephytes, in contrast, occurred with high cover values on relevés with high quartz cover,
high stone content and high electrical conductivity. Nano-chamaephytes, in return, were largely
restricted to the quartz fields which were negatively associated with soil depth: compact nano-
chamaephytes were broadly scattered in positive association with quartz cover and electrical
conductivity and in negative association with carbonate. Subglobose nano-chamaephytes
occurred on quartz-field relevés which were positively associated with stone content and
inclination. They were negatively associated with soil depth. Subterraneous nano-chamaephytes,
were restricted to quartz fields with high electrical conductivity and high electrical conductivity.
Other chamaephyteous groups which did not correspond with any of the three main subtypes of
nano-chamaepyhts (i.e., compact, subglobose and subterraneous) were had too low frequency
and cover values on the relevés employed to be plotted.
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Bushmanland-Warmbad area

The CCA ordinations of the growth-form and environmental variable data from the
Bushmanland-Warmbad area (Figure 72) showed high correspondence regarding distribution of
environmental variables and growth forms. The growth-form variance along Axis 1 was
explained by the environmental variables stone and carbonate content in soil, whereas the
variance along Axis 2 was explained by inclination and electrical conductivity. Quartz cover on
soil surface was of low importance and was negatively associated with soil depth and H"
concentration.

Table 67. Summary statistics of the CCA analyses of the growth-form and environmental variable data
of relevés from the Bushmanland-Warmbad area

Axes 1 2 3 4
Eigenvalues: 401 320 .099 .066

Growth form-environment correlations: 756 716 .388 .309
Cumulative % of variance

of growth-form data : 11.0 198 225 243

of growth form-environment relation: 421 757 86.1 93.0

Sum of all unconstrained eigenvalues: 3.646
Sum of all canonical eigenvalues: .952

The summary statistics of the analysis was robust (Table 67). It had high eigenvalues for the first
two axes and explained high cumulative percentages of variance of growth forms and growth
form-environment relation.

Mega-chamaephytes and micro-chamaephytes showed contrasting patters of distribution
regarding high cover values in both analyses. High cover values of mega-chamaephytes were
positively associated with soil depth and electrical conductivity. Micro-chamaephytes occurred
with highest cover values on relevés which were positively associated with carbonate and stone
content. Nano-chamaephytes generally occurred with low cover values only. Compact,
subterraneous, and “other” nano-chamaephytes were plotted in the centre of the ordination
without particular association with any of the environmental variable in the direct gradient
analysis. Only the subglobose nano-chamaephytes which also reached the highest cover values
among the nano-chamaephyteous growth forms, showed a positive association with inclination
of slope and stone content. They were negatively associated with soil depth.
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[11.7.3 Distribution of growth forms along gradients of
increasing quartz cover and salinity

The distribution of growth forms (shown in average cover values) along gradients of increasing
density of quartz cover and electrical conductivity increasing quartz cover (Figure 73) showed a
high correspondence between the four regions of the Succulent Karoo but a divergent pattern
for the Nama Karoo (Bushmanland-Warmbad area). In the Succulent Karoo the cover values of
mega-chamaephytes decreased with increasing quartz cover. Micro- and nano-chamaephytes
responded indifferent. The relative dominance of nano- and/or micro-chamaephytes on quartz-
field relevés is therefore due to the significant decrease of cover values of mega-chamaephytes
and nano-phanerophytes but not to the absolute increase of dwarf growth forms. This is also in
line with the average cover values of growth forms inside and outside the quartz fields (Figure
67). Nano-phanerophytes only reached high cover values on relevés without quartz cover. Their
cover values increased considerably when the density of quartz cover increased.

In the Bushmanland-Warmbad area cover values of mega- and micro-chamaephytes were largely
indifferent to the increase of quartz cover. Whereas nano-phanerophytes only occurred on
relevés with > 60 % quartz cover.

The response of therophytes, geophytes and hemicryptophytes to the increase of quartz cover
was largely indifferent in all regions. Therophytes were only recorded for the Knersvlakte with
considerable cover values. Their cover values decreased only slightly with increased quartz cover.
Geophytes generally occurred with very low average cover values (< 1 %) but were sporadically
recorded for the entire range of quartz cover. Hemicryptophytes covered the entire range of
quartz cover but had very low average cover values in the Succulent Karoo. In the Bushmanland-
Warmbad area they reached average cover between 3.5 and > 8 %.

The growth-form distribution along a gradient of increased salinity in soil (Figure 74) revealed a
low correspondence between average cover values per growth-form environmental variable. Only
the data set from the Knersvlakte mega-chamaephytes clearly decreased with increasing salinity
whereas nano-chamaephytes increased. Micro-chamaephytes had highest cover values on relevés
with intermediate salinity (1-3 mS/cm).

In the Little Karoo, mega-chamaephytes were only represented with high cover values (> 5
mS/cm) on relevés with low salinity (< 1 mS/cm). Micro- and nano-chamaephytes were quite
evenly distributed along the gradient. In the Richtersveld and in the central Namaqualand
(Riethuis-Wallekraal area), the distribution of all growth-form types seemed to be indifferent
from the edaphic salinity. In the Bushmanland-Warmbad area, maximum values of electrical
conductivity which have been recorded were < 1.5 mS/cm.

Consequently, the dominance of dwarf growth forms on quartz fields is not exclusively
controlled by electrical conductivity. In contrast, only in the Little Karoo and the Knersvlakte,
this correspondence have been detected. It can therefore be concluded that the dominance of
dwarf growth forms on the quartz fields is also influenced by other factors which are often
associated with quartz fields, such as relatively low soil depth and high H" concentration.

However, the low correspondence between growth forms and conductivity in the Central
Namaqualand and Richtersveld can partly be attributed to the low number of relevés taken into
account (46 and 82 relevés, respectively) compared to the number of relevés from the
Khnersvlakte and Little Karoo (> 200 relevés on quartz fields and related habitats). Therefore, the
distribution might be biased by a low number of relevés with very high salinity values (> 10
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mS/cm; 5 and 7 relevés in the Richtersveld and Riethuis-Wallekraal area versus 28 and 56 relevés
in the Little Karoo and Knersvlakte, respectively).
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Figure 73. Distribution of growth forms (average cover values per growth form) along a gradient of
increasing density (0-100 %) of quartz cover in different regions.
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1.8 Microclimatic conditions

[11.8.1 Radiation

In spring 1996, the incoming global solar radiation in the Knersvlakte was about 900 W/m?
(Figure 75 above). At some exceptional days the global solar radiation went up to 1100 W/m?
Quartz fields and soils without quartz cover reflected about 300 W/m 2 or 30 to 40 % of the
incoming global solar radiation. The net radiation on soils with and without quartz cover was
between 600 and 800 W/m?2.

Quartz fields reflected slightly more radiation than soils without quartz (Figure 75 below). The
daily maximum difference between net radiation inside and outside the quartz fields was between
10 and 15W/m?, i.e., 1.5 % of the global solar radiation. Quartz fields reflected about 15 % more
global solar radiation than neighbouring soils without quartz cover.
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Figure 75. Above: incoming global solar radiation (300-3000 nm) (black line), net radiation on soils
with (blue line) and without (red line) quartz cover. Below: difference between reflected solar radiation
(300-3000 nm) by quartz fields and soils without quartz cover (quartz fields — soils without quartz
cover). Knersvlakte, September to October 1996.
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[11.8.2 Air temperature near the ground

Figure 76 (left column) shows the air temperature at 10 mm above soil surface measured in the

Knersvlakte on quartz fields and on neighbouring soils without quartz cover compared to air

temperatures at 2 m height in winter and summer. The daily maximum temperatures in the

course of one year (XI 1997-X 1998) are given in Figure 77.
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Figure 76. Air temperature 10 mm above soil surface on soils with (blue line) and without quartz cover

(red line) compared to air temperature in 2 m height (black line) under winter (W) and summer (S)
conditions in the Knersvlakte. Left: Course of temperatures. Right: Net differences of temperature

(quartz fields — soils without quartz cover).
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During winter the daily maximum temperatures of the air near the ground on both soil types
stayed below 40°C for most of the days. During the coolest days, the temperatures did not
exceed 25 to 30°C. In summer, the daily maximum temperatures were considerably higher (i.c.,
above 40°C for most of the days). During the hottest summer days, the air temperatures near the
ground of both soil types reached more than 60°C and surpassed those of the air in 2 m height
by > 20°C (e.g., summer 1998). The nocturnal minimum air temperature near the ground ranged
between 0 and 10°C in winter, whereas it seldom went below 10°C in summet.
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Figure 77. Right column: Daily maximum temperatures on soils with (blue line) and without (red line)
quartz cover. Left column: Net differences of temperatures (with quartz — without quartz). Above: Air
temperature 1 mm above the ground. Below: Soil surface temperature. Knersvlakte XI 1997- X 1998.

In summer and in winter, the daily maximum air temperatures near the ground were lower on
soils with quartz cover than on soils without quartz cover for most days of the year (4-8°C,
Figure 78 and Figure 79 right columns). The differences in temperatures varied extremely. In
December 1999 (summer) the maximum air temperature near the ground of quartz fields was >
9°C below that of soils without quartz cover whereas the differences were merely < 3°C in
December 1998. In August 1999 (winter) the air temperatures on the quartz field revealed to be
even warmer (up to 5°C) than of the surrounding soil. The maximum differences were
determined for the hottest time of the day between noon and 2h p.m.

[11.8.3 Soil-surface temperature

The daily maximum temperatures on top (Figure 78) as well as 3 mm underneath the soil surface
(Figure 79) varied between 25-40°C in winter and 40-60°C in summer. Only in December 1998,
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the daily maximum temperatures were below 30°C for most of the days. The nocturnal minimum
temperatures were between 0 and 10°C in winter and between 10 and 20°C in summer and
ranged close to or below the air temperature in 2 m height.

In winter, soil surfaces with quartz cover had higher daily maximum temperatures than those
without quartz cover. The daily maximum differences were up to 4°C. In summer the
relationship was typically inverse: the daily maximum temperature on soil surface of quartz fields
were up to 5°C lower than those of soils without quartz cover. In December 1998, however, very
low maximum temperatures in 2 m height (< 30°C for most of the days) were determined. At
that time also the daily maximum temperatures near the ground were low (> 50°C for most of
the days) and the maximum temperatures of the quartz fields exceeded those of the soils without
quartz fields by a few degrees.

In summer and winter, the maximum differences occurred during the hottest time of the day,
between noon and 2h p.m.
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to air temperature in 2 m height (black line) under winter (W) and summer (S) conditions in the

Knersvlakte. Left: Course of temperatures. Right: Net differences of temperatures (quartz fields —

Figure 78. Surface temperature of soils with (blue line) and without (red line) quartz cover compared
soils without quartz cover).
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summer (S) conditions in the Knersvlakte. Left: Course of the temperatures. Right: Net differences of

quartz cover (red line) compared to air temperature in 2 m height (black line) under winter (W) and
temperatures (quartz fields — soils without quartz cover). Knersvlakte, December 1999.

Figure 79. Surface temperature 3 mm underneath the soil surface of soils with (blue line) and without
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[11.8.4 Leaf-surface temperature

Measurements of leaf-surface temperature of _Argyroderma pearsonii and Argyroderma  delaetii
(Knersvlakte) growing inside and outside of quartz fields (Figure 80) showed maximum
temperatures of nearly 60°C during the summer months. The daily maximum temperatures
during winter were considerably lower and seldom exceeded 35°C. The nocturnal minimum
temperatures were < 5°C in winter and spring (October 1998) and > 15°C in summer

(1999,/2000).
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Figure 80. Leaf surface temperatures (median) of four Argyroderma spp. plants growing inside (blue
line) and outside (red line) quartz fields compared to air temperature in 2 m height (black line) under
winter (W) and summer (S) conditions in the Knersvlakte. Left: Course of temperatures. Right: Net
differences of temperatures (surface temperatures of plants inside quartz fields — surface
temperatures of plants outside quartz fields). Knersvlakte.
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The Argyroderma plants growing on quartz fields showed lower maximum surface temperatures of
leaves than plants growing outside quartz fields. Highest differences of 3-5°C were determined
for warm winter- and spring-days. The measurements carried out in mid- and late summer
showed minor differences only (on most days < 1°C).

In agreement with the studies in the Knersvlakte, measurements on Gibbaeum cryptopodinm
growing inside and outside the quartz fields of the Little Karoo (Figure 81) showed similar
results: during late summer (March 1998), the G. eryptopodium plants on quartz fields had lower
daily maximum temperatures than the specimens on the neighbouring soils without quartz cover.
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Figure 81. Left: Leaf surface temperatures (median) of four Gibbaeum cryptopodium plants growing
inside (blue line) and outside (red line) quartz fields. Right: Differences (surface temperatures of plants
growing inside quartz fields — surface temperatures of plants growing outside quartz fields). Little
Karoo, March 1998.

[11.8.5 Surface temperatures of a quartz stone

The daily maximum temperatures of the upper surface of quartz stones in the Knersvlakte
(August 1997) ranged between 25°C and 35°C and were up to 15°C below that of the ambient air
(Figure 82). During night the minimum surface temperature of the quartz stone differed
considerably from that of the ambient air. It was either several degrees above or below that of the
ambient air. The dew-point temperature of the ambient air during the day time was very low (10-
20°C, except on the August 18, 1995). The nocturnal dew-point temperature varied strongly from
night to night between several degrees above and below the temperature of the ambient air and
the quartz stone.

During night the minimum surface temperature of the quartz stone differed considerably from
that of the ambient air. It was either several degrees above or below that of the ambient air. The
dew-point temperature of the ambient air during the day time was very low (10-20°C, except on
the August 18, 1995). The nocturnal dew-point temperature varied strongly from night to night
between several degrees above and below the temperature of the ambient air and the quartz
stone.

Similar measurements of the surface temperatures of a quartz stone in comparison with a shale
stone in the Little Karoo in September 1995 showed almost identical temperatures for both
stones during night but lower maximum temperatures of the quartz stone during daytime (Figure
83). The strongest differences of up to 4°C were determined when both stones reached high
maximum temperatures (September 18 and 19). In correspondence to the measurements in the
Knersvlakte, the dew-point temperature varied strongly and was either above or below the
temperature of the ambient air. However, it stayed below the temperature of the stones’ surfaces.
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Figure 82. In situ surface temperatures of a quartz stone (dark blue line), temperatures (light blue line)
and dew-point temperature (black line) of the ambient air. Above: diurnal course of temperatures.
Below: Detail, showing the nocturnal minimum temperatures. Knersvlakte, August 1997.
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Figure 83. In situ surface temperatures of a quartz stone (dark blue line), temperatures (light blue line)
and dew-point temperature (black line) near the ground of the quartz-field compared to a piece of
shale (red line). Above: Diurnal course of temperatures. Below: Detail, showing the nocturnal minimum
temperatures. Little Karoo, September 1995.
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IV DISCUSSION

IV.1 The floral composition of the obligate quartz-field flora

The flora of the southern African quartz fields typically comprises a very narrow array of dwarf
growth forms which differs considerably from the flora of the surrounding. This difference in
structural and floral composition that indicates a high degree of specialisation on the quartz
fields, is one of the starting-points and main issues of this study. Which taxa occur in the flora of
the quartz fields? Does the spectrum of taxa differ among the regional quartz-field flora? And
taking the occurrence of their next relatives into account: what is the phylogenetic and ecological
background of this specialised flora?

Six main phytochoria for the QFF were defined by the occurrence of several endemic taxa. A
comparative analysis of the regional quartz-field floras, revealed that the number of quartz-field
species and the percentage of endemics deviated significantly from phytochorion to
phytochorion, indicating different degrees of species overlap between the floras. The strongest
separation of the Little Karoo from the remaining phytochoria, indicate a particularly low overlap
of their species inventories. In fact, the only species that occurs in the entire area of distribution
of the southern Africa quartz-fields is Crassula colummnaris which, however, is represented by
subspecies. This division can be attributed to a largely independent evolution within the two
groups. The phytochoria of the Namaqualand (Knersvlakte, Riethuis-Wallekraal, Southern, and
Northern Richtersveld Phytochorion) have the highest overlap in species inventory, among
which the neighbouring phytochorion reveal the strongest overlap among each other.

IVV.1.1 Major taxonomic groups

The southern African obligate QFF consists of angiosperms only. Algae, lichens, bryophytes,
pteridophytes, and gymnosperms were not yet recorded as obligate quartz-field dwellers. The
reason for this vary from group to group. Although not yet recorded as obligate quartz-field
inhabitants, algae and lichens are very prominent on quartz fields. West-facing ridges and upper
slopes of small hillocks with quartz layer are often covered with crust- and leaf-forming lichens.
Algae are less obvious but they might be even more important. At least in terms of numbers of
individuals they seem to surpass the vascular plants by far. The lower side of most of the middle
sized quartz stones are covered with a dense layer of Chlorophyceae or Cyanobacteria. Due to
lack of studies, only little is known about the species numbers and floristic spectrum of these
algae (but see Vogel 1955, Rumrich ez a/. 1989, 1992, and Budel & Wessels 1991).

But according to the limited studies that have been conducted yet (Rumrich ez /. 1989, 1992) the
algae (at least the Bacillariaphyceae) show very little regional and ecological specialisation.
Rumrich ez al. 1989, 1992 recorded Bacillariaphyceae species which are also known from middle
Europe where they occur in watercourses, standing waters as well as soils. If that is true for other
taxonomic groups of algae as well, this contrasts considerably with the findings on vascular plants
(see this study).

Pteridophyta are absent from the obligate QFF. Pteridophytes are generally pootly represented in
the Succulent Karoo Flora where they represent 0.4 % of the species and infraspecific taxa
(Hilton-Taylor 1996a). The absence of pteridophytes in the QFF can be attributed to the typical
habitat ecology of this group. Pteridophytes are mainly restricted to hydrologically privileged
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habitats. In the arid parts of southern Africa they are often found in gorges, rock crevices, and at
sheltered rock faces. Quartz fields apparently, do not provide suitable growing conditions for
pteridophytes.

Gymnosperms do not occur in the Succulent Karoo Flora at all (Hilton-Taylor 1996a). The arid
areas of southern Africa in general, but the quartz-field habitats in particular, do not match with
the ecological niches typically occupied by recent gymnosperms. Moreover, gymnosperms seem
to be also excluded by their growth forms: gymnosperms never evolved other growth forms than
phanerophytes which are lacking in the growth-form spectrum of the QFF (and are rare in the
SKTF). South Africa on total only comprises one indigenous gymnosperm genus which comprise
three indigenous species (Leistner 2000).

Among the angiosperms, dicotyledonae represent the most important group within the obligate
QFF. The extremely low species to family ratio within the monocotyledonae reveals poor
speciation within this taxonomic group. In fact, as will be discussed below, there are only two
monocotyledonous families that contribute more than two species to the QFF (Asphodelaceae: 7
species and Iridaceae: 3 species). The specialisation on quartz-field habitats of the few singular
taxa within the remaining four monocotyledonous plant families seems rather to be due to
random events than based on particular pre-adaptations of the respective families. Adaptive
radiation on quartz fields - if it occurs at all (Bu/bine in the Knersvlakte?) - seems to be very rare in
the monocotyledonous families.

Summarising, dicotyledonae are strongly over represented in terms of numbers of species and
genera compared to the entire Succulent Karoo Flora. The high percentage of closely related
dicotyledonous species within the quartz-field flora indicate the occurrence of adaptive radiation
on the quartz fields. The low number of monocotyledonous genera and species / subspecies and
the random distribution of singular species within various monocotyledonous families, in return,
indicate that monocotyledonae tend to be less successful on quartz fields than dicotyledonae.
Their colonisation of quartz fields occurred rather randomly. The only monocotyledonae family
that contributed more than two species to the QFF were Asphodelaceae (Chapter 111.2.2).

IV.1.2 Family spectrum

The analysis of the family spectrum of the obligate QFF revealed that the Aizoaceae represent
the most important family in terms of numbers of species/subspecies (> 65 % of the QFF).
Crassulaceae, which represent the second highest number of species/subspecies comprise only
10 % of the obligate QFF. The remaining families (i.e., 11 families) contribute merely 5 % or less
of the species/subspecies each. Compared to the flora of the Succulent Karoo (SKF), in general,
the Aizoaceae, the Crassulaceae but also of Asphodelaceae and Portulacaceae are strongly over-
represented in the obligate QFF. In the obligate QFF the percentage of the Aizoaceae is more
than three times higher than in the SKF. Moreover, in the QFF the Aizoaceae are represented
exclusively by the two subfamilies Mesembryanthemoideae Ihlenfeldt, Schwantes & Straka and
the Ruschioideae Schwantes in Ihlenfeldt, Schwantes & Straka emend. Bittrich & Hartmann
(Mesembryanthema, formerly acknowledged as Mesembryanthemaceae Fenzl). No member of
the other subfamilies in Aizoaceae (Aizoaceae s.str.) belong to this flora. However, the figures
given by Hilton-Taylor (1996a) for the SKF refers to the Aizoaceae s.l. Consequently, over-
representation is even stronger for the Mesembryanthema whereas the remaining subfamilies of
the Aizoaceae (Aizoaceae s.str.) are clearly under-represented within the QFF.

Besides the strong over-representation of the Mesembryanthema and the other families
mentioned above, four families that belong to the most important families of the SKF in terms of
numbers of species and infraspecific taxa are completely absent from the QFF: Fabaceae s.l. (incl.
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Mimosoideae, Caesalpinioideae, Papiloinoideae), Poaceae, Scrophulariaceae, and Oxalidaceae.
The latter family is only represented in the SKF by the genus Oxalis L. (114 species, Hilton-
Taylor 1996a). The absence of Oxalis species from the QFF may be also due to the general lack
of knowledge about the genus, which - due to its geophytous life strategy - is strongly
underrepresented in collections. Consequently, the occurrence of Oxalis species within the
obligate QFF cannot be entirely excluded. Poaceae, Fabaceae, and Scrophulariaceae mainly
comprise non-succulent species (Leistner 2000) which might be one reason for the absence from
the quartz-field flora.

There are two different processes that might have been responsible for the high percentage of
taxa of Mesembryanthema and Crassulaceae within the obligate QFF. For each of the two highly
over-represented families, i.e., Aizoaceae (represented by Mesembryanthema) and Crassulaceae,
one of the following processes seems to match.

(A) Taxa evolved at and in adaptation to the quartz fields with subsequent adaptive radiation:

This seemed to have happened in the Mesembryanthema which comprise a high number of
genera that are largely or entirely restricted to quartz fields (Chapter 111.2.3). Some of the quartz-
field genera are considerably rich in species (Argyroderma, Dicrocanlon, Dinteranthus, Gibbaeun)
others are monotypic (Aspazoma, Muiria) or nearly so (e.g., Meyerophytum, Oophytum,
Schlechteranthus). These species-rich quartz-field genera often have a restricted range-size of
distribution and are endemic or nearly endemic to one of the phytochoria of the QFF (Chapter
I11.2.4).

(B) The colonisation of quartz fields occurred several times convergently within particular
taxonomic groups thus resulting in a few to several quartz-field species in generally specious
genera:

The Crassulaceae family comprise only five indigenous genera in South Africa (Adromischus,
Crassula, Cotyledon, Tylecodon, and Kalanchoe, Leistner 2000). All genera except Kalanchoe Adans.
occur in the distribution area of the southern African quartz fields whereas only three genera
contribute species to the obligate QFF. Cotyledon L., which does not contribute any species to the
QFF. Also, there is only one species of .Adromischus Lem. (A. nanus) that is restricted to the quartz
tields. Crassula L. and Tylecodon Télken, however, belong to the most species-rich genera within
the obligate QFF (Table 23), providing ten species / subspecies (Crassula) or five species
(Tylecodon) to the obligate QFF. The quartz-field taxa within Crassula 1.. are ascribed to three
subsections of the subgenus Crassula (Tolken 1977a). A detailed phylogenetic analysis of the
genus is not available yet (but see t'Hart 1995). Therefore, it cannot be determined whether the
specialisation on quartz fields happened several times independently in each genus in
Crassulaceae or whether there were merely three events, one in each section. The broadly
scattered distributions of the quartz-field taxa of Crassula and Tylecodon, which are occur in several
phytochoria indicate that a strong radiation within particular taxa did not take place but that the
colonisation most probably happened several times independently.

Both hypothesised developments presume that there are particular abilities (pre-adaptations)
within the families or at least within the genera that allow a frequent colonisation of the quartz
fields or an adaptive radiation on this habitat. Moreover, both versions explain the same
procedure at different stages of evolution. The singular species that enters the quartz fields in
version B can theoretically be the initial stage of a radiating genera as described for A.



164

IV.1.3 State of taxonomy within Mesembryanthema and its
implication for the floral analysis

Monotypic or nearly monotypic genera often represent unsolved taxonomic problems. Some
monotypic genera of the quartz field flora have been sunk recently (Maughaniella in Diplosoma,
Ihlenfeldt 1988 and Dactylopsis in Phyllobolus, Gerbaulet 1995, Muiria in Gibbaeum, Thiede & Klak
in Goldblatt & Manning 2000 - the latter recombination could not be considered for the floral
analysis of the present study). Also the monotypic position of Aspazoma has been questioned:
Gerbaulet (1995) suggests a close relation to the other stem-succulent genera of
Mesembryanthema, Brownanthus in particular (Pierce & Gerbaulet 1997), whereas Klak & Linder
(1998) stressed that the stem-succulence and other character states they have in common are
plesiomorphies. Due to their ambiguous taxonomic status and the lack of knowledge about their
next relatives, monotypic genera are difficult to interpret in terms of evolutionary tendency on
quartz fields.

Moreover, there are several unsolved taxonomic problems within Mesembryanthema taxa. This
applies in particular for the delimitation of certain genera (for instance the role of Imitaria N.E.
Brown in Gibbaenm Haworth, J. Thiede, pers. comm.) and the state of monotypic genera (i.e.,
Muiria, Aspazoma). Moreover, those species which are interesting for laymen and succulent
collectors (Lithops and Conaphytum in particular) show a high number of infraspecific taxa. Also
here thoroughly taxonomic studies based on additional, non-morphologic (molecular) characters
seem to be needed. Due to the fact that vast parts of the Succulent Karoo were (compared to its
species richness) pootly explored by botanists yet, the data on the distribution and habitat
ecology of most of the species are incomplete.

It is evident that the analysis given above, only mirrors the present state of knowledge. Due to
the species richness, the flora of the Succulent Karoo, the main distribution area of the quartz
fields needs further studies. Within the Mesembryanthema, the most important taxonomic group
of the Succulent Karoo in general (Hilton-Taylor 1996a) and of the flora of the quartz fields in
particular, the inter- and infrageneric relationships still seem to be vague and unsolved: A number
of monotypic or species-poor genera (e.g., Aspazoma, Meyerophytum, Muiria, Oophytum,
Schlechteranthns) make the need for further taxonomic studies emerge. Several of the quartz species
belong into such small genera.

Such uncertainties also influence the number of genera per family and thus have to be kept in
mind when comparing and discussing the family spectra of QFF and the SKF.

IVV.1.4 Outliers in the phytogeographical analysis

Eight taxa, all Mesembryanthema (Aizoaceae), were omitted from the ordination due to their
deviant occurrence. Diplosoma retroversum is the only species that occurs on isolated quartz fields
between Knersvlakte and Cape Town near the coast, in a far distance to the other phytochoria
and with no obvious correspondence with any other quartz-field taxa. Schwantesia borcherdsii is
found in the Bushmanland where it occurs on quartz fields with a very restricted range-size of
distribution (QDS 2920AD only, Zimmermann & Hartmann 1995). It had to be omitted from
the analysis since its distribution does not overlap with that of any other quartz-field species of
the Bushmanland-Warmbad Phytochorion. However, due to its geographical vicinity to the other
QDS of the Bushmanland-Warmbad Phytochorion, Schwantesia borcherdsii was included into the
quartz-field flora of this phytochorion.
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Acrodon quarcicola, Gibbaeum esterbuyseniae, and Gibbaeum haagei represent a particularly interesting
group of quartz-field inhabitants that occur south of the Langeberge which form the southern
borderline of the Little Karoo. This area receives markedly higher precipitation (459 mm /a,
Weather Bureau 1988 for Riversdale) than the particulatly dry Little Karoo (244 mm/a in
Oudtshoorn or 318 mm/a in Montagu, Weather Bureau 1988). Due to the higher precipitation,
the area south of the Langeberge is characterised by intensive agriculture. Most of the plains and
valleys are ploughed and subjected to cattle and ostrich farming or cornfields. Only some isolated
hillocks or shallow outcrops that are surrounded by extremely shallow soils are still undisturbed
and fairly pristine. Several of these leftover hills consist of quartz veins. Such habitats are the to-
date only and very isolated habitats of the three quartz-field taxa. Gibbaeum esterbuyseniae has been
recently re-discovered near Stormsvlei but nevertheless considered as a very endangered taxon
(Anonymous 1998; Hilton-Taylor 1996b). Also G. haagei is only known from very few restricted
localities between Swellendam and Malgas (3420AA-BC) (Glen 1974). It occurs sympatrically
with a still undescribed Limonium species (L. Mucina, pers. comm.), which is most probably also a
quartz-field dweller. Acrodon quarcicola is recorded only from quartzitic slopes near the coast at
Cape Agulhas (Hartmann 1996). It is quite likely that the former distribution of the taxa was far
more widespread. However, even the present distribution may turn out to be less patchy and
isolated if the isolated hills were searched intensively. The quartz fields south of the Langeberge
can be regarded as (relict of) a fairly species-poor quartz-field phytochorion. The genus Acrodon
occurs exclusively south of the Langeberge (Hartmann 1996) whereas Gibbaenn is largely
restricted to the Little Karoo.

Glottiphyllum oligocarpum, Glottiphyllum peersii, and Pleiospilos nelii inhabit the southern fringe of the
Great Karoo between the Little Karoo in the west and Steytlerville Karoo in the east. The density

of quartz-field taxa is very low in this area, which can be attributed to the low density of quartz-
field habitats.

Consequently, both the area South of the Langeberge and the area between the Little Karoo and
the Steytlerville Karoo in the Eastern Cape can be acknowledged as species-poor phytochoria. In
the area south of the Langeberge, agriculture seems to have a strong impact on the quartz-field
habitats and hence the quartz-field flora. It is therefore hypothesised that not all quartz-field taxa
of that area are known to science yet. The flora probably used to comprise more species and the
populations had a denser and broader distribution than they are known today. The low density
and number of quartz-field species in the Eastern Cape can be attributed to the poor state of
knowledge about the area which has not been investigated within this study.

IV.2 Indications for the age and the history of the quartz-
field flora

The contemporary distribution of the obligate QFF, — the phytogeographical pattern — can give
insight into the genesis and history of the specialised flora (Cox & Moore 1993, Spellerberg &
Sawyer 1999).

The major questions are: do the regional QFFs of the phytochoria differ from each other with
respect to floristic and growth-form composition and what might be the reason for such a
difference? Are there centres of origin from where the taxa spread into neighbouring
phytochoria? Which are the putative ancestors of the quartz-field species?

To discuss the age and history of the quartz-field flora, first the formation of stone pavements
and the palaeco-environmental conditions as the most important prerequisites for the evolution of
the flora will be considered. Then a hypothesis on the history of the flora will be presented.
Subsequently, the phytogeographical patterns are re-considered in order to test the hypothesis.
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IV.2.1 The formation of stone pavements

Quartz fields as defined for this study are stone pavements. Such types of soil surface occur in
different environments ranging from periglacial to mountain areas but is particularly common in
hot deserts (Cooke ez al. 1993). Although named differently in different regions (e.g., hamada or
reg in North Africa and Middle East, gibber plains or stony mantles in Australia, desert pavements in
North America) and adopting a variety of different forms, they are largely comparable world
wide. Stone pavements are mainly found in open, poorly vegetated areas where coarse and fine
soil particles coexist in (mainly alluvial) deposits (Cooke & Warren 1973, Cooke ¢z al. 1993). Due
to their frequent occurrence, there are numerous studies on their geomorphology. Since such
studies give insight into the origin and the approximate age of desert pavements, a short review is
given in the following,.

There are three different processes that are discussed in literatures as being responsible for the
formation of stone pavements, namely a) deflation, b) fluviatile erosion, and ¢) upward migration
of stones.

a) The role of deflation for the formation of desert pavements was discussed in the first half of
the last century (Walther 1924, Free 1911, Moulden 1905). A high silt : clay ratio has been
cited as an clear indicator for the deflation of the finest fraction (clay) by wind (e.g., Lustig
1965). In more recent publications, deflation is not entirely rejected as a possible agent of
stone pavements but its dominating role has been questioned (Sharon 1962, Cooke & Warren
1973, Cooke et. al. 1993): it has been argued that visible signs of wind abrasion on the stones
at the soil surface are scarce. Also, loose fine material is particularly unusual in arid areas;
instead, the surface layer is often stabilised by thin soil crusts and underlying vesicular layers
which effectively protect the surface from erosion. Bagnold (1953) showed that the smaller
the particle (< 0.1 mm), the higher the wind velocity which is necessary to lift the particle up.
Shrubby vegetation which occurs even in arid areas, however, may reduce winds to below the
requisite threshold velocities.

b) The role of fluviatile erosion for the development of stone pavements has been shown by
more recent studies based on experimental removal of stone pavements such as those by
Sharon (1962) and Lowdermilk & Sundling (1950, cited in Cooke & Warren 1973). Based on
his experiments, Sharon (1962) suggests that surface runoff is the dominant process of
pavement formation in Israel. He argues that due to the forming of surface crusts, wind
erosion plays an important role only for a short period just after the removal of the stone
cover, until newly formed crusts cover the soil surface again. Lowdermilk & Sundling (1950)
removed stone pavement along a gradient of increasing inclination under identical rainfall
conditions. They showed that the amount of fine-material removal increased directly with the
gradient. As the experiment proceeded new stone pavements were re-established, first on
steeper slopes and later on the gentle slopes. The impact of water erosion depends on various
factors such as the intensity of rainfall (affecting the effect of raindrops on particle
detachment) and the amount of runoff (which affects the removal of dislodged particles).
The latter may be promoted by steeper slopes as well as by reduced infiltration of soil
because of crusts.

¢) The upward migration of stones as one factor that promotes the formation of stone
pavements has been shown by laboratory experiments (Springer 1958, Jessup 1960, Corte
1963, Inglis 1965). According to Inglis (1965) the following processes may take place: when
frozen, the volume of the fine-material increases and lifts the coarse particles by adhesion of
the ice to the coarse particle. Due to the rigidity of the coarse particle, a cavity would be left
beneath it which - subsequently - will be filled by unfrozen fine-material. When thawing, the
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volume of the fine-material decreases again, but coarse particle does not move back into its
previous position which have been filled up by fine-material in the meanwhile. Consequently,
the coarse particle will be lifted relatively to its surrounding fine material. The mechanism
described by Cortes (1963) is more complex, taking the amount of water between the ice-
water interface into account. Obviously, there is some disagreement on the precise
mechanism. Comparative effects can be promoted by drying and wetting of soils as have been
shown by Springer (1958).

It can be assumed that these three agents often operate together, simultaneously or in a sequence.
In most cases it is impossible to determine which process played the major role and similar-
looking pavements may be of totally different origin (Cooke & Warren 1973; a schematic flow
diagram in Amit and Gerson (1986) gives an impression of the complexity of the processes of the
development of the Reg soils).

IV.2.2 Age of the stone pavements

Corresponding to the various different mechanisms of formation, the ages of stone pavements
differ considerably. One of the few quite precise datings of the age of desert pavements was
published by Amit and Gerson (1986) for Regs from northeast Africa. A sequence of fifteen
successive surfaces of alluvial fans were dated between 14000 years BP and recent (Holocene).
Other pavements, however, seem to be comparatively old, having developed before the last
glacial (Cooke ez al. 1993). The re-establishment of pavements within a few years only after the
experimental removal of the pavement by Sharon (1962) indicate that the formation of
pavements can even be a very recent and short-term events. Sharon’s experiment (Sharon 1962)
also reveals that pavement formation can take place under present climatic conditions of the
Northern Negev. The present climate in Israel does not differ considerably from that in the
winter rainfall zone of southern Africa. Particularly the amount and seasonality of rainfall (about
100 mm/a, mainly in winter) corresponds well with the conditions of the regions with frequent
occurrence of quartz fields in the Succulent Karoo (20-290 mm/a, Milton ez al. 1997).

Desert pavements exert an important control on surface stability and protection from erosion
and can therefore be seen as a substitute for vegetation cover which is usually low or entirely
absent where desert pavements occur. The absence of plants may be caused by chemical and
physical features of the pavement soils: comparative studies of soils inside and outside of
pavements in Arizona by Musick (1975) have shown that the pavement soils have relatively high
salinity, relatively high exchangeable sodium percentage (ESP) and consequently high alkalinity,
high deflocculation of soil colloids and hence low infiltration capacity. According to Musick, the
latter aspect is of highest importance for plants. The description of the chemical and physical soil
conditions of the quartz fields (Chapter II1.6) will show that also some of the quartz fields are
characterised by high sodium contents and high salinity.

IV.2.3 Palaeo-environmental conditions in South Africa

The above review on the mechanisms of the formation and the age of stone pavements in
general revealed that quartz fields could have either be developed recently, i.e., in the Holocene,
or formed even during the last interglacial. The to-date distribution of stone pavements as well as
the processes that may promote their formation indicate that the occurrence of open,
unvegetated areas represents the most important preconditions for their formation. Lack of
vegetation is either due to climatic conditions (aridity or very low temperatures / short growing
seasons) and / or soil conditions (toxic or very saline soils). There is no doubt that the present
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environmental conditions in the western part of southern Africa are suitable for the formation of
quartz fields. However, if the quartz fields were older, there should have occurred similarly
suitable climatic conditions in the past. Therefore, in the following section a short review on the
present state of knowledge about the palaco-climatic conditions of southern Africa since the late
Tertiary will be given.

During the early and late Tertiary, subtropical conditions prevailed in the Karoo (Partridge 1993,
Meadows & Watkeys 1999) supporting woody, mesic floras (Bamford & De Wit 1993, De Wit &
Bamford 1993). At the late Tertiary (late Miocene) when the Antarctica ice sheet was formed the
environmental conditions deteriorated drastically towards cooler and dryer conditions. As a
consequence of the forming ice sheet the Benguela current offshore south-western Africa was
intensified (Siesser 1980, Coetzee, 1978, Linder ez al. 1992, Dingle et. al. 1996, Scott e al. 1997).
At the same time the winter rainfall climate developed (Axelrod & Raven 1978). Most probably,
the modern biomes were established during this time (Partridge 1993). Arid conditions seem to
have prevailed in southern Africa since the end of the Tertiary.

During the Quaternary period southern Africa was not directly affected by ice sheets but the
global glacial influenced the climate of the subcontinent significantly: dry and cool conditions (5-
6°C lower than at present, Partridge 1993) occurred in the central and eastern parts of southern
Africa during the glacial phases. This alternated with warmer and wetter interglacial phases
(Partridge ez al. 1990, Partridge 1993, Meadows & Watkeys 1999). Such findings were mainly
based on palynological analyses of dung middens of common rabbit-sized herbivore Provacia
capensis (rock hyrax) (Scott 1994, Scott & Bousman 1990, Scott & Coorenmans 1992, Scott &
Vogel 1992). In the west coast and adjacent interior the Last Glacial Maximum appears to have
been associated with greater moisture availability. This has been shown by fossil pollen preserved
in cave sediments at Elandsbay on the west coast (~23°S, Cowling e~ al. 1999a, Parkington e/ al.
2000) and in the Richtersveld mountains (~27° S) (Scott et al. 1995). The fossil findings at both
sites indicate the occurrence of relatively humid conditions during the Last Glacial Maximum
which supported arid Fynbos vegetation in the Richtersveld. The Last Glacial Maximum (~21000
- 16000 years BP) was followed by a warming and a hypsithermal period between 7000 and 6500
years BP (Meadows & Watkeys 1999) providing temperatures of about 2°C higher than at present
(Partridge 1993). Since then, the climate deteriorated slightly until today. This post-glacial climate
change has major implications for the history of the Succulent Karoo vegetation in general and of
the quartz field flora in particular.

Based on bioclimatic modelling (Rutherford e al 1996), well-founded palacoecological
information and current-day phytogeographic patterns, Midgley ez a/ (2001) reconstructed the
vegetation history of the western Succulent Karoo and the Fynbos Biome. They indicate that
during the Last Glacial Maximum, under cool and wet conditions, the western part of the recent
Succulent Karoo Biome was almost entirely covered by Fynbos vegetation whereas the Succulent
Karoo vegetation was restricted to arid areas further north and to a few arid relictual islands.
Such retreats were identified in parts of the Richtersveld mountains, the Knersvlakte, small areas
along the west coast and of the northern Tanqua Karoo. With the climatic deterioration since
15000 years BP, the Fynbos vegetation retreated southwards to its present core area and the
Succulent Karoo vegetation expanded from its glacial refugia to about its present distribution.
Midgley ez. al. (2001) argue that the interface between Fynbos and Succulent Karoo was thus
repeatedly subject to latitudinal shifts (during glacial and interglacial changes). Midgley ez /.
(2001) interpret the repeated expansion and contraction as the main mechanism as responsible
for the unparalleled species richness of the Succulent Karoo and the Fynbos (Myers ez a/ 2000).

According to the reconstruction of the palaco-environments, quartz-field habitats could have
been formed during the interglacials. They thus can be either of palaco or recent origin. At the
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present state, the question about the age of the quartz fields has to remain unsolved. However, if
the model by Midgley and co-workers proves right and Fynbos vegetation covered the area of the
present Succulent Karoo during the last glacial, the present distribution of the quartz-field flora
must be of very recent origin. This would have been mirrored in its phytogeography and pattern
of diversity.

Therefore, the hypothesis by Midgley and co-workers shall be tested by interpreting the floral
correspondence between the quartz-field phytochoria (Chapter IV.2.4), the distribution of
particular taxonomic lineages (Chapter IV.2.5), the patterns of diversity (Chapter IV.2.6), and the
hypothetical floral history of the obligate QFF of the Knersvlakte (Chapter IV.2.7).

IVV.2.4 Correspondence between the phytochoria

The floristic correspondence between the quartz-field phytochoria as a base for a floral historical
reconstruction shall be focussed on the distribution of genera and infrageneric taxa within the
quartz-field flora. With respect to the number and relative share of quartz-field species within the
genus, four groups of genera can be distinguished:

a) Genera with a high number of quartz-field species / subspecies which represent the majority
of the entire genus (e.g., Argyroderma, Dicrocanlon, Dinteranthus, Gibbaenm, and Monilaria).

b) Species-poor or monotypic genera which are entirely or largely restricted to quartz fields (e.g.,
Aspazoma, Diplosoma, Iblenfeldtia, Jacobsenia, Meyerophytum, Muiria, Oophytum, Polymita, and
Schlechteranthus).

¢) Genera with a high number of quartz-field species which, however, represent a small share of
the entire genus only (e.g., Bulbine, Conophytum, Crassula, Lithops, and Tylecodon).

d) Specious genera that were only represented with single species in the obligate QFF (e.g.,
Adromischus, Androcymbium, Lasiopogon, Lachenalia, Oedera, Pentzia, Strumaria, and Zygophyllum).

The genera with a high to very high share of quartz-field taxa, as in group a) and b) are
particularly interesting with respect to the floral history of the obligate QFF. Monotypic or
species poor genera (b), however, are often difficult to interpret. Genera that are compiled under
group ¢) and d) are scattered broadly over the distribution area of the quartz fields in general
(Chapter II1.2.4). There is no indication for an adaptive radiation on the quartz fields within these
genera nor any close relationships between the species. Obviously the colonisation of the quartz
fields occurred several times independently in these groups.

Unfortunately, due to the present lack of knowledge on the phylogenetic relationship of most of
the taxa (Chapter IV.1.3), a well-founded historical analysis is impossible. The following
hypotheses are merely speculations that shall only be taken as working hypotheses for future
phylogeographical studies.

1) The Knersvlakte / Riethuis-Wallekraal correspondence

The high correspondence on species and genus level between the obligate QFFs of the
Knersvlakte and the Riethuis-Wallekraal Phytochorion may indicate both, a mutual influence of
the two neighbouring floras or an unidirectional floral migration from one phytochorion into the
other. The presumed phylogeny and distribution of Mownilaria, Dicrocanlon, and Jacobsenia, which are
the most species-rich genera within the quartz-field flora and which occur in both phytochoria
give indications for the most possible direction of migration.
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According to Ihlenfeldt & Jorgensen (1973) the presumably most basic Monilaria species (M.
pisiformis) and its sister species (M. chrysolenca) occur in the centre of the Knersvlakte (Chapter
IV.2.7). This area has also been suggested as the centre of origin of the genus. From there the
more derived taxa spread to the southern and western Knersvlakte (M. moniliformis) or to the
north into the Riethuis-Wallekraal area and northern Namaqualand (M. scutata ssp. scutata, M
scutata ssp. obovata, M. obconica). 1f this proves right, Monilaria obviously migrated from the
Knersvlakte to the north into the Riethuis-Wallekraal Phytochorion and Southern Richtersveld
Phytochorion.

In Jacobsenia (Ihlenfeldt 1997) the only species that is not restricted to quartz fields and the
possibly less derived species (J. &olbei) occurs in the Knersvlakte and along the west coast to the
north where it is frequently found on the acid quartz fields (Chapter 111.6.2). The two congeneric
quartz-field species occur each in a small area of the north-western Knersvlakte (J. balli) or
further north in the Riethuis-Wallekraal Phytochorion and the southern fringe of the adjacent
Southern Richtersveld Phytochorion (J. vaginata). In contrast to |. kolbei, the latter are both
characterised by short stems and compact growth forms. Moreover, |. vaginata has very unusual
bladder cell idioblasts which are unparalleled in the Mesembryanthema (Thlenfeldt 1997). Both
the compact growth forms and the unusual idioblasts may be interpreted as derived character
states. Consequently, Jacobsenia might have migrated northwards from the Knersvlakte to the
Riethuis-Wallekraal Phytochorion (and Southern Richtersveld Phytochorion).

The genus Dicrocanlon (H.-D. Ihlenfeldt, pers. comm.) is centred in the Knersvlakte. Ten of the
twelve congeneric species are endemic to this area. They are found there on acid, non-saline
quartz fields. Only two Dicrocanlon species (D. spissum and D. ramulosum) occur outside the
Knersvlakte, in the Riethuis-Wallekraal Phytochorion where they inhabit saline quartz fields
(Chapter II1.6.3). The phylogeny of Dicrocanlon is very little understood yet. Thus, no
unambiguous statement on the evolutionary trend within the genus can be made. However, the
significant concentration of Dicrocanlon species in the Knersvlakte, the unusual habitat preferences
of the two northern Dicrocanlon taxa, and the indication for a parallel development in Monilaria
and Jacobsenia may indicate that the Knersvlakte is its centre of origin. Consequently, the two
Dicrocanlon species might have migrated to the north. A hypothesis which needs to be proved by
phylogenetic studies though.

Consequently, the hypothesis on the phylogeny of the respective genera indicate an unidirectional
migration of some taxa from the Knersvlakte into the Riethuis-Wallekraal Phytochorion.
Therefore, the Knersvlakte can be regarded as a centre of origin of the obligate QFF of the two
phytochoria. The migration of the quartz-field taxa to the north, however, resulted in the
differentiation into distinct species. None of the genera mentioned above comprise quartz-field
taxa on species level that occur in both phytochoria. The other genera that have quartz-field
species in the Riethuis-Wallekraal Phytochorion are widespread (Conophytum, Crassula, Othonna,
and Phyllobolus) and - as have been discussed earlier (Chapter 111.4.4) - they seem to have
colonised the quartz fields several times independently by different infrageneric groups.

2) The Southern Richtersveld / Riethuis-Wallekraal correspondence

Due to the closer contact between the QFFs of the Riethuis-Wallekraal and the Southern
Richtersveld Phytochorion, lineages that most probably originate from the Knersvlakte (Jacobsenia
and Monilaria, see above: Knersvlakte/ Riethuis-Wallekraal correspondence) migrated into the
Southern Richtersveld Phytochorion. Other taxa which occur in the Riethuis-Wallekraal and the
Southern Richtersveld Phytochorion are Aspazoma amplectens, Meyerophytum meyeri, Crassula grisea,
and Phyllobolus prasinus. Due to their broad distribution and lack of phylogeographical data a
definite statement about the direction of their migration can hardly be given. However, the QFF
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of the Riethuis-Wallekraal Phytochorion comprises no endemic genus, but - as has been
hypothesised above - seems to have been repeatedly intruded by quartz-field taxa from the
Knersvlakte. Also, the widespread taxa within the QFF of the Southern Richtersveld
Phytochorion and the Riethuis-Wallekraal Phytochorion, i.e., Aspagoma amplectens and
Meyerophytum spp., show similar distribution patterns as Schlechteranthus. The latter, however, does
not reach the Riethuis-Wallekraal Phytochorion but seemed to be evolved in the Richtersveld.
Therefore, it seems to be more likely to assume that Aspazoma and Meyerophytum did also not
originate in the Riethuis-Wallekraal Phytochorion, but rather evolved somewhere in the
Richtersveld and migrated southwards into the Riethuis-Wallekraal Phytochorion. Consequently,
the exchange of quartz-field taxa among the Southern Richtersveld Phytochorion and the
Riethuis-Wallekraal Phytochorion possibly happened in both directions. If that assumption
proves right, this would also mean that the QFF of the Riethuis-Wallekraal Phytochorion
comprises components from both, the QFF of the Knersvlakte and of the Richtersveld sexsu lato.

Beyond the influence of the southerly adjacent QFFs, some locally restricted quartz-field species
seem to derive from the area of the Southern Richtersveld Phytochorion. The endemic quartz-
field taxa of the Southern Richtersveld Phytochorion, which separate the QFF of the Southern
Richtersveld Phytochorion from those of the Northern Richtersveld Phytochorion are either
members of widespread genera (i.e., Bulbine, Conophytum, and Lithops) or endemic to the
Richtersveld sensu lato (Mitrophyllum and Polymita) and are generally poor in quartz-field species
(Polymita: 1 species and Mitrophyllum 2 species within the QFF). There is thus no indication for a
radiative speciation in this phytochorion.

3) The Southern Richtersveld / Northern Richtersveld correspondence

The Southern and the Northern Richtersveld phytochoria share five genera, ie., Aspazoma,
Meyerophytum, Nelia, Schlechteranthus, and Mitrophyllum. Whereas three of the genera are entirely
restricted to quartz fields, the latter is only presented with one single species in the QFF. In
contrast to the Knersvlakte and Riethuis-Wallekraal Phytochorion, the shared genera are
particulatly poor in species numbers: Aspazoma is monotypic and Meyerophytum and Schlechteranthus
only comprise two congeneric species each. All of them are quartz-field dwellers. The
infrageneric taxonomy of Nelia, however, is not solved yet. The number of recognised species
varies between one (Hartmann 1991) and four species (Smith ef a/. 1998). For the present study
only one species (IN. pillansii) was recognised.

According to the present state of knowledge, the genera belong into very different taxonomic
groups within two subfamilies of the Aizoaceae (Hartmann 1991) (Ruschioidea: Scblechteranthus:
Leipoldtia  Group,  Meyerophytum = Mitrophyllum ~ Group, Nelia =  Dracophilus  Group;
Mesembryanthamoideae: Aspazoma). Hence, the colonisation of the quartz fields seems to have
happened in several lineages independently. However, the genera show a distinct correspondence
in their distribution. Those genera which are completely restricted to quartz fields cover most
parts of both phytochoria with at least one of their species (i.e., Aspazoma amplectens, Meyerophytum
meyeri, and Schlechteranthus hallii). Aspazoma amplectens even stretches into the Riethuis-Wallekraal
Phytochorion. In Schlechteranthus and Meyerophytum the second congeneric species (S. maximilianii
and M. globosum, respectively) has a particularly restricted distribution (8. maximilianii is restricted
to a very small area in the north-west of the Northern Richtersveld Phytochorion (2816B). M.
globosum 1s restricted to the quartz fields of the Riethuis-Wallekraal Phytochorion).

The difference between the two regions which resulted in separate phytochoria, is mainly due to
the impact of the obligate QFF of other neighbouring phytochoria, i.e., the QFF of the Riethuis-
Wallekraal Phytochorion intrudes in the Southern Richtersveld and the Bushmanland-Warmbad
Phytochorion influences the Northern Richtersveld.
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4) The Northern Richtersveld / Bushmanland-Warmbad correspondence

In correspondence to the Southern Richtersveld Phytochorion, the QFF of the Northern
Richtersveld houses a similar array of endemic quartz-field species that belong to widespread
genera (Conophytum, Crassula, and Lithops). Besides that, some odd genera (i.e., Androcymbinm,
Cheiridopsis, Octopoma, Odontophorus, Strumaria) which are not found on quartz fields elsewhere,
contribute singular (or two in Odontophorus) endemic quartz-field taxa to the Northern
Richtersveld Phytochorion and thus contribute considerably to the separation of the Northern
Richtersveld Phytochorion as a phytochorion on its own.

The close connection between the QFFs of the Northern Richtersveld Phytochorion and of the
Bushmanland-Warmbad Phytochorion on species level is mainly due to the genera Anacampseros
(Portulacaceae), Conophytum (Aizoaceae), lblenfeldtia (Aizoaceae), and Tridentea (Asclepiadaceae).
Their pattern of distribution may reveal driving forces such as palacoclimatic oscillations (in
correspondence to the hyptothesis of Midgley and co-workers (Midgley ez /. 2001) which might
have been responsible for the generally close relationship between the quartz-field phytochoria of
two completely distinct Floral Kingdoms.

All quartz-field species within Anacampseros belong into the section Avonia of the subgenus
Anacampseros (Gerbaulet 1992a). They are largely restricted to the Little Karoo and Bushmanland-
Warmbad Phytochorion which lie outside the strict winter rainfall zone. In the QFF of the
Northern Richtersveld Phytochorion, however, Anacampseros is represented by three species, two
of which (ie., A. papyracea and A. recurvata) are also found in the Bushmanland-Warmbad
Phytochorion. Besides in the quartz-field taxa, several species in Anacampseros (e.g., A. albissima,
A. baeseckii, and A. lanceolata) occur under winter as well as under summer rainfall conditions
(Gerbaulet 1992b).

The pattern of distribution in Anacampseros partly corresponds with that of the genus Conophytum
(Hammer 1993b). The widespread and species-rich genus is mainly distributed in the winter
rainfall zone but is also found in the transition zone and the western border of the summer
rainfall zone. Most Congphytum species of the obligate QFF have an very restricted range size,
several of them are only known from their type locality even (Hammer 1993b, Schmiedel 2001a).
The highest number of quartz-field species within Congphytum occur at the western border of the
winter rainfall zone and in the adjacent transition zone between Springbok and Pofadder where
species of various sections (sens# Hammer 1993b, Schmiedel 2001a) colonised the quartz fields.
In addition, two widespread Conophytum species of the obligate QFF (C. /ithopsoides and C.
manghanii) cover both the Bushmanland-Warmbad Phytochorion and the Northern Richtersveld
Phytochorion. Consequently, the high number of Conophytum species that occur close to or in the
transition zone may be attributed the oscillating borderlines between the winter and summer
rainfall zone. However, since the phylogeny and infrageneric groups of Congphytum are still poorly
understood. Little can be said about the presumable direction of migration within the genus. The
occurrence of the highest number of Congphytum species in the winter rainfall zone does not
necessarily indicate that the centre of origin of the genus is there as well.

In Iblenfeldtia, a species-poor genus that is completely restricted to quartz fields, the presumably
more derived taxon, i.e., I vangylii (Hartmann 1992), is endemic to the Bushmanland-Warmbad
Phytochorion whereas I. excavata is more widespread and occurs in both, the Northern
Richtersveld and the Bushmanland-Warmbad Phytochorion. Hence, Iblenfeldtia occurs in the
transition zone between the summer and winter rainfall zone, as does its presumable next
relatives (i.e., Tanguana and 1V anheerdea) (Hartmann 1992). The centres of diversity of the group is
located further east, in the Pofadder Centre and in the Griqualand (Hartmann 1991).
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The 17 species of Tridentea are mainly distributed in the summer rainfall zone of the central
plateau but also stretches into the winter rainfall zone (Leach 1980). Only the section Caruncularia
to which T. herrei and T. umdaunsensis belong is largely restricted to the winter rainfall zone. Among
them, T. umdausensis, however, occurs from the north-eastern Richtersveld (eastern border of the
winter rainfall zone) to the Bushmanland-Warmbad Phytochorion.

The separation of widespread taxonomic groups on a comparatively low taxonomic level into
winter and summer rainfall taxa has been found for several taxa of both tropical as well as
temperate elements of the southern African flora (Gerbaulet 1992b, Jirgens 1992, 1995, 1997). It
is interpreted as an effect of the relatively young age (5 Mio years) of the winter rainfall zone. The
occurrence of several taxa in the transition zone between summer and winter rainfall zone (as in
Ihlenfeldtia and its next relatives and T7identea umdansensis) as well as the strong diversification of
some taxa (Conophytumr Hammer 1993b, Anacampseros, Gerbaulet 1992a) along the transition zone,
can possibly be interpreted as a result of a oscillating borderline of the winter rainfall zone
(Gerbaulet (1992b). Gerbaulet points out that within Anacampseros infrageneric taxa of different
groups show the same pattern of distribution. This, in return, may indicate that the same area was
colonised repeatedly during different climatic phases.

Unfortunately, beside Gerbaulet’s revision on Anacampseros (Gerbaulet 1992a,b) there are no
other studies that provide insight into the phylogenetic and biogeographical relationships of such
groups. Therefore, little is understand about the direction of the migration of the taxa. However,
preliminary data on Ihlenfeldtia (Hartmann (1992) revealed that the more derived and more
drought-adapted species (. vangyliz) occur in the east. This can either be interpreted as a result of
a shifting interface between rainfall regimes and subsequent specialisation and speciation of the
eastern-most populations of Ihlenfeldtia excavata or of its migrating into a new, more arid habitat.

5) The Bushmanland-Warmbad Phytochorion

The obligate QFF of the Bushmanland-Warmbad Phytochorion is very poor with respect to
genera of their own. Only Dinteranthus and Lapidaria are endemic to the phytochorion whereas
Ihlenfeldtia is also found on the western border of the Northern Richtersveld Phytochorion. These
three genera form part of the Titanopsis Group within the Ruschioideae which is restricted to the
continental plateau of the subcontinent (Hartmann 1991). Besides, the Ti#tangpsis Group also
comprises Lithops and Schwantesia, two genera that also contribute species to the QFF. Provided
that Dinteranthus, blenfeldtia and Lapidaria are monophyletic taxa, the Bushmanland-Warmbad
Phytochorion can be interpreted as a third centre of origin of the obligate QFF which is relatively
poor in endemic genera though. However, the majority of the obligate QFF of the Bushmanland-
Warmbad Phytochorion form part of the widespread, non-endemic genera that contribute several
(Lithops, Conophytum) or a tew species (Adromischus, Tridentea) to the QFF.

6) The Little Karoo Phytochorion

The Little Karoo only comprises two largely endemic genera in the local QFY, Gibbaeun and
Muiria. The close relationship between Gibbaenm and the monotypic genus Muiria which will be
sunk into Gizbbaenm. Both genera form part of the Delosperma group senz Hartmann (1991)
which comprises no further genus of the obligate QFF. Due to the geographical and taxonomic
isolation of the Gibbaenm (incl. Muiria, Thiede & Klak in Goldblatt & Manning 2000) within the
entire QFF, the Little Karoo has to be recognised as a fourth centre of origin of the QFF.
Although this centre is particularly poor in species and genera.
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7) The spectrum of non-endemic taxa

The spectrum of non-endemic taxa comprise comparatively few Aizoaceae (Mesembryanthema)
species whereas the Crassulaceae, Asteraceae, Portulacaceae, and Asclepiadaceae are over-
represented. The members of Asteraceae (Othonna, Senecio), Crassulaceae (Crassula), and
Portulacaceae (Anacampseros) are also these taxa which are typically found on non-saline quartz
fields whereas Mesembryanthema (Aizoaceae) contribute largely to the halophytic quartz-field
flora.

The non-endemic QFF also comprises a higher percentage of the less derived growth from
groups, i.e., micro-chamaephytes, compact nano-chamaephytes, and “other” nano-chamaephytes,
whereas subglobose and subterraneous nano-chamaephytes were under-represented in the non-
endemic QFF.

8) The quartz-field phytochoria and general centres of phytodiversity

The entire quartz-field flora has been assorted into six centres of diversity and endemism which
were defined as phytochoria (Chapter 111.1.1). Four of them, the two Richtersveld Phytochoria,
the Knersvlakte Phytochorion, and the Little Karoo Phytochorion correspond strongly with
general centres of endemism (Nordenstam 1969; Werger 1978; Jirgens 1986; 1991; Hartmann
1991; Hilton-Taylor 1994; 1996a). The contribution of the regional quartz-field flora to these
centres of endemism varies strongly. The Knersvlakte, for instance, which Nordenstam (1969)
named Vanrhynsdorp Centre, houses more than 150 endemic taxa (Hilton-Taylor 1994) of which
63 taxa (Figure 5) - that is about 40 % - are restricted to quartz fields. All endemic genera of the
Knersvlakte (Argyroderma, Oophytum) are largely or entirely restricted to the quartz fields.

The Southern and Northern Richtersveld phytochoria largely cover the Gariep Centre of
endemism (Garip is the Koi-San word for Orange River, Hilton-Taylor 1994). According to
Hilton-Taylor’s (1994) estimates, this centre houses more than 350 endemic taxa. The
contribution of the quartz-field flora (ca. 30 endemic taxa) to this centre of endemism is
comparatively poor. In contrast to the Knersvlakte, the two endemic plant genera (Dracophilus and
Juttadinteria, Hilton-Taylor 1994), do not form part of the quartz-field flora.

For the Little Karoo Centre of endemism the exact number of endemic plant taxa are poorly
known. Hilton-Taylor (1994) estimates between 200 and 300 and assumes that this is a major
centre of plant endemism and species richness. The obligate quartz-field flora (8 endemic taxa)
only contributes a very small share to this high endemism. Among the endemic plant genera
(Cerochlamys, Gibbaeum, and Zenktophyllum) only Gibbaenm forms part of the quartz-field flora.

IV.2.5 Hypothetical trends in the floral history of the QFF

The six regional QFFs derived from four largely isolated centres of origin (i.e., Little Karoo,
Knersvlakte, Richtersveld s.l., and Bushmanland-Warmbad area). Each of the centre is dominated
by different taxonomic groups of the Mesembryanthema.

In the Khnersvlakte, two subtribes, ie., the Leipoldtiinae (comprising _Argyroderma but also
Cephalophyllum, Hartmann 1987) and the Mitrophyllinae (Dicrocanlon, Diplosoma, ]acobsenia,
Monilaria, and Oophytum, Ihlenfeldt 1971b), contribute the highest number of species to the
obligate QFF. Among them, Mitrophyllinae are of highest importance in the Knersvlakte which
also represents the centre of diversity within the group. The most primitive taxa within the
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Mitrophyllinae (Mitrophyllum and Meyerophytum, Ihlenfeldt 1971b), however, are found in the
Richtersveld. It seems that the formerly widespread ancestors of the group experienced strong
radiation in the south (Knersvlakte) whereas the northern taxa remained more primitive. From
the Knersvlakte, several genera of the Mitrophyllinae spread to the north into the Riethuis-
Wallekraal Phytochotion (Dicrocanlon, Jacobsenia, Monilaria) or even beyond that (Jacobsenia,
Monilaria) where they differentiated into separate species or subspecies.

The largely endemic genera of the QFF of the Richtersveld form part of various different
Mesembryanthema groups or subtribes: the Leipoldtiinae (Schlechteranthus), the Mitrophyllinae
(Meyerophytum, Mitrophyllum), the Dracophilus group (Nelia), and the Ruschia group (Polymita)
contribute (largely) endemic genera to the quartz-field flora. None of them conducted a similar
radiation as the Mitrophyllinae in the Knersvlakte. The singular colonisation of the quartz fields
by only one or two species within the Dracophilus and Ruschia Group seems to be rather due to
random events than to particular pre-adaptations. In contrast to the other centres of origin, the
Richtersveld area lacks particular taxonomic groups that dominate the regional QFF.

Ihlenfeldtia is closely related to Tanguana and 1V anheerdea (Hartmann 1992) which both form part of
the Titanopsis Group sensu Hartmann (1991). The Titanopsis Group that also comprises other
important quartz-field taxa (Dinteranthus, Lapidaria, Lithops) is mainly distributed in the central
plateau of the southern African sub-continent (Hartmann 1991) in the proper summer rainfall
zone. In the QFF of the Bushmanland-Warmbad Phytochorion the Titanopsis Group plays the
most important role since all Aizoaceae species except Conophytum (Dracophilus Group) of the
QFF of the Bushmanland-Warmbad Phytochorion, belong into this group (i.e., the genera
Dinteranthus, Ihlenfeldtia, Lithops, Schwantesia). Which is centred in the summer rainfall zone of
southern Africa (Hartmann 1991).

The two endemic genera of the Little Karoo, Gibbaenm and Muiria that contribute the majority of
the obligate QFF form part of the Delosperma Group. The Little Karoo also represents the centre
of highest density of genera of the group (Hartmann 1994). From there most of the genera
spread to the east, from the Southern Karoo into to the Eastern Cape along the southern
escarpment. Hence, the Delosperma Group occurs mainly outside the winter rainfall zone.

Summarising, the diversification in the four centres of origin of the quartz-field flora derives
from completely different lineages which are centred in the respective phytochorion and hardly
overlap with each other. The Mitrophyllinae and the Leipoldtiinae which are most important in
the Knersvlakte but also occur in the Richtersveld, are mainly centred in the winter rainfall zone.
The Titanopsis Group that gave rise to several quartz-field taxa in the Bushmanland-Warmbad
Phytochorion are centred in the central plateau whereas the Delosperma Group mainly occurs
south and east of the Titanopsis Group, outside the winter rainfall zone. This, again, stresses the
low correspondence between the regional QFF. The only correspondence between the floras on
genus level is based on the widespread genera that mainly occur outside the quartz fields but
repeatedly colonised the quartz fields of different phytochoria (mainly Anacampseros, Conophytum,
Crassula but also Bulbine, Othonna, and Tylecodon).

Consequently, the obligate quartz-field flora largely mirrors a general pattern of southern African
phytogeography but only in the Knersvlakte, which houses the highest number of endemic
quartz-field taxa, the quartz-field flora contributes significantly to the high number of endemics
of the area. The distribution of the Knersvlakte and Richtersveld general centres of diversity
correspond well with the hypothesised glacial refugia of the Succulent Karoo taxa (Midgley ez a/.
2001). In correspondence to the putative oscillation of the biome interface during the
Quaternary, the origin of the Little Karoo Centre has been explained by the invasion of different
taxa in subsequent waves (Hartmann 1994).
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Riethuis-Wallekraal Phytochorion which does not correspond with any general centre of diversity
can be interpreted as a secondary centre of endemism. This centre evolved due the post-glacial
colonisation of the quartz fields by northwards migrating quartz-field taxa from the Knersvlakte.

The endemism and diversity of the Bushmanland-Warmbad Phytochorion is not mirrored by any
general phytogeographical pattern and not explained by the palacoenvironmental reconstruction.
It can thus be concluded that this endemism is largely restricted to the quartz-field taxa, due to
the adaptation of particular lineages to these spatial isolated and edaphically special quartz-field
habitats.

It can thus be concluded that the hypothesised expansion of the Succulent Karoo flora in the
post-glacial phase is supported by the reconstructed floral history of the quartz fields. The
Richtersveld s.l. and the Knersvlakte, the putative glacial refugia sensx Midgley ez al. (2001) are the
identified as two centres of origin of the quartz-field flora. From there several quartz-field taxa
spread southwards respectively northwards. The majority of the present endemics of the
Riethuis-Wallekraal Phytochorion are derived from lineages that are centred in the Knersvlakte.
The close relationship between the Northern Richtersveld and the Bushmanland-Warmbad
Phytochorion has also to be interpreted as a result of the glacial-interglacial shifting of the
interface between different rainfall regimes.

I\VV.2.6 Difference in diversity between the phytochoria

The floral analysis of the phytochoria revealed strong differences in species and growth-form
richness between the five quartz-field phytochoria (Chapter 111.3). The Knersvlakte houses the
highest number of quartz-field taxa (67 taxa) and quartz-field endemics (63 taxa). The Northern
Richtersveld Phytochorion has 40 quartz-field taxa of which 22 are endemic to the region. In the
Bushmanland-Warmbad Phytochorion 24 quartz-field taxa occur of which 16 are regional
endemics. The remaining three regional QFF merely comprise less than 20 taxa each (Chapter
I1L3).

Five factors can be considered to be responsible for the differences in diversity between the
phytochoria: differences in age and origin of the quartz-field flora (1), differences in size (2) and
density (3) of the quartz-field archipelagos as well as in their habitat diversity (4), and particular
preconditions within taxonomic groups (5) that result in comparably fast adaptation and
speciation. In this chapter the possible factors shall be discussed in order to conclude whether
other factors than the location of the glacial refugia of the Succulent Karoo flora are rather
responsible for the differences in diversity.

1) Differences in history: As has been stated above, very little is known about the age of the
quartz-field habitats. The reconstruction of the palaco-environment (Chapter IV.2.3) indicate
that the mountainous (i.e., northern) Richtersveld and the Knersvlakte formed refugia and
the resources for re-colonisation of the present Succulent Karoo Biome. Consequently, their
generally high endemism and high degree of quartz-field endemics of the Knersvlakte
Phytochorion and the Northern Richtersveld Phytochorion can be attributed to this historical
pattern. The Riethuis-Wallekraal Phytochorion and the Southern Richtersveld Phytochorion
which have been interpreted as a secondary centre of endemism (Chapter IV.2.5) are
comparatively poor in quartz-field endemic. The moderately high number of quartz-field
endemics in the Bushmanland-Warmbad Phytochorion are partly due to the occurrence of
taxa which it has in common with the Northern Richtersveld Phytochorion. This floristic
correspondence can partly be attributed to the Quaternary climatic oscillations. It can thus be
summarised that the differences in diversity and level of endemism between the regional
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quartz-field floras can be explained by the floral historical patterns hypothesised above
(Chapter IV.2.5).

Different size of the quartz-field archipelagos. Quartz fields present island-like habitats which
are grouped together to inland archipelagos surrounded by zonal soil types. The equilibrium
theory of islands which have been developed by MacArthur & Wilson (1963, 1967) and
subsequently discussed and elaborated by numerous authors (e.g., Whitehead & Jones 1968,
Brown & Kodric-Brown 1977, Whittaker 1998) draws attention to the fact that the species-
area relationship observed for biota on mainland (Preston 1962) is true for islands as well.
MacArthur & Wilson also indicated a relationship between species richness of islands and
their distance to the source of immigrating species. Since quartz fields often form dense
patterns of smaller or larger patches and the borders of the single patches might not always
be possible to determine, the theory cannot be applied to single quartz fields. But analogously
with the study of Adler (1992) as well as Adler & Rosenzweig (in Rosenzweig 1995) on
species richness of birds on Pacific archipelagos, the size and species richness of quartz-field
archipelagos have been analysed (Figure 28). The plotting of numbers of total and endemic
quartz-field taxa against the number of quarter-degree squares covered by the phytochorion
revealed no linear relationship (Chapter II1.3.2). The phytochoria with the largest extension
(Bushmanland-Warmbad and Little Karoo Phytochoria) comprise far less total as well as
endemic quartz-field species than the much smaller Northern Richtersveld and the
Knersvlakte Phytochoria.

Consequently, the equilibrium theory of islands by MacArthur and Wilson does not hold for
the quartz-field archipelagos.

Difference in density of quartz fields. In the relatively species-poor Bushmanland-Warmbad
Phytochorion only the area around Pofadder (2919AB) and Aggeneys (2918BB) has a high
density of quartz fields (and thus a higher species richness, Figure 22), whereas in the eastern
sections of the phytochorion quartz fields and quartz-field taxa are extremely sparse. The
Little Karoo Phytochorion comprises sections with low density of quartz fields. In return, the
Knersvlakte Phytochorion which comprises the most species-rich quartz-field flora and the
highest number of quartz-field species per QDS, also has the highest density of quartz fields:
they almost cover the entire phytochorion. The same holds true for the Riethuis-Wallekraal
Phytochorion which comprises a very small area but has a high density of quartz fields.

The number of quarter-degree squares covered by the phytochorion does not mirror the
density of the quartz fields within the area.

Difference in habitat diversity. The equilibrium theory of island indicates (although not
explicitly expressed by MacArthur & Wilson 1963) that one reason for the increase of species
diversity is the increase of habitat diversity which increases with the size of the island.
However, the increase of habitat diversity of quartz fields depends on more than the size of
its area. The heterogeneity of the geology, geomorphology, and of the soil conditions are the

main factors that influence the diversity of the quartz-field habitats. The geomorphology and
the soil conditions strongly depend on climatic conditions. The strongest impact on the
variance of species data of the quartz fields has been revealed for the variables electrical
conductivity and H" concentration. Both variables showed the lowest mean values and lowest
variance (expressed in weighted standard deviation) for the data from the Bushmanland-
Warmbad Phytochorion (Table 61). This low variance can be attributed to the summer
rainfall conditions of the area which are characterised by local but strong rainfall events. This
kind of precipitation promotes runoff, erosion, leaching of the soils, and results in more
geomorphological and soil chemical equalisation of the quartz-field habitats than in the
winter rainfall zone.
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Consequently, the spatial extension of the phytochorion does not mirror its environment and
habitat diversity as it is implied

5) Accelerated radiation in geographically restricted taxonomic groups. Among the quartz-field
taxa, the subtribe Mitrophyllinae (Ruschioideae, Aizoaceae) contributes the highest numbers
of genera and species. They are generally found in the winter rainfall zone (Hartmann 1994),
but have the highest density of quartz-field taxa in the Knersvlakte Phytochorion. The
majority of the genera is largely or exclusively restricted to quartz fields. Other subtribes or
taxonomic groups (sexsz# Hartmann 1991) are either represented by a single genus or a few
species only. Thlenfeldt (1971a,b, 1975, 1994) repeatedly pointed out that the phenological
variance within the Mitrophyllinae is due to ontogenetic abbreviation and changes of
ontogenetic sequences that can be studied within this subtribe. Ihlenfeldt (1994) hypothesises
that the performance of ontogenetic abbreviation can be attributed of the occurrence of
homoeotic genes, i.e., high-ranking regulatory genes, which are responsible for the
ontogenetic program and thus can promote changes of the general phenotypic architecture by
altering the sequence of ontogenetic processes (Kubitzki ez a/. 1991). Such genes have first
been identified for various animals where they turned out to be widespread and highly
conserved (McGinnis ef al. 1984, Carrasco et al. 1984). Due to this ability, reduction of
internodes and numbers of leaves have been performed in different genera, leading to an
increase of compactness (dwarfism) of the plant’s architecture. Although similar abilities can
also be assumed for other groups (in the subtribe Leipoldtiinae, for instance, where the
stemless and unbranched Argyroderma might represent the juvenile stage of fruticose taxa such
as of Leipoldtia), they are less prominent and less successful on quartz fields. No other
taxonomic group contributed comparatively numerous taxa to the QFF as the Mitrophyllinae.
It can therefore be argued that the unparalleled success of the Mitrophyllinae contributes
significantly to the particularly high species richness of the quartz fields of the Knersvlakte

Consequently, the species richness of the quartz-field phytochoria does not depend on the total
size of the phytochoria but rather on the density of quartz-field habitats within this area as well as
on the habitat diversity. The low species richness of areas with a low density of quartz fields (as in
the western Bushmanland-Warmbad Phytochorion) can be explained by the same rules as shown
for remote islands (Diamond 1972). However, only a study on the relationship of species richness
and the distance of single quartz-field islands from the next group of such habitats of all
phytochoria could reveal whether the low species richness is controlled by the distance to the
next group of quartz fields or other factors, such as diversity of soil conditions or climate (e.g.,
increasing impact of summer rainfall conditions). Ontogenetic abbreviations and changes of
ontogenetic sequences within the Mitrophyllinae can be interpreted as a key innovation which
facilitate the evolution of structural adaptations to the quartz fields and result in a high density of
quartz-field species within this particular subtribe which mainly occurs in the Namaqualand sensu
lato. Such a radiation is unparalleled in other groups and might be additionally speeded up by the
speciation mechanisms associated with the refugial phase in the central Knersvlakte. This phase
would have promoted speciation in isolated populations on separated island-like refugia which
leads to genetic isolations, vicariance and allopatric speciation supported by strong founder
effects.

The pattern of distribution of quartz-field taxa in the Knersvlakte and resulting hypothesis on
their history and migration is discussed in the following section.



179

I\VV.2.7 Hypotheses on the floral history of the Knersvlakte

Due to the high number of quartz-field species and the high percentage of endemism, the
Knersvlakte can be regarded as the main centre of diversity and endemism of the QFF. It could
be assumed that the high species diversity of the area can partly be attributed to the occurrence
of arid glacial refugia in the Knersvlakte as they have been hypothesised by Midgley and co-
workers (Midgley ez 2/ 2001, see also the previous chapters). This should, however, be mirrored
in the distribution and phylogeny of the recent taxa. Therefore, a discussion about the
hypothesised glacial refugia in the Knersvlakte shall be based on the reconstruction of the history
of the regional quartz-field flora. Due to the research activities in the Knersvlakte during the
present study, the distribution of the taxa is well known. In this context, the phylogeny of those
genera which are either endemic to the area (Argyroderma, Oophytum) or have their centre of
diversity there (Dicrocanlon, Monilaria) are particularly interesting. However, no phylogenetic
studies have been conducted so far on these taxa. Preliminary phylogenies, which are derived
from morphologic and anatomical features, are available for Argyroderma (Hartmann 1973, 1977),
Oophytum (Ihlenteldt 1978), Diplosoma (Ihlenfeldt 1988), and Dicrocanlon (H.-D. Ihlenfeldt, pers.
comm.). All these species belong to the Mesembryanthema (Aizoaceae). Based on these
preliminary phylogenies and on the interpretation of some pairs of putatively closely related taxa
(Jacobsenia hallii and |. kolbez, Phyllobolus digitatus ssp. digitatus and P. d. ssp. littlewoodii, Aizoaceae;
Lencoptera spp., Asteraceae), hypotheses on the floral history of the quartz-field flora of the
Knersvlakte shall be discussed.

The phytogeographical analysis of the Knersvlakte revealed three phytogeographical sub-centres
of the Knersvlakte, the Central Knersvlakte, the Northern Knersvlakte, and the Western
Knersvlakte (Chapter I11.1.2).

The quarter-degree square 3118BC of the Central Knersvlakte (comprising the farms Luiperskop,
Quaggas Kop, Arizona, Wolvenest, Rooiberg, Bergplaas) houses by far the highest number of
quartz-field species and subspecies (Chapter IIL3). Five species / subspecies are entirely
restricted to this QDS (Argyroderma framesii ssp. framesii, A. patens, Bulbine lomwii, B. margarethae, B.
wieser). Other taxa also occur in the adjacent QDS to the west (A. pearsonii, Cephalophyllum spissum,
Dicrocanlon humile, D. neglectum, Tylecodon tenuis). Nine taxa stretch further to the east into the QDS
3118BD and/or to the south (3118CB). The high number of quartz-field taxa within the Central
Knersvlakte may indicate either the occurrence of a centre of origin or a centre of secondary
diversification of the present quartz-field flora.

The preliminary phylogeography of the quartz-field taxa of the Knersvlakte (a) as well as the
distribution of the quartz-fields of the area (b) seem to support the first explanation.

a) The phylogeographical interpretation of the to-date patterns of
distribution

The Central Knersvlakte not only comprises the highest species richness but also a significant
number of presumably basal quartz-field taxa. Their (presumably more derived) next relatives are
either restricted to the Northern Knersvlakte or they extended their distribution into all three
sub-units of the Knersvlakte (Central, Northern and Western Knersvlakte).

According to Ihlenfeldt and Jérgensen (1973), Monilaria pisiformis which has the least succulent
axes is the most primitive taxon within the genus. He suggests that M. pisiformis is the possible
ancestor of M. chrysolenca and M. moniliformis. M. pisiformis is restricted to the Central Knersvlakte,
whereas M. chrysolenca is restricted to the Northern Knersvlakte. M. moniliformis is widespread in
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the Knersvlakte, covering all three phytogeographical sub-centres and some QDSs at the fringe
of the Knersvlakte.

In the genus Argyroderma, A. congregatum and A. framesii which are both supposed to be less
derived quartz-field taxa within the genus are restricted to the Central Knersvlakte. According to
Hartmann (1973, 1977) A. congregatum derived from A. fissum, which is the only Argyroderma
species that is not restricted to quartz fields. A. congregatum again, is the presumed ancestor of A.
crateriforme and A. delaetii which either occur in the Central and Northern Knersvlakte (A. delaetii)
or cover all three sub-centres of the Knersvlakte.

The phylogeny of Dicrocanlon is little understood. But based on his taxonomic investigations in
Dicrocanlon, H.-D. Thlenfeldt (pers. comm.) points out the existence of pairs of closely related
species: e.g., D. brevifolinm and D. humile as well as D. microstigma and D. prostratum. Within the first
pait, D. humile which is presumably more derived than D. brevifolinm (H.-D. Ihlenfeldt, pers.
comm.), inhabits a very small area in the most species-rich QDS of the Central Knersvlakte
(3118BC) as well as adjacent QDS to the west (3118AD). D. brevifolinm, in return is widespread in
the Central Knersvlakte and stretches even into the Northern Knersvlakte (3118BA). The species
pair D. wmicrostigma and D. prostratum, however, deviate from the pattern found in most of the
other groups: D. microstigma occurs south of the Central Knersvlakte in the area between
Vredendal and Klawer which is particularly poor in quartz-field taxa and does not belong to any
of the zones defined above. D. prostratum is restricted to the eastern fringe of the Central
Khnersvlakte.

Quophytum oviforme and O. nanum are the only species of the genus (Ihlenfeldt 1978) and are thus
closely related. Both species are found in the Central Knersvlakte but they show two different
patterns of distribution, which partly overlap though. Oaphytun: oviforme is restricted to the Central
Knersvlakte whereas the distribution of O. manum stretches further to the north into the Northern
Knersvlakte. In the north-western part of the Central Knersvlakte (QDS 3118AD,BC) both
species are found in neighbouring habitats - but never occur sympatrically.

For Phyllobolus digitatus little is known about its next relatives. It has been sunk into Phyllobolus only
recently by Gerbaulet (1997) who also recognised Dactylopsis littlewodii as a subspecies of P.
digitatus. Due to its unusual, bizarre habit (Hammer 1996), the re-combination of Gerbaulet yet
met very little acceptance among ecologists and the status of the taxon seems to require more

attention still. The phylogeny of the genus is unsolved still, but Gerbaulet presumes that the next
relative of P. digitatus is P. resurgens (Gerbaulet 1995, 1997). She does not indicate which of the two
subspecies in P. digitatus might be more derived. Provided that the hypothesis proves right that
increasing specialisation on quartz fields tends to go along with reduction of size and number of
leaves, the smaller and more compact sub-species, i.e., P. d. ssp. littlewoodiz, would be the putative
more derived taxon. P. d. ssp. /littlewoodii occurs in the Northern Knersvlakte whereas P. d. ssp.
digitatus is largely restricted to the Central Knersvlakte.

Another pair of closely related taxa are Cepbalophyllum spissum and Cephalophyllum caespitosum which
were arranged together with C. rostellum and C. curtophyllum to the C. spissum-group (Hartmann
1988). C. spissum is restricted to the Central Knersvlakte whereas C. caespitosum is widespread and
covers all three phytogeographical sub-centres of the Knersvlakte. Hartmann (1988) does not
state which of the two species is putative more derived. However, based on the distribution data
of the genus Cephalophyllum Hartmann (1988) hypothesises a possible centre of origin in the
Central Knersvlakte to which C. spissum is restricted.

For the Leucoptera species (Asteraceae) within the obligate QFF, a completely different origin has
to be considered. Leucoptera oppositifolia (Asteraceae) which is restricted to the Western
Knersvlakte, seems to be derived from the coastal flora where one of the three congeneric
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species, Leucoptera nodosa (Nordenstam 1976) inhabits the coastal Strandveld between Hondeklip
Bay and Clanwilliam. L. nodosa and L. oppositifolia both represent narrow-leaved, non-succulent
frutescent shrubs of up to 50 cm height. The only other species of the genus known so far, i.e.,
L. subcarnosa, colonises the quartz fields of the Central and Northern Knersvlakte. Due to its
short and often decumbent stems as well as sub-succulent leaves, L. subcarnosa seems to be
morphologically better adapted to quartz-field habitats than L. gppositifolia. 1t can therefore be
hypothesised that these two quartz-field taxa might have been derived from the coastal flora and
have subsequently colonised the inland quartz fields. The general pattern of distribution within
this lineage is not in line with the patterns presented above for the Mesembryanthema. The
development within this genus seems to deviate from the others.

Further quartz-field taxa that are restricted to the Central Knersvlakte or even to the most
species-rich quarter-degree square (3118BC), i.e., Bulbine spp., Phyllobolus abbreviatus, Tylecodon spp.,
Zygophyllum teretifolinm, represent either the only quartz-field taxon within their group (Zygophyllun)
or their infrageneric relationship and thus their next relatives are fairly unknown (Bu/lbine,
Phyllobolus, Tylecodon). Consequently, these taxa can not be considered for this issue.

Summarising, according to the interpretation of the distribution and hypothesised phylogeny of
the taxa, the rather primitive members and putative ancestors of more derived quartz-field taxa
are typically restricted to the Central Knersvlakte. Most of their more derived relatives are more
widespread and either cover all three sub-units of the Knersvlakte or are restricted to the
Northern Knersvlakte. This indicates that the quartz-field flora of the Knersvlakte has their
centre of origin in the Central Knersvlakte. From there the taxa may have spread into the
Northern and Western Knersvlakte. Some of them even migrated up to the Riethuis-Wallekraal
area (Dicrocaulon, Monilaria, compare Chapter 1V.2.4). If the hypothesis proves right that during
the Last Glacial Maximum cooler and wetter conditions prevailed in present area of the western
Succulent Karoo and the Succulent Karoo flora was restriction to arid refugia (Midgley ez al.
2001), one of these refugia might have been in the Central Knersvlakte.

b) The distribution of quartz fields in the Knersvlakte and it impact on the
migration of quartz field taxa

The majority of quartz fields in the Knersvlakte are associated with extended drainage systems.
Along the (nearly) uninterrupted sequence of quartz fields along drainage systems, the quartz-
field taxa would have migrated during the post-glacial phase. Three major drainage systems can
be distinguished for the distribution area of quartz fields in the Knersvlakte (Figure 84):

The largest and longest drainage system, the Sout Rivier (Salt River), intersects the Knersvlakte
from north-east to south-west. It starts at the escarpment in the most north-eastern corner of the
Knersvlakte and flows to the southwestern border of the quartz-field area of the Knersvlakte
(3118CB) where it conflows with the Vars Rivier to the Hol Rivier which flows into the Olifants
Rivier. For the longest part of its course, that is, from its start to where the Geelbeks Rivier flows
into the Sout Rivier, the Sout Rivier runs through terrace deposits (Gresse 1992) or dark shale
bands. Along this section, quartz fields are absent or poorly developed (for instance at the farm
Bokkraal). From the Geelbeks Rivier mouth downstream to the confluence of the Sout Rivier
and the Vars Rivier into the Hol Rivier, quartz fields are most prominent.
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Figure 84. Map of the Knersvlakte showing the major drainage systems and hypothetical migration of
the QFF of the Knersvlakte.

The second drainage system (Geelbeks Rivier) runs in north-south direction from the uplands of
the Namaqualand (Hardeveld) to the south where it flows into the Sout Rivier. For most parts of
its course the Geelbeks Rivier runs through soft rocks (phyllite, mudstones) which are rich in
quartz veins. Therefore, the drainage system of the Geelbeks Rivier is densely covered with
quartz patches which stretch from the farms Kouvlei, Toontjieskop, Strykloof, and Breektand in
the north (3018CD) to the farm Arizona in the south (3118BC). The sequence of quartz fields is
interrupted for some kilometres near the border between the farms Flaminkvlakte and Kareeberg
(about 31°13’S, 18°32°E). West of the lower section of the Geelbeks Rivier (from the
Flaminkvlakte southwards) another drainage system which comprises the Kraalboskolklaagte, the
Groot-Graafwater Rivier, and the Rooiberg Rivier runs parallel to the Geelbeks Rivier. Both
drainage systems form part of a continuous quartz-field area.

The third drainage system (Vars Rivier) extends from the escarpment in the east of the
Knersvlakte to the west where it conflows with the Sout Rivier to the Hol Rivier. From east to
west the frequency of quartz veins and the undulation of the landscape increases. Compared to
the Geelbeks Rivier and the lower course of the Sout Rivier, the Vars Rivier system is less divers
with respect to quartz-field habitats.

All three drainage systems conflow in the Central Knersvlakte (QDS 3118BC), which has been
pointed out as being the putative centre of origin of the quartz-field flora. If the quartz-field flora
spread from there towards north, they must have migrated along the quartz-field habitats parallel
to the Geelbeks Rivier / Grootgraafwater Rivier and Vars Rivier.

The short-range dispersal of seeds due to the hygrochastic capsules which are typical for the
Mesembryanthema (Ihlenfeldt 1983, 1994, Parolin 2001) enhance genetic isolation of the single
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populations. Moreover, the hygrochastic fruits make downstream dispersal of seeds more likely
than upstream dispersal. This would result in: a) stronger genetic isolation with subsequent
speciation of the upstream, marginal populations and b) genetic heterogeneity on population level
and the species richness of the downstream population (Ellis 1999). This hypothesis is supported
by the fact that the more derived species are either restricted to the Northern Knersvlakte (e.g.,
Monilaria chrysolenca, Phyllobolus digitatus ssp. littlewoodiz) or they cover both the Central and the
Northern Knersvlakte (e.g., Argyroderma delaetii, Dicrocanlon brevifolinm, Monilaria moniliformis). The
restriction of the more basal taxa within the genera to the Central Knersvlakte which has been
described above correspond well with these hypothesised processes.

Based on this hypothesis of population dynamics in the quartz fields flora of the Knersvlakte,
Ellis (1999) commenced a population genetic study on some selected species of Argyroderma. This
study shall give first evidence whether this hypothesis holds true.

No drainage system connects the Western Knersvlakte with the Central and the Northern
Knersvlakte. The Northern and the Western Knersvlakte are separated by the Namaqualand
mountains (Hardeveld) which stretch far to the south between the two sub-centres. The Western
Knersvlakte borders to the Central Knersvlakte but both sub-centres are separated by an area of
low occurrence of quartz veins as well as a watershed which is formed by a low, east-west
stretching elevation (at about 31° 20’ S). Despite these topographically induced separations of the
Western Knersvlakte from the rest, this phytogeographical sub-centre shares several quartz-field
taxa with the Western and Northern Knersvlakte. These taxa, however, are generally widespread
in the Knersvlakte. It is therefore hard to deduce from their pattern of distribution, what the
main direction of migration might have been. Considering the topography, it seems to be more
likely that the QFF of the Western Knersvlakte derived from western populations of the QFF,
from the quartz fields at Moedverlor and Kliphoek (north of Koekenaap, 3118AD) of the
Central Knersvlakte. In that case, the taxa would have migrated along the coastal plains from the
quartz fields at Moedverlor and Kliphoek to the northwest. This seems to be more likely than the
crossing of the Namaqualand mountains by the quartz field taxa. This hypothesis gets some
support from the patterns of distribution of some quartz-field taxa: three widespread species that
occur in all three sub-centres of the Knersvlakte are only found in the western part of the
Western Knersvlakte (QDS 3118AA) but are absent in the eastern part (QDS 3117BB) which
borders to the Northern Knersvlakte. However, this gap in the distribution may also be due to
incomplete collection since three respective species, i.e., Diplosoma luckhoffii, Phyllobolus herbertii,
and Tylecodon occultans, are particularly hard to spot since they are extremely small and their
aboveground parts dye back during the dry season.

It is not self-explanatory that the presumably basal taxa within the quartz-field flora are restricted
to the Central Knersvlakte whereas the more derived species have a broader distribution and
often stretch into the Northern Knersvlakte. If the more derived species, which are typically
more compact (as in Argyroderma Hartmann 1977; Phyllobolus digitatus, Gerbaulet 1997; Dicrocaulon;
H.-D. Ihlenfeldt, pers. comm.) and often more succulent (as in Monilaria, Ihlenfeldt & Jorgensen
1973; Lencoptera, Nordenstam 19706) are generally better adapted to the adverse habitat conditions
of the quartz fields, their ancestors should have been extinguished by competition. This,
however, did not happen in the Central Knersvlakte. There, the putative more primitive taxa

“It shall be noted that seed dispersal by other vectors than splashing and flowing cannot be excluded. Particularly
during hot and dry easterly winds (so called bergwinds) dust, sand, seeds, and even fruit capsules can be transported
for long distances. But there is a relative small chance of the diaspores which are transported like that to meet an

adequate habitat. This mechanism seems to be rather of secondary importance.
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seem to be as successful as their descendants whereas they do not occur in the Northern
Knersvlakte. Why do the basal taxa still occur in the Central Knersvlakte? Maybe because of the
relatively less adverse conditions which prevail there. The Central Knersvlakte is less arid then the
Northern Knersvlakte, due to the higher precipitation (compare Figure 39) and the impact of fog.
According to the experiences during the field campaigns, the fog which comes in from the west
coast occurs in the western Central Knersvlakte (Moedverlor) with highest frequency and longest
duration per day but also intrudes further inland to the central section of the Central Knersvlakte.
But due to the mountain ridge that runs from Nuwerus in the north to the Moedverlorberg in the
south, the fog hardly reaches the Northern Knersvlakte. The highest frequency of fog has to be
expected for the Western Knersvlakte, due to its close vicinity to the coast (app. 30 km).

The low impact of fog in the Northern Knersvlakte increases the edaphic aridity of the quartz
fields which, in return, promotes morphologic-anatomical adaptations of the quartz-field
inhabitants. Such increase of xeromorphic structures which corresponds with the increase in
distance to the coast can be observed in several taxa within the quartz-field flora as described
above.

Summarising, the present pattern of distribution of closely related taxa indicates that the flora of
the quartz fields in the Knersvlakte have their centre of origin in the Central Knersvlakte and
spread from their to the north and west. The genetic isolation of the marginal populations could
have resulted in the differentiation of distinct taxa in three phytogeographical sub-centres. The
higher number of putatively more basal taxa in the presumed centre of origin (Central
Knersvlakte) can be explained by the higher impact of fog in that part of the Knersvlakte which
eases the edaphically arid conditions of the quartz fields (Chapter IV.6). Current molecular
phylogenetic (by G. Bertram, University of Hamburg) and population genetic studies (A. Ellis,
University of California Irvine) of selected taxonomic groups can give evidence for this
hypothesised phylogeography of the quartz-field taxa of the Knersvlakte and other phytochoria.

IV.3 The ecological background of the quartz-field flora

The analysis of the habitat conditions on quartz fields revealed (Chapter I11.6) that the habitat
conditions of non-saline quartz fields are characterised by shallow and skeletal soils and low soil
pH and are thus similar to that of rocky habitats and outcrops. Therefore, the vegetation of non-
saline quartz fields has a high species overlap with rocky outcrops which particularly prominent
in the  Conophytumn  (Mesembryanthema), Crassula  (Crassulaceae), and  _Anacampseros
(Asclepiadaceae), as well as Sewecio and Othonna (Asteraceae). The species overlap decreases
strongly with increase of salinity and the more the outcrop character and the rockiness diminish.
The strong ecological and floristic correspondence between non-saline quartz fields and rocky
outcrops may indicate that the flora of the non-saline quartz fields originated from the flora of
rocky outcrops. This hypothesis, which has also been discussed by Desmet ¢# a/. 1998, can only
be verified by employing phylogenetic and autecological data of congeneric taxa which are found
outside quartz fields on rocky outcrops and on non-saline quartz-fields or - alternatively - on
non-saline and saline quartz fields. If the hypothesis proves right, the taxa that are restricted to
saline quartz fields would be furthest derived and those on the rocky outcrops most basal,
whereas the inhabitants of the non-saline quartz fields were intermediate. In the following, this
hypothesis was tested by analysing the preliminary phylogenies of some specious genera of the
obligate QFF as they were discussed in Chapter IV.2.5.

In Argyroderma (Mesembryanthema) the presumable ancestor of all species of the subgenus
Argyroderma which also present the quartz-field taxa within the genera, is A. fissum, Subgenus
Roodia (Hartmann 1977). A. fissum, however, is no outcrop dweller but mainly occurs on saline
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quartz fields and zonal soils outside the quartz fields. Within the subgenus Argyroderma, however,
the putatively more derived species (A. pearsonii, A. delaetiz) are typical inhabitants of saline quartz
fields whereas the more basic species (e.g., A. congregatum, A. framesii, A. subalbum) are largely
restricted to non-saline quartz fields (U. Schmiedel, unpublished data).

The majority of Dicrocanlon species (Mesembryanthema) inhabit non-saline, acid quartz fields.
Only D. ramulosum which is restricted to the quartz fields of the Riethuis-Wallekraal Phytochorion
inhabits saline quartz fields. If, as have been discussed above (Chapter IV.2.5), the centre of
origin of the genus Dicrocanlon lies in the Knersvlakte, D. ramulosum were a phylogenetically
younger species. If this hypothesis on the phylogeny of Dicrocanlon proves right, it would support
the hypothesised origin of the quartz-field flora from saxicolous taxa.

In Monilaria (Mesembryanthema), however, the presumable basic taxon (M. pisiformis) is the only
taxon within the genus that partly occur on saline quartz fields. The monodominant Monilaria
pisiformis Community (# 30) even represents the transition between the saline and non-saline
quartz fields. The other, putatively more derived infrageneric taxa are restricted to non-saline,
rocky quartz-field habitats. For Monilaria, thus, the reverse process (migration from saline to non-
saline habitats) seems to apply.

Most of the numerous Conophytum species occur on rocky habitats and in rock crevices. Within
the quartz-field flora, Congphytum species are mainly restricted to non-saline, acid quartz fields
with the only exception of Congphytum concavum, C. obscurum ssp. vitreopapillum, and C. subfenestratum
(Schmiedel 2001a). Since the phylogeny of the genus is unsolved still, it can only be speculated
whether these taxa are more derived than the other congeneric species.

Consequently, the hypothesised origin of quartz-field taxa from rocky outcrops does not apply to
all genera considered. Besides Mownilaria, none of the genera indicate the opposite evolutional
direction, ie., from saline quartz-fields to non-saline quartz fields. The only genus that is
completely restricted to saline quartz fields, is Oophytum (Aizoaceae) from the Knersvlakte. With
respect to its next relatives within the subtribe Mitrophylliinae, the Ogphytum can be regarded as a
highly derived Mitrophyllinae taxon (Ihlenfeldt 1971b) the next relatives of which are largely
restricted to non-saline quartz fields. It can thus be argued that the quartz-field flora derived from
the saxicolous lineages as it is still obvious in genera like Conophytumz (Mesembryanthema) and
Crassula (Crassulaceae) which are typically found on rock outcrops and only a few taxa also
colonised the saline quartz fields.

IV.4 Vegetation classification

IV.4.1 Little Karoo

Within the quartz-field vegetation of the Little Karoo, the near endemic genus Gizbbaeum is of
particular importance: it represents the diagnostic as well as the dominating species of most of
the communities. However, the genus Gibbaenm is not completely restricted to quartz fields but
occurs on other edaphically induced special habitats such as desert pavements of other lithology
than quartz. Gibbaenm seems to have conducted an adaptive radiation on quartz fields and related
habitats. In order to understand the vegetation of the quartz fields of the Little Karoo and to get
insight into the major role of Gibbaeum taxa within the vegetation of quartz fields and related
habitats, communities and habitat conditions of all Gzbbaenm taxa (except G. johnstonii and G.
esterhuyseniae, two very rare species) have been included into the study. The genus Gibbaeum is
largely restricted to the Little Karoo. Only Gibbaeum gibbosum is also found north of the
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Swartberge in the southern Ceres Karoo whereas G. haagei and G. esterbuyseniae are restricted to a
small area south of the Langeberge.

The zonal vegetation of the Little Karoo is very heterogeneous and comprises a broad array of
major vegetation types, such as fynbos and renosterveld in the mountains and the Succulent
Karoo at lower altitudes and valleys bottoms. Since the present focuses on the vegetation of
quartz fields and related habitats, the zonal vegetation was included only for comparison
purposes and was therefore focused on Succulent Karoo vegetation in the vicinity of the quartz
fields.

Cover values and species richness

The total cover values were low for most of the communities under investigation (mean values <
20 %). Only the Psilocanton juncenn Community (# 16) showed considerably high mean values for
total cover (app. 60 %, Figure 38). The sparse coverage is characteristic for the vegetation of the
quartz fields. Average values for total cover of the quartz fields vegetation of the Knersvlakte
(average total cover value = 8.6 %) and the Little Karoo (average total cover value = 7.7 %) were
generally low whereas the zonal vegetation in the Knersvlakte had higher total values (average =
23 %) than in the Little Karoo (average = 12.7 %) (Schmiedel & Jirgens 1999). The relatively low
cover values of the quartz fields vegetation and of these relevés sampled for the zonal vegetation
of the Little Karoo in this study (Preronia pallens-Aridaria noctiflora ssp. defoliata Community # 10)
can be attributed to the arid growing conditions due to shallow, stony soils and relatively low
rainfall (240 mm/a). Similarly low plant cover (average = 18 %, range 11-30 %) has been
recorded for the zonal, allied vegetation near Prince Albert on the southern edge of the Great
Karoo, north of the Swartberg mountain range with similarly low rainfall (167 mm/a) (Milton ez
al. 1992).

In return, the higher cover values of zonal vegetation of the Knersvlakte might be due to the
relatively more favourable conditions regarding water supply which is positively influenced by the
regular occurrence of fog (Desmet & Cowling 1999b) but associated with low average annual
rainfall (120 - 150 mm/a, Weather Bureau 1988) though.

Correspondingly, the extraordinarily high cover values of the Psilocanlon junceurn Community (#
16) of the Little Karoo can be attributed to the special conditions of its habitat: Psilocanlon juncenm
is typically associated with earth mounds (termitaria, locally known as heuweltjies) which are of
zoogenic origin and inhabited by termites, ants, and borrowing small mammals (Lovegrove &
Siegfried 1986, Dean & Yeaton 1993). Due to the accumulation of organic matter by ants and
termites, the status of soil nutrients and soil organic matter is about double as high as in the soils
of their surroundings (Dean & Yeaton 1993, Midgley & Musil 1990). The soils of the termitaria
are also soft and well-drained (Lovegrove & Siegfried 1986). These conditions promote a
vegetation of its own, typically dominated by species of vigorous growth with a higher nutrient
requirement (Midgley & Musil 1990) and tolerance for pedoturbation and other disturbances.

Regarding the species richness, quartz fields and related habitats generally did not differ from the
surrounding vegetation (£ 11 spp./relevé). Merely the Zeuktophyllum suppositum Community (# 6)
showed a considerably high species richness (17 spp./relevé). This can be attributed to the
habitat conditions which are typical for the community: rocky, steep slopes, low electrical
conductivity, and slightly acid soil pH. Such conditions are typical for the Upland Succulent
Karoo (Hoffman 1996b) of the central Namaqualand and the Richtersveld (Jirgens 1986). They
provide a small scale mosaic of substrate subdivided by bedrocks and which subdivide the habitat
into small units like in a rock garden and therefore may reduce the competition and allow the
coexistence of different species in a small area (Hanski 1995). Such miniature habitats can only be
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used by plants of dwarf size, each having a very restricted root volume and clearly depicting the
small scale patterns of soil conditions (Desmet ez a/. 1998). The other communities are found on
more homogeneous soils the majority of which even provided extreme growing conditions (i.e.,
high salinity, low soil pH, low soil depth). These extreme conditions restrict the species spectrum
of the community to a small number of specialists.

The majority of the communities are defined by one diagnostic species only which also
dominates the vegetation. Such monodominant vegetation units are typical for quartz-field
vegetation and has been shown for the communities of other area as well (Schmiedel 1994,
Schmiedel & Jirgens 1999. This phenomenon is discussed separately in Chapter IV.5.

Geographical distribution of the communities

Most of the obligate quartz-field taxa have a very restricted range size of distribution (Chapter
II1.1.1). This is also true for several Gibbaenm taxa and other Mesembryanthema recorded in this
study. In particular, the small area between Barrydale, Vanwyksdorp and Ockertskraal (3320DC,
3321CC, CD, DA) in the southern section of the Little Karoo, houses a high number of local
endemics G. album, G. angulipes, G. dispar, G. hortenseae, G. pachypodinm, G. petrense, and G. velutinum
as well as Zeuktophyllum suppositum. This area (corresponding with the half-degree squares 3320D,
3321C) comprises generally very high numbers of endemic (# 6-7), near endemic (# 4-6) as well
as widespread genera (# 21-25) of Mesembryanthema within the Little Karoo Centre (Hartmann
1994). The high endemism can thus not only be accounted to the occurrence of quartz fields
(Chapter II1.3.1).

G. haagei, in contrast, is confined to the Swellendam area south of the Langeberge.

The very locally restricted occurrence of several Gibbaenm taxa which represent diagnostic and
dominating species of communities results in the restricted range size of distribution of several
syntaxa and therefore - in direct correspondence to the local centre of endemism of species - in a
centre of endemism of vegetation units in the southern section of the Little Karoo. Obviously,
the distribution of the quartz-field communities is closely associated with the discontinuous
distribution of quartz-field habitats. However, not all locally endemic communities given above
are restricted to quartz fields but some of them are preferably found on other habitats such as
shale bands (G. dispar C. # 5 and G. velutinum Community # 2), sandstone gravel (G. pachypodinm
Community # 15), rocky habitats (Z. suppositunz Community # 7).

Other communities, such as the G. enptopodinm, G. geminum, G. gibbosum, G. heathii, G. pubescens, G.
shandii, the Pteronia pallens-Aridaria noctiflora ssp. defoliata Community (# 8-14) as well as the
Psilocanton juncennn Community (# 16) are widespread in the western section of the Little Karoo or
stretch into adjacent areas even (G. gibbosumz Community # 11). The majority of the widespread
communities are therefore phytosociologically related and associated in Community Group D,
defined by Species Group | which comprises several common and widespread, succulent and
non-succulent Karoo shrubs which are not found in the Communities # 1-7. Local endemism as
has been described for the southern fringe of the Little Karoo has not been found for
communities of the western section of the Little Karoo. The Gibbacum pachypodinum C. # 15 is the
only community in Group D although which is geographically restricted to a small area near
Ockertskraal. This area, however, largely overlaps with the small centre of endemism in the
southern section of the Little Karoo.

The southern sub-centre of endemism of the Little Karoo has not been recognised by for the
taxonomic groups by phytogeographical studies on the succulent flora (Nordenstam 1969,
Jurgens 1992, Hartmann 1994) which might mainly due to the comparatively rough scale
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(Nordenstam 1969, Jirgens 1992) or the focus on genus level (Hartmann 1994). So far, this sub-
centre seems to be fairly restricted to some infrageneric taxa of Gibbaeum, Muiria, and
Zeuktophyllum). In can be argued that this centre is due temporal isolation of the southern
populations during the palacoclimatic oscillations in the glacial and interglacial phases. The
impact of such oscillations on vegetation of the Namaqualand sexsu /ato (Chapter paloacoclimate)
is supported by the present phytogeographical pattern of the quartz-field flora. The molecular
phylogenetic studies on Gibbaeuns which is presently conducted by Gisela Bertram (Botany
Department of the University of Hamburg) might give insight into the factors that were
responsible for this sub-centre. Future phytogeographic studies should further reveal whether
this centre of endemism is mirrored in other taxonomic groups as well.

IV.4.2 Knersvlakte

For the Knersvlakte, five Major Habitat Units (MHUs) were described which were characterised
by geomorphological and edaphic features (Chapter II1.5.3). Each of the MHU comprised a
certain array of plant communities. The vegetation of the quartz fields showed the lowest overlap
of the inventory of communities and species with the other MHUs.

Also, the vegetation of the quartz fields comprises a very high number of different communities.
Particularly the communities of the saline quartz fields are mainly defined by the clear dominance
of a singular species (monodominant communities) as they were also found for the quartz-field
vegetation of the other regions. The differentiation into various communities which are defined
by a few species only present a special feature of the quartz-field vegetation and will be discussed
later in more detail.

The quartz-field communities of the Knersvlakte are clearly separated into two main groups
(Chapter II1.5.3), i.e., communities that mainly occur on saline quartz fields and those that are
largely restricted to non-saline, acid quartz fields. The Phytosociological Table II of the
Namaqualand Communities (Appendix 9 and Appendix 10) revealed that the two main
community groups of quartz-field communities of the Knersvlakte have a stronger association
with other communities outside the quartz fields of the Knersvlakte, than with each other. The
first group shares several species with the communities which typically occur outside the quartz
fields but within the mosaic of quartz fields and zonal soils (Communities # 10-20) whereas the
communities of the non-saline, acid quartz fields of the Knersvlakte have a higher overlap in
species inventories with the quartz-field communities of the Riethuis-Wallekraal area but also of
the Richtersveld.

This result is in line with the findings of the phytogeographical analysis of the obligate QFF
(Chapter I11.1). Halophytic taxa of the obligate QFF tend to have a very restricted range size of
distribution whereas those that inhabit non-saline, rocky quartz fields have a broader distribution
and cover more often more than one phytochorion. This has been ascribed to the broader
distribution of related habits, such as rock outcrops which may also be used as substitute habitats.
The close relationship of the communities of the non-saline quartz-field of the Knersvlakte with
that of the quartz fields of other regions can also be attributed to the frequent occurrence of
generally saxicolous taxa (e.g., Crassula capitella ssp. thyrsiflora, Euphorbia hamata, Gazania krebsiana,
Hirpicium  alienatum,  Pelargoninm  crithmifolinm, and Pteronia ciliata, compare SGs EF, AG in
Phytosociological Table II (Appendix 10) on these quartz-field habitats.
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IV.4.3 Riethuis-Wallekraal area

The quartz fields of the Riethuis-Wallekraal area are very restricted in size and distribution and
thus comprise a relatively small array of habitat types and plant communities. Also, the number
and constancy of the joint species that combine communities of the Riethuis-Wallekraal area to a
major Community Group, i.e., Species Group AR in the Phytosociological Table II (Appendix
10) is relatively low. Therefore, the correspondence between the communities is mainly based on
the occurrence of Dicrocanton spissum and Monilaria scutata ssp. obovata which are diagnostic species
of certain communities but also occur in other communities with low constancy.

Beyond the saxicolous and rocky soils inhabiting taxa of SGs AF and AG which combine the
communities of the non-saline, acid quartz fields of the Knersvlakte with those of the Riethuis-
Wallekraal area (SG AF and AG) and the Richtersveld (SG AF only), there is no further overlap

of species inventories between the Riethuis-Wallekraal area and the Richtersveld.

They also consist of saline and non-saline quartz fields, however, the differences are less
significant and therefore, the subdivision is less strict. The trend that communities that inhabit
more extreme habit conditions (i.e., highly saline quartz fields, Jacobsenia vaginata C. # 41,
Dicrocaulon spissum C. # 42, and D. ramulosum C. # 43) are defined by only one or two species,
whereas the Monilaria scutata ssp. obovata (# 40) and the M. s. ssp. scutata Community (# 45), which
are confined to non-saline quartz fields comprise three and more diagnostic species. The role of
the monodominant communities will be discussed below (Chapter IV.5).

IV.4.4 Richtersveld

For the quartz-field vegetation of the Richtersveld six communities were described among which
two communities (Ruschia lencosperma C. # 46 and Eberlanzia cyathiformis Community # 49) are not
even restricted to quartz fields. The Brownanthus pubescens Community (# 51) is the only
community of the Richtersveld which has been exclusively recorded for very saline quartz fields.
Hence, although covering a broader the same number of communities have been recorded for
the Richtersveld as have been described for the Riethuis-Wallekraal area. The difference in
number of communities is not attributed to a lower intensity of research activities in this area,
since far more relevés were included in the table for the Richtersveld (66 relevés) compared to
the Riethuis-Wallekraal area (33 relevés). In contrast, the poor phytosociological separation of the
Ruschia lencosperma C (# 40), the Cephalophyllum regale C. (# 47), and the Aspagoma amplectens C. (#
48) as well as the comparatively high number of accompanying species which occur with low
constancy values only in the Eberlanzia cyathiforme C. (# 49) and the Schlechteranthus hallii
Community (# 50) (Phytosociological Table II Appendix 10), rather indicate a low degree of
habitat specialisation within the non-saline quartz-field vegetation of the Richtersveld. This can
also be deduced from the species composition and the habitat conditions which are characteristic
for the respective communities: most of the accompanying taxa of the communities (e.g., SG AY
as well as Ceraria fruticulosa, Euphorbia gummifera, Galenia dregeana, and Ruschia atrata) are not
restricted to quartz fields but have a broader distribution and ecological amplitude.

IV.4.5 Bushmanland-Warmbad area

The diversity of plant communities in the Bushmanland-Warmbad area is comparatively poor.
Four communities have been defined of which one (Oropetinm capense Community # 3 B-W),
however, comprises four sub-communities. In contrast to the quartz-field communities of the
Namaqualand sensu lato as well as the Little Karoo, most of the quartz-field communities of the



190

Bushmanland-Warmbad area are particularly rich in species. Only the Zygophyllum decumbens- (# 1
B-W) and the Lithops julii Community (# 2 B-W) reveal the characteristic monodominance which
has been pointed out for most of the quartz-field communities of the other regions (Chapter
IVv.5).

The most important species in terms of both constancy or cover values of the communities are
generally not restricted to quartz fields (compare Table 31) but have a broader ecological
amplitude and geographical distribution. Oropetium capense, for instance, occurs in the entire
summer rainfall zone of southern Africa and in the tropical east Africa (van Oudtshoorn 1991).
The Bushmanland-Warmbad area presents thus it’s most arid border of its distribution. Ruschia
odontocalyx is found from the Namaland in Southern Namibia into the Richtersveld (P. Chesselet,
pers. comm.). Zygophyllum decumbens occurs from the summer rainfall part of the Richtersveld
along the Orange River into the Bushmanland (N. Jurgens and U. Schmiedel, unpubl. data). The
obligate quartz-field taxa (Conophytum friedrichiae, Dinteranthus wilmotianus, Lapidaria margaretae), in
contrast, occur with relatively low constancy in the communities.

The quartz-field vegetation of the Bushmanland-Warmbad area, is thus characterised by the
summer rainfall regime. In contrast to the quartz fields of the other phytochoria, the quartz-field
vegetation is dominated by grass and the obligate quartz-field taxa occur with very low cover
values. These taxa are restricted to quartz fields but are of low importance for their vegetation.

IV.5 Monodominance in the quartz-field vegetation

The monodominance of certain taxa in vegetation communities is a characteristic feature of the
southern African quartz fields. This phenomenon is not evenly distributed among the
communities but seems to be more frequent in the communities that occur under most
edaphically arid habitat conditions, whereas rocky, non-saline quartz fields with a moderate soil
depth are typically inhabited by communities which comprise several diagnostic species with a
high fidelity (Chapter IV.4). Special growing conditions can either be caused by high salinity (e.g.,
Argyroderma pearsonii C. # 25, A. delaetii C. # 23), very shallow, skeletal soils (e.g., Conophytum
minutum ssp. minuturz Community # 31) or other special habitat conditions such as fog exposed
edges (Oophytum oviforme Community # 29) and extremely silty, soft soils on slopes (Phyllobolus
digitatus ssp. digitatus Community # 28). The occurrence of monodominant communities on
extreme habitats can be interpreted as the result of morphological-anatomical and physiological
adaptations of the taxa to the particular habitat conditions.

However, the species which form monodominant communities typically also occur in other plant
communities but with low cover values. Their occurrence on other quartz-field communities as
well as the successful horticultural cultivation of the plants in uniform substrates reveal that these
taxa are not necessarily dependent on the particular habitat conditions. Their adaptations on the
one hand enable the taxa to cope with the adverse growing conditions (e.g., low water storage
capacity or very negative osmolarity due to high salt concentration), on the other hand they
reduce the compatibility of the taxa due to relatively lower growing rate or high investigation in
protection against transpiration etc. Due to their low compatibility, edaphic specialised plants are
restricted to habitats where potential competitors are excluded and which comprise such adverse
conditions they can cope with (Gankin & Major 1964, Proctor & Woodell 1975, Kruckeberg &
Rabinowitz 1985, Baskin & Baskin 1988, Ware 1990).

Salt marshes which are also characterised by high salinity house similarly species-poor and
monodominant communities (Adam 1981, Adam ez /. 1988, Ellenberg 1996). The restriction of
halo-tolerant species to extremely saline soils due to their reduced compatibility compared to less
salt-tolerant taxa have been pointed out by Chapman (1975).
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Among the monodominant communities of the saline quartz fields, the differences with respect
to habitat conditions are generally vague and hence the constrained scores of the CCA analyses
(Chapter IV.6) never separated these communities completely. Consequently, the habitat
conditions cannot explain comprehensively the presence or absence of a community at a
particular site. It can therefore be assumed that also historical events (the question which
population was the first to colonise the particular quartz fields) or historical processes which
influenced the growing conditions during the colonisation (e.g., wetter or dryer phases) also play
a role for the decision, which population dominates the quartz fields.

IV.6 Vegetation ecology of the quartz fields

Quartz fields represent special habitat types which occur in different sections of southern African
arid regions. Each area comprises a largely independent quartz-field flora (Chapter I11.1) and a
distinct array of plant communities (Chapter IV.4). Due to the strong correspondence with
respect to the vegetation structure it has been hypothesised (Jirgens 1986, Schmiedel & Jiirgens
1999) that the similarity in growth form spectrum can be attributed to convergent evolution in
adaptation to identical habitat conditions. Since quartz-field habitats are defined by their soil
(surface) conditions (Chapter 1.4), topographic and edaphic variables were employed to analyse
and interpret the main gradients within the quartz field vegetation.

IVV.6.1 Little Karoo and adjacent areas

Gradient analysis

The multivariate direct gradient analysis of the data set of the communities of the Little Karoo
and adjacent areas revealed a strong negative association of quartz-field habitats with soil depth
and carbonate content in soil and a positive association with salinity, low soil pH and stone
content in soil. Low soil pH and high electrical conductivity, seem to be two characteristics of
quartz fields which largely occur vicariously, each supporting different quartz-field communities.

Within the defined communities of quartz-field and related habitats of the Little Karoo and
adjacent areas, four communities (i.e., # 1-4: Gibbaeum haagei-Delosperma asperulum C., G. velutinum
C., the Gibbaenm angulipes C., and the G. album C.) deviate strongly from the remaining 12
communities (i.e., # 5-16). This difference emerged at three levels. Within the vegetation
classification (a) they represent two Community Groups (A and B) of their own and the
correspondence analysis of the synoptic data (b) separated them from the rest as did the
ordinations of the correspondence analyses (c) where they were revealed as outliers compared to
the rest. The CCA ordinations revealed that the environmental variables employed do not
thoroughly explain the separation. Communities # 1-3 are typically associated with extremely low
soil pH and high quartz cover whereas Community # 4 has a moderate soil pH and high quartz
cover. These edaphic conditions, however, are not entirely restricted to the three communities.
Also the content and composition of ions in soil did not reveal any correspondence between
these communities and particular ion compositions.

Consequently, other factors have to be taken into account. Geographical isolation as a possible
factor that might induce phytosociological isolation, only applies to the G. haager-Delosperma
asperninm Community (# 1, Community Group A). This community occurs south of the Little
Karoo in the Swellendam area in the South & South-west Coast Renosterveld vegetation of the
Fynbos Biome (Rebelo 1996). The species associated with this community (Pentaschistes eriostoma,
Delosperma aspernlum) are thus largely absent from most of the other communities. However, they
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do occur in Communities # 2 and # 4 of the Community Group B which causes the strong
relationship between Community Group A (Community # 1) and Community Group B
(Communities # 2-4). In contrast to Community Group A, Community Group B occurs north of
the Langeberge in the Little Karoo. It is, however, devoid of the quartz-field taxa of central and
northern Little Karoo (Community Group D) and of the ubiquitously occurring Karoo species
(Species Group E) that are frequently found in Community Group C & D (Community # 5-7
and # 8-15). Community Group C. is also restricted to the southern fringe of the Little Karoo
(between Barrydale, Vanwyksdorp, and Ockertskraal) and to the same geographical area as
Community Group B. In contrast to the latter, Community Group C is phytosociologically less
isolated but comprises numerous common Karoo species (SG E). The defined communities of
the south-eastern fringe of the Little Karoo can be consequently subdivided into two Community
Groups (B and C) of which the first is related to the vegetation of the quartz fields of the
Swellendam area and the second to the vegetation of the central and northern Little Karoo. This
subdivision is not solely explained by one of the environmental variables which have been
employed.

The Community Groups D (Community # 8-15) and E (Community # 16) which comprise the
communities of the central and northern Little Karoo have a broad overlap in species
composition (SGs E and J, Table 75) and are thus plotted next to each other in the ordination of
the unconstrained relevé scores of the CCA. However, all communities except the Gzbbaenn
cryptopodinm  Community (# 8) were nevertheless plotted in distinct groups. Since the
unconstrained relevé scores are reciprocally derived from the species scores, this pattern reveals a
distinct relationship between the dominant (and diagnostic) species of the community and the
environmental variables employed. Due to the monodominant structure of the communities,
these preferences can be attributed to the dominant species of each community. Particularly
among Communities # 8-15 the habitat preferences overlap broadly with each other.

This result was supported by the constrained relevé scores which are derived by regressing the
relevés on the environmental variables (ter Braak & Smilauer 1998). This ordination revealed
certain habitat preferences for most of the communities, which nevertheless overlapped broadly
with those of others. The far lower separation of the communities along the gradients in the
constrained ordination compared to the unconstrained ordination can be attributed the much
higher sensitivity to the noise of environmental data and thus lower reliability of the first
(McCune 1997b).

Consequently, the comparatively clear separation of communities along the gradients based on
the unconstrained relevé scores reveals the association of the dominant species of each
Community with particular habitat conditions. The strong deviation of the Community Groups #
1-4 which has been shown by the CA ordination was not mirrored thoroughly by the CCA
ordinations. The significant phytosociological isolation of these Communities can only partly be
explained by their preference of particularly acid soils and by their geographical isolation at the
southern fringe of the Little Karoo. The constrained relevé scores in return, seem partly to be
biased by the noise in environmental data.

Difference in habitat preferences between local endemic and broadly
scattered communities

The broader geographical distribution of the Communities # 8-14 is associated with a higher
ecological amplitude regarding soil conditions compared to the Communities # 1-7, and # 15
which have a restricted range size of distribution (Figure 46). The mean soil pH of the latter
group is slightly or extremely acid and generally lower than in the widespread communities (# 8-
14), which is about neutral. The variance among the soil pH values is < 2 pH for most of the
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locally restricted communities, whereas it is =2 pH for the majority of the widespread
communities. Only the Gzbbaeum geminum Community (# 12) shows a narrow range of soil pH
(variance = 1.3 pH). Also regarding the electrical conductivity, the locally restricted communities
show generally higher mean values and a narrower ecological amplitude (variance > 3 mS/cm),
which contrasts to the very broad amplitude of > 5 mS/cm for most of the widespread
communities. Only the zonal vegetation, represented by the Preronia pallens-Aridaria noctiflora ssp.
defoliata Community (# 10), as well as the G. gibbosum Community generally prefer soils with low
salt content and show relatively low variance (< 3 mS/cm). The widespread communities also
show high tolerance regarding carbonate content in soil. In return, carbonate has not been
recorded for any of the locally restricted communities. Soil depth, stone cover of quartz stones
and of stones of other lithology also have a lower variance in the localised communities than in
the widespread communities. The differences are less pronounced though.

The very narrow amplitude of soil conditions of Community # 1-7, and # 15 is interpreted as the
result of a strong ecological specialisation of the diagnostic and dominating species to edaphically
arid, often extremely saline and consequently adverse habitat conditions. Such specialisation and
its subsequent structural adaptations obviously go along with decreased competitive capacity.
This low competitiveness excludes these communities from habitats with deviating conditions
and therefore impede the extension of their distribution beyond the archipelago-like habitat
islands of a small area.

IV.6.2 Knersvlakte area

The CA and CCA ordinations of the quartz-field vegetation of the Knersvlakte revealed that
salinity and H™ concentration have the strongest impact on the species composition of the
vegetation of the quartz fields. The two environmental variables are diametrically opposed and
consequently divide the quartz-field vegetation of the Knersvlakte into the halophytic quartz-field
vegetation and the quartz-field vegetation of the non-saline, rocky quartz fields. This subdivision
was not only mirrored in the canonical analysis, which was based on species and environmental
variable data, but also emerged significantly when analysing merely the species data (CA).
Consequently, the two groups of quartz-field habitats house two largely separated species
inventories and plant communities. This finding is in line with the results of the vegetation
classification (Chapter II1.5) which showed very little overlap in species inventory between
communities of saline and acid quartz fields.

Among the quartz fields the variance in density of quartz cover (of medium size, < 60 mm in
diameter) does not play a very important role for the species composition in the Knersvlakte.
However, the CA and CCA ordinations revealed that saline quartz fields have a generally higher
density of quartz cover than acid quartz fields which more frequently have higher percentage of
coarse quartz cover (> 60 mm in diameter). The Knersvlakte is comparatively poor in carbonate
in soil. Carbonate is only frequently found on limestone dominated areas such as on the farm
Aties (MHU 5) or on heuweltjies (i.e., termitaria, which characterised by biogenic disturbance)
and their immediate surrounding. On quartz fields, in return, carbonate content has only been
recorded for the habitats of the Drosanthemmum diversifolinm Community (# 21).

In the saline quartz fields in the Knersvlakte, besides the environmental variable electrical
conductivity also the occurrence of carbonate in soil explains the variance of species data. The
communities have a principally lower turnover in species data which results in a less distinct
separation of the communities within both the CA and the CCA ordination than has been found
for the non-saline quartz fields. This corresponds with the strong overlap of species inventories
of the communities of the saline quartz fields as it is shown by classification of the vegetation
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(Synoptic Table 1I, Appendix 9). The unconstrained relevé scores revealed clusters representing
the communities defined in the phytosociologic table. These clusters, however, are poorly
separated and thus indicate relatively low difference in habitat preferences which overlap broadly.
The habitat preferences of the different communities of the saline quartz-field of the Knersvlakte
are given below.

Only the Oagphytum oviforme Community (# 29) was cleatly separated from the rest. This separation
is not explained by any of the environmental variables employed for the analysis, except a
generally positive association with salinity, which it has in common with the other communities
of the saline quartz fields. However, the Oophytum oviforme Community has particular habitat
preferences which were given in the description of the community (Chapter IX.1.3 # 29) but
which are not sufficiently characterised by any of the environmental variables employed for the
CCA. The community is largely restricted to upper slopes and ridges of plateaux which are
exposed to south or south-west from where the fog comes in from the sea (Chapter IX.1.3 # 29).
This habitat preference of the characteristic species of the community, Oophytum oviforme, has been
mentioned by Ihlenfeldt already in the revision the genus Oophytum (Ihlenfeldt 1978).

Among the communities of the saline quartz fields the Oophytum nanum Community (# 27) is an
outlier. Its strong separation can mainly be explained by its association with both relatively low
soil pH and high salinity in soil. Such low soil pH has hardly been recorded for other
communities of the saline quartz fields. The combination of high salinity and low soil pH is
comparatively rare since the majority of the salt content mainly comprise sodium-chloride which
dissolves in water with a neutral pH (Chapter IV.7), thus rising the soil pH of acid quartz fields
considerably.

According to the unconstrained relevé scores of the CCA of the saline quartz fields, the three
communities which are each dominated by a different Argyroderma species, show different
habitat preferences. The Argyroderma fissum Community (# 22) revealed the broadest ecological
amplitude among the communities of the saline quartz fields. This corresponds with the fact, A.
fissum that the diagnostic species of the community is not restricted to quartz fields but is also
found in other communities outside the quartz fields (Community # 10-20, see Synoptic Table
11, Appendix 9). The Cephalophyllum spissum Community (# 24) has several species in common
with the Argyroderma fissum C. They merely differ in regard to the dominating species which are C.
spissum, an obligate quartz-field taxon in the first and A. fissum in the second community (IX.1.3,
# 22, # 24). Yet, both communities differ regarding their habitat preferences. The results of the
CCA analysis of the saline quartz fields of the Knersvlakte reveal that the C. spissum Community
occurs on less saline but more sloping quartz fields which may also comprise an increasing
amount of coarse quartz cover and cover of other lithology than quartz and is thus restricted to
more particular habitat conditions than the A. fissuzz Community.

The dominating and diagnostic species of the Argyroderma pearsonii C. (# 25) and the A. delactii
Community (# 23) belong in the same genus as that of the A. fissuzz Community (# 22). The
detailed analyses of the saline quartz fields make the differences between the three communities
emerge. The A. fissumr Community has a comparatively broad ecological amplitude. This is in
contrast to the A. pearsonii Community, typically found on extremely saline quartz fields, which
mainly present run-on areas along river beds as they are often found along the Soutrivier of the
Knersvlakte. The A. delaetii Community prefers the less saline but slightly acid soils of quartz
fields.

The typical habitat conditions of the Phyllobolus digitatus ssp. digitatus Community (# 28) ranges
between high salinity in soil and high inclination of slopes which are contradictory variables
within the data set. The relevés of the community are hence scattered along both variables
according to the constrained relevé scores of the CCA ordination. This pattern reveals that the
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typical habitat of the community is often found on slopes which are covered by quartz gravel
(Chapter IX.1.3, # 28). Depending on where along the topo-sequence of the slope the
population occurs, the salinity may increase due to the subterraneously percolating water which
comes to the surface somewhere along the slope and causes accumulation of easily soluble salts
such as sodium chloride.

The soil conditions which are typical for the Drosanthemum diversifolinm Community are fairly
atypical for quartz fields in general. According to the CA and the CCA ordination, the
community is strongly associated with comparatively deep, soils with high carbonate content.
Both environmental variables, however, are typically not associated with quartz fields. This is in
line with the fact that the diagnostic and dominating species of the community, D. diversifolium, is
not restricted to quartz fields but mainly found within the zonal vegetation on loamy soils in the
vicinity of quartz fields (MHU 3.1-4).

The direct and indirect gradient analysis revealed a stronger turnover in species inventory and
variance in environmental variable data of the non-saline, acid quartz fields of the
Knersvlakte compared to the communities of the saline quartz fields. Six of the eight
environmental variables which were employed for the ordinations explained the variances of
species on the non-saline, acid quartz fields. Only two of them explained the variance on the
saline quartz fields. However, the clear separation of the communities according to the CA and to
the unconstrained relevé scores of the CCA was not completely mirrored by the constrained
relevé scores though. This clear separation is mainly based on the species data. Also the
classification of the vegetation (Chapter 111.5.3) revealed that all communities of the non-saline,
acid quartz fields of the Knersvlakte are defined by one or more proper diagnostic species which
occurs exclusively in that community. The majority of the communities of the saline quartz fields
are only based on the significant dominance of a species which may also be found in other
communities of the quartz fields.

The communities of the non-saline quartz fields can be grouped according to their distribution
within the CCA ordination and thus to their habitat preferences. Most of the communities
dominated and defined by Dicrocanlon species (i.e., D. longifolium, D. nodosum, and D. psendonodosum)
are positively associated with three environmental variables: coarse quartz cover, inclination of
slope, and soil depth. The communities dominated and defined by Monilaria species (M.
chrysolenca, M. moniliformis, M. pisiformis) as well as the Brownanthus corallinus Community (# 32) do
not show strong preferences regarding any of the variables employed. They are plotted near the
centre of the ordinations. The Conophytum minutum var. minutwm Community is the only
community that is strongly positively associated with low soil pH (H" concentration) and stone
cover in soil. The Ruschia burtoniae C. (# 33) and Dicrocanlon brevifolium C. (# 36) cover a broad
range of acid quartz fields. The similarity in habitat preferences of communities with closely
related diagnostic species indicates a preadaptation of certain taxa for particular habitat
conditions.

Due to their habitat ecology on quartz fields, the Dicrocanlon species can be characterised as
typical inhabitants of rocky, sloping sites whereas Monilaria species seem to cover the interface
between saline and non-saline quartz fields. This is most obvious for the putatively basic taxon
M. pisiformis but is also revealed by the constrained relevé scores for the communities dominated
by the other Monilaria species. Communities of acid quartz fields of the Knersvlakte which are
dominated by closely related taxa (Dicrocanlon or Monilaria species) thus show a lower habitat
differentiation than within comparative communities of the saline quartz fields (dominated by
Argyroderma species). This lower habitat differentiation might be attributed to a stronger
geographical separation within the genera Monilaria (Ihlenfeldt & Jorgensen 1973) and Dicrocanlon
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(H.-D. Ihlenfeldt, pers. comm.) which both cover a broader area than the Argyroderma species
(Hartmann 1977).

The joint plot of the constrained relevé scores which are linear combinations of the
environmental variables point to distribution patterns of the communities in the CA ordination
which are not completely explained by the environmental variables employed. According to the
unconstrained relevé scores, only a few communities are strictly associated with particular
environmental variables. Others have a generally positive but broad association with several
environmental variables. This divergence between CA and CCA ordinations can be attributed to
three factors:

- Noises in the environmental data set (McCune 1997b).

- Occurrence of geographically vicarious species Dicrocanlon pseudonodosum, D. nodosum, D.
longifolinm or Monilaria moniliformis, M. chrysolenca, which inhabit similar habitats but in different
parts of the Knersvlakte.

- The low separation of the communities by the constrained relevé scores mirrors the de facto
high correspondence of habitat preferences of the communities which is also depicted by the
broad overlap in species inventories among the communities of the saline quartz fields.

At saline quartz fields the ecological correspondence and broad overlap of habitat preferences
between the quartz-field communities allows a broad overlap of their species inventories.
However, the existence of distinct communities which are based on the monodominance of
particular species indicates that each species has its optimum along the broad gradients at which
it is able to dominate (Chapter IV.5). At the non-saline, acid quartz fields of the Knersvlakte the
separation of the communities might be due to the vicarious occurrence of species, the ecological
similarity of which thus seems to bias the separation of communities based on constrained relevé
scores.

IV.6.3 Riethuis-Wallekraal area

The multivariate gradient analyses (CA and CCA) of the species and habitat data of relevés of the
Riethuis-Wallekraal area reveal a strong differentiation into saline and non-saline quartz-field
relevés as well as relevés outside the quartz fields. Thus, as in the Knersvlakte, the quartz fields of
the Riethuis-Wallekraal area comprise two contrasting habitat types. In correspondence with the
non-saline quartz fields of the Knersvlakte (Chapter 111.6.2), the non-saline quartz fields of the
Riethuis-Wallekraal area are positively associated with coarse quartz cover (> 60 mm) and H"
concentration. The saline quartz fields of the Riethuis-Wallekraal area are positively associated
with small to medium sized quartz cover (< 60 mm) on soil surface, stone content in soil,
inclination of slope and soil depth. They thus differ from the saline quartz fields of the
Khnersvlakte by the generally positive association with stone content in soil and inclination. In the
Knersvlakte, both variables are rather associated with non-saline quartz fields.

The unconstrained and constrained relevé scores CCA were largely identical and the distortion of
the community patterns defined by the Phytosociological Table II (Appendix 10) was moderate,
thus indicating low noise in the environmental data set (McCune 1997b).

In the CA ordination which is solely based on the vegetation data, the vegetation of the saline
quartz-field is again subdivided into two major groups each comprising two to three plant
communities (Synoptic and Phytosociological Table 1I, Appendix 9 and Appendix 10). This
separation, however, is not mirrored by the environmental gradients in the CCA ordinations
where the communities of the saline quartz fields are plotted together in a diffuse group. The
differentiation among the communities of the saline quartz fields is thus not entirely explained by
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the environmental variables employed although the cumulative percentage of variance of species-
environment relation is comparatively high for the CCA ordination (44 %).

The comparatively high variety of quartz-field communities that are restricted to saline quartz
fields compared to only two communities that are found on non-saline quartz fields in the
Riethuis-Wallekraal area indicate a high variety and frequency of saline quartz field habitats. The
variety of habitat conditions on saline quartz fields is also shown by the high number of
environmental variables that explain the variance of species data among the group of saline
quartz fields, whereas only two variables explain the variances of species data of the non-saline
quartz-field relevés. Also, taxa within lineages, which are generally restricted to non-saline quartz
tields (Conophytum, Dicrocanlon, Jacobsenia, and Monilaria, all Mesembryanthema) inhabit saline
quartz fields in the Riethuis-Wallekraal area (Conophytum concavum, C. obscurum ssp. vitregpapillum, C.
Dicrocanlon ramulosum, D. spissum, |acobsenia vaginata, and Monilaria scutata ssp. obovata) and are largely
restricted to this area (Chapter I11.2.4). Among these lineages only Monilaria scutata var. scutata
occurs on non-saline quart fields of the Riethuis-Wallekraal area. If the hypothesis proves true
that Dicrocanlon, |acobsenia and Monilaria have their centre of origin in the Knersvlakte (Chapter
IV.2.5), the taxa colonised the saline quartz fields only after having arrived in the Riethuis-
Wallekraal area which is particularly rich and diverse in saline quartz fields. In the frame of this
hypothesis, Monilaria sc. ssp. scutata can be interpreted as the relatively basal infraspecific taxon
which also covers the southern sub-area of the species (Ihlenfeldt & Jorgensen 1973). M. se. ssp.
obovata can be interpreted as the more derived taxon which covers the northern sub-area of the
distribution area of the species. M. s. ssp. obovata might have split in adaptation to the newly
colonised habitats in the north. This is also in line with Ihlenfeldt & Jérgensen’s hypothesis on
the phylogeny of the genus Monilaria (Ihlenfeldt & Jorgensen 1973, Ihlenfeldt 1994). Due to the
lack of understanding of the phylogeny of the respective taxa, the next relatives of the other
halophytic quartz-field taxa of the quartz fields are not yet known.

IV.6.4 Richtersveld

The ordinations of the vegetation relevés of the Richtersveld reveal three main groups of
communities, each positively associated with one of three most important environmental
variables: communities that occur outside (associated with carbonate), the quartz fields,
communities of the saline quartz fields (associated with electrical conductivity), and those of the
non-saline quartz fields (associated with H' concentration). The division of the quartz-field
relevés into two main groups, saline and non-saline but acid quartz fields, is in line with the
findings for the Knersvlakte and Riethuis-Wallekraal area (Chapters 1V.6.2 and IV.6.3). In
agreement with the latter, saline quartz fields of the Richtersveld are associated with dense quartz
cover of small to medium-sized quartz debris (< 60 mm) whereas the non-saline quartz fields are
positively associated with coarse fraction of quartz cover (> 60 mm). The saline quartz-fields of
the Richtersveld, however, deviate from those in the Knersvlakte by being positively associated
with inclination of slope and from those in the Riethuis-Wallekraal area by being positively
associated with soil depth (Chapter IV.7).

The CA ordination shows a strong species overlap between the communities of the non-saline
quartz fields and the Ruschia lencosperma C. (# 46) as well as the Eberlanzia cyathiforme Community
(# 49) which are both mainly found outside quartz fields. Only the Brownanthus psendoschlichtianns
Community (# 52) was cleatly separated from the quartz-field communities. The CCA
ordinations showed that the R. feucosperma C. and the E. ¢yathiforme C. are both associated with
edaphic habitat conditions (carbonate content and soil depth), which are typical for zonal soils
outside the quartz fields.
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The constrained and unconstrained relevé scores of the CCA ordination are largely identical.
Community patterns which are revealed in the Phytosociological Table II (Appendix 10) and the
CA are clearly grouped thus indicating relatively low noise in the environmental variable data

(McCune 1997b).

In contrast to the communities of the Riethuis-Wallekraal area (Chapter I11.6.3), most of
communities and relevés of the quartz fields in the Richtersveld are associated with non-saline,
acid quartz fields rather than with saline quartz-fields (one community with two sub-communities
only), which also comprise a far higher number of species within the communities. The
dominance of non-saline, acid quartz fields indicate that saline quartz fields are less extensive and
less diverse due to the mountainous and rocky nature of the Richtersveld (Jurgens 1986). The
more frequent association of quartz fields to rocky habitats in the Richtersveld and thus a great
variance in altitude, might result in an increase of drainage and leaching of soils of the upper
sequences of the soil catena. This is also in line with the generally lower values (> 1 mS/cm) and
lower standard deviations of electrical conductivity among all quartz fields of the Richtersveld
than of the Knersvlakte (> 3 mS/cm, compare Table 63). The Knersvlakte and the Riethuis-
Wallekraal area, in return, are poorly undulated lowland areas which can be interpreted as
extensions of the coastal plains.

IV.6.5 Bushmanland-Warmbad area

In the Bushmanland-Warmbad area, quartz fields do not comprise the two main groups, i.e.,
saline and non-saline, acid quartz fields which have been revealed for the quartz fields of all other
areas (Chapter 111.6.1-4). In contrast, the quartz fields of the Bushmanland-Warmbad area are
subdivided into level quartz fields with deep soils on the one hand and in sloping quartz fields
with high stone content in soil, low soil pH, and high electrical conductivity on the other hand.
Thus, skeletal, acid quartz fields are positively associated with salinity. However, the salinity value
(<< 1 mS/cm) and its variance of these quartz fields are very low compared to the quartz fields
of all other areas and can thus not be addressed as saline habitats. It can therefore be concluded
that soil salinity does not play a role as habitat factor on these quartz fields. Also, the variance in
H" concentration (most soil pH values range between pH 6 and 8; compare table Appendix 13) is
relatively low and thus can hardly have an impact on the species turnover on the quartz fields.
The low importance of H" concentration and electrical conductivity for the species composition
is mirrored by the relatively short arrows representing these variables in the CCA ordination.

The low soil-chemical differentiation of the quartz-field habitats in the Bushmanland-Warmbad
area can be attributed to the summer-rainfall conditions. These are characterised by short but
very heavy rainfall events, which generally have a very patch character. Such heavy rainfalls can
facilitate fluviatile transport of soil material. By causing vast flood plains the summer rainfall may
thus be able to level out landscape variation with respect also to chemical soil properties. By this
and due to the dominance of coarse and freely drained soil texture (Watkeys 1999), small scale
differences in soil conditions (which are due to in situ weathering of different lithology as well as
by small scale dislocation and accumulation of salts) might be diminished.

Whereas on the quartz fields of other areas, the major differentiation of taxa and syntaxa is
mainly conducted along the strong gradients of salinity and soil pH, for the Bushmanland-
Warmbad area it can be hypothesised that the comparatively low diversity on obligate quartz-field
taxa and quartz-field communities is attributed to the low diversity of quartz-field habitats. This
hypothesis is supported by the fact that in the genus Dinteranthus the main differentiation on
species level occurred by geographical separation, rather than by ecological specialisation to
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edaphic particularities in a small-scale mosaic, as it has been shown for other quartz-field taxa
(e.g., Gibbaenm) (Chapter I11.6.1).

IV.6.6 Summary and conclusions

The multivariate analyses of the vegetation ecology of the quartz fields and adjacent zonal
vegetation of five different areas revealed a clear differentiation between quartz fields and their
surrounding. Quartz fields are typically positively associated with low soil depth, high salinity,
high stone content, and/or low soil pH, respectively. In all areas, except in the Bushmanland-
Warmbad area, quartz fields were separated into two contrasting habitat types: saline quartz fields
and non-saline quartz fields (Table 68). The latter are often associated with very low soil pH and
high stone content whereas the saline quartz fields are typically less skeletal and have an
approximately neutral soil pH. In the Bushmanland-Warmbad area, this differentiation is less
pronounced due to the generally low electrical conductivity on these quattz fields (< 1 mS/cm)
(compare Table 61).

Both types of quartz-field habitats provide adverse growing conditions, which is caused by
extreme edaphic aridity. They are either extremely saline which causes high osmolarity in soil, or
they are non-saline but then characterised by shallow soils and/or high stone content, which
causes low ability to store water.

Table 68. Characteristic range of edaphic variables for the two main groups of quartz fields in the Little
Karoo, Knersvlakte, Riethuis-Wallekraal, Richtersveld.

Stone Electr Carbonate
Area Habitat type SOI[| c?:]pth constgrlt in conductivity | Soil pH constgrlt in
[% weight] | [MS/em] [Class 1-5]
saline 0-25 40-80 1.5-75 7.0-8.5 0-3.2
Little Karoo
non-saline 0-20 30-50 0.1-2.0 4.4-7.0 0
saline 0-30 <40 1.5-10.0 5.5-7.5 0
Knersvlakte
non-saline 0-25 40-70 0.1-2.0 3.5-6.5 0
Riethuis- saline 5-35 8-60 0.3-7.0 4.5-7.7 0
Wallekraal |\ saline | 5-37 15-80 0.2-3.0 3.8-5.7 0
saline 5-40 5-70 1.0-5.0 6.9-8.3 0-3
Richtersveld
non-saline 0-50 5-70 0.05-3 4.5-8.2 0-3

The indirect (CA) and direct (CCA) multivariate gradient analyses of the vegetation of different
areas revealed a clear separation of the vegetation outside and inside the quartz fields as well as
the differentiation within the quartz fields. This indicate particular habitat specialisation in species
along edaphic gradients which has a strong impact on the species turnover on community level.
Saline and non-saline quartz fields, house a completely different flora as has been shown by the
vegetation classification as well (Chapter II1.5 and IX.1).
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These gradients can be quite subtle as has been shown for most of the communities of the saline
quartz fields which revealed a broad overlap of species inventories and were typically defined by
differences in species abundance. The constrained relevé scores of the direct gradient analyses
showed, that very fine variances in habitat conditions determine which of the taxa dominates the
particular quartz-field. This has been shown for Argyroderma pearsonii (# 25) and Argyroderma
delaetii Community (# 23) in the Knersvlakte, for instance (Chapter IX.1.3). However, it can be
assumed that also historical events (the question which population was the first to colonise the
particular quartz fields) or historical processes which influenced the growing conditions during
the colonisation (e.g., wetter or dryer phases) also play a role for the decision, which population
dominates the quartz fields.

Communities on non-saline quartz-field, in return, typically have a strong species turnover and
are thus defined by species with high fidelity. This can be attributed to the stronger ecological
gradients within these quartz fields. They are characterised by inclination of slope, soil depth,
stone content, and soil pH.

Consequently, there is not a single quartz-field habitat but quartz fields comprise at least two
completely different types of habitats which provide contrasting growing conditions. Both habitat
types house their own flora and vegetation which derive from contrasting ecological background.
The saline quartz fields require halo-tolerance whereas the non-saline quartz fields are inhabited
by generally saxicolous taxa. Further speciation and ecological specialisation by fine-scale
discrimination of habitats resulted in the existence of many related species occurring in similar
quartz-field habitats within a relatively small area. This is particularly obvious for lineages in
Mesembryanthema. Similar processes, however, have been observed outside the quartz fields for
other lineages as well, e.g., for geophytes (Goldblatt & Manning 1996) and in Conophytum
(Hammer 1993b).

A strong relationship between particular soil conditions and vegetation is well known for various
semi-arid systems (Zohary 1942, Box 1961, Greig-Smith & Chadwick 1965, Brown 1971, Jenny ez
al. 1990, Montana 1990). On edaphically extreme habitats this relationship reveals to be
particularly strong and may result in species turnover on a small scale due to specialisation to
adverse soil conditions. This has been shown for saline (e.g., Gates e al. 1956, Waisel 1972,
Chapman 1975, Cantero ez al. 1998, Daiyuan ef a/. 1998) and gypsum environments (Meyer e7 al.
1992, Guerro-Campo ez al. 1999, Rubio & Escudero 2000).

For the Succulent Karoo Biome, such strong plant-soil relationship seems to be a common
phenomenon in particular on mountainous (Jurgens 1986) and on edaphically special habitats
(Schieferstein & Loris 1992, Schmiedel & Jurgens 1999, this study). The strong variances of
edaphic properties on a small scale have a major impact on the species turnover and contribute
considerably to the very high beta-diversity of the Succulent Karoo (Jurgens 1986, Ihlenfeldt
1994, Schmiedel & Jirgens 1999, Desmet ¢f al. 1998, Desmet & Cowling 1999a, this study). So
far, comparatively few studies has been conducted on the pattering of vegetation due to the
patterns of different soil and geological conditions (but see Jurgens 1986). Most of the studies
which investigate the relationship between vegetation pattern and physio-chemical soil features in
the southern African Karoo are focussed on the biogenic patterns of soils. Such patterns can be
induced by animals, known as heuweltjies and fairy rings (Midgley & Musil 1990, Milton 1990,
Dean & Yeaton 1993, Milton & Yeaton 1993, Smith & Yeaton 1998, Becker & Getzin 2000), or
plants (Palmer ez a/. 1988, Dean ez al. 1999, Stock ez al. 1999).

Considering the strong control of species composition and alpha and beta diversity of the
Succulent Karoo vegetation by topographic and soil features, this aspect deserves more attention
in future.
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IV.7 Soil conditions of the quartz fields

The multivariate analyses (Chapter 111.6) and the habitat description of the plant communities
(Appendix IX.1) revealed following characteristic properties of quartz-field soils. They are
shallower than the zonal soils and often skeletal. The fine material derived from shale or phyllite
bedrock which are the dominating lithology and have a fine soil texture (fine-grained sand with
varying portions of clay, loam, or silt). They are typically free of carbonate content. The quartz
cover on soil surface varies in density and the size of the quartz fractions varies depending on the
distance to the quartz veins. Beyond these general characteristics, two contrasting habitat
conditions prevail on quartz fields. Quartz fields are either very saline but comparatively poor in
stone content but densely covered by small- to medium-sized quartz debris. Or they are
characterised by skeletal soil, high percentage of coarse quartz fractions on soil surface, low soils
pH, and low salinity values. Although the detailed characteristics the two types may vary slightly
from area to area (Table 08), the differentiation of saline and non-saline habitats is generally
consistent for quartz fields in all southern Africa. Only in the Bushmanland-Warmbad area,
where the salinity on quartz-field soil was generally very low (< 1 mS/cm), the differentiation
into non-saline and saline quartz fields does not exist.

For the Namaqualand in general and the Knersvlakte in particular the differentiation in saline and
non-saline quartz fields is most prominent. To date, little is known about the origin and age of
the quartz fields (Chapter IV.2). Based on their position along the topo-sequence in the landscape
and on physical and chemical soil properties, it can be hypothesised, that in the Namaqualand
sensu lato the two quartz-field habitats are derived from different geomorphological processes.
The majority of the saline quartz fields are found in plains, on foothills, or on broad valley floors
along the drainage lines. Their soils seem mainly consists of allochthonic material, i.e., deposits of
fluviatile erosion from the surrounding elevations. The levelled and homogeneous soil surface,
the poortly structured and relatively deep layer of substrate above bedrock (up to 30 cm) and the
low stone content in soil (< 40 % weight) support this hypothesis. The stone content in soil
consists mainly of (small- to medium-sized) quartz debris which were transported and deposited
together with the fine material. The stone pavement would thus be a secondary development due
to deflation and other processes that promote the formation of stone pavements (Chapter
IV.2.1). Their position at run-on sites also influences the soil chemical properties of these quartz
fields. Here the superficially or subterraneously flowing water accumulates, partly percolates, and
evaporates over time which causes salinisation in the topsoil. The soil pH of the saline quartz
tields is typically about neutral.

The soils of non-saline quartz fields, in return, apparently derived from iz sitn weathered bedrock
material (mainly phyllite or shale) and are thus authochthonic. The majority of the stone content
comprises coarse fractions of the poorly weathered bedrock (phyllite of shale) as well as quartz.
In the direct vicinity of quartz veins, quartz may dominate the stone content. The accumulation
of quartz stones on soil surface seems to be due to the same processes as for the saline quartz
fields (compare also Chapter IV.2.1).

In the Namaqualand semsu Jato these non-saline quartz fields are typically associated with
extremely low soil pH (pH 3-4). This can partly explained by the occurrence of magnesium
sulphate or other sulphatic salts (Schachtschabel ez a/ 1992). According to the ion spectra
(Chapter II1.6), sulphate and magnesium occur with largely the same absolute amount on saline
and non-saline quartz fields. However, the proportional representation of ions showed, that
sulphate occur with a higher proportion on non-saline (~ 20-30 % of the anions) than on saline
quartz fields (~ < 10-20 % of the anions). Also the proportion of magnesium was higher on non-
saline quartz fields. Therefore, the low soil pH of the non-saline quartz fields can be attributed to
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the increased proportion of sulphate in these soils. It can be assumed, that the majority of the
sulphate occur in soil as magnesium sulphate.

Another possible reason for the extremely low soil pH is the occurrence of aluminium (AI’").
Aluminium causes and is promoted by low soil pH (Schachtschabel e a/. 1992, G. Miehlich, pers.
comm.). It is worth noticing, that also Vogel (1955) claimed in his descriptive paper on the algae
underneath quartz stones, that the soils of quartz fields in the Knersvlakte comprise aluminium
sulphate (“Alaun”), without giving any references or details though. The aluminium content
determined by Jahnig (1994) for four soil profiles of quartz fields in the Knersvlakte revealed an
aluminium content of 2.3-7.7 mg/kg. This is very much in line with the values for the 39 other
soil profiles from the Namaqualand (1.7-8.0 mg/kg). The soil profiles sampled by Jahnig (1994),
however, were saline quartz fields with electrical conductivity of 1.3-12 mS/cm and soil pH
between pH (CaCl,) 6.5-8.5. Future soil studies on the detailed chemical composition of quartz-
field soils with special focus on the acid quartz fields seems to extremely rewarding.

In some patches, authochthonic soils with high salinity values (up to 6.8 mS/cm) occur. This
result in an incrase of the soil pH (5-6.2) compared to the non-saline quartz fields, which is still
below the pH values common for the saline quartz fields (pH ~6.5-7.5). Such soils are far less
frequent than non-saline acid soils but provides the typical habitat of Oaphytum oviforme
Community (# 29) in the Knersvlakte. In the CCA ordinations this community was grouped
among the saline quartz fields but had an outlying position there (Chapter 111.6.2).

Due to their topography and geomorphology, non-saline quartz fields comprise a higher variance
in habitat conditions which typically occur in small-scale mosaics. These mosaics mirror the
differences in bedrock lithology, in inclination of slope, exposition, percentage of run-on and
run-off etc. The saline quartz fields in the plains (or salt pans), in return, are equalised by the
homogenous topography, the uniform deposition of fine material and the impact of the
extremely high salinity. For the plants, the extremely high salinity with its physiological
implications seems to be most important and overrule other factors. Consequently, non-saline
quartz fields are characterised by a high variety of habitats which form small-scale patterns,
whereas saline quartz fields tend to be more extensive and homogeneous. In between these two
extremes ranges a broad array of intermediate habitats, such as gently sloping quartz fields with
influence of both in situ weathered soils and deposited salts, patches of saline quartz fields in
shallow depressions among rocky, non-saline quartz fields, non-saline elevations in broad saline
salt pans, etc. These gradients, specialisation and speciation of quartz fields taxa takes place.

IV.8 Structural composition of flora and vegetation

IV.8.1 The selection of functional traits

Morphological structures and phenological features represent an adaptive answer of plants to the
conditions of their biotic and abiotic surrounding. Hence, edaphically and climatically similar
conditions support an identical array of plant growth forms. Identical growth forms in non-
related taxa have often been interpreted as a result of convergent evolution due to similar
environmental conditions (Cody 1973, Orians & Solbrig 1977, Cody & Mooney 1978, Shmida
1981, Orshan e al. 1984, Orshan 1989).

The strong dominance of dwarf and leaf-succulent plants on quartz fields is striking and becomes
evident at the first glance, as descriptive approaches reveal (Maneveldt 1995, Struck 1995,
Schmiedel 1997, 2001b). One aim of this study is to understand the significance of the particular
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array of growth forms on quartz fields and the ecological constraints that are responsible for
them.

A prerequisite of the analysis of the relationship between structural features and ecological
growing conditions is the selection of structural and functional traits which are most relevant for
the response of a species to its surrounding. Numerous systems of classification have been
suggested resulting in an endless series of terms and definitions: e.g., strategy types (Grime 1974,
1979a,b), plant functional types (Smith e a/ 1997), “vital attributes” (Noble & Slatyer 1980), or
life-form types (Raunkiaer 1934, Danserau 1951). A summary of the number of approaches is
given by Duckworth e a/. 2000. The literature on such non-taxonomic approaches and their
application increased rapidly during the last three decades. This increase can be attributed to (a)
the need to compare taxonomically distinct floras (Cody & Mooney 1978, Orloci & Stofella 1986,
Shmida 1981, Orshan e a/. 1984, Orshan 1989), (b) the assessment of overwhelming biodiversity
of natural systems (Grime 1997, Gitay & Noble 1997, Mclntyre et al. 1999), (c) investigation in
the functional impact of the rapid decrease of species numbers (Walker 1992, Tilman ez a/. 1997),
and (d) the needs of global change research (Diaz & Cabido 1997, Leemans 1997) as well as
predictive modelling (Lavorel ef al. 1997, Campbell ef al. 1999).

To analyse vegetation ecology across regions and biomes, structural and functional traits need to
be aligned and reduced to receive a manageable number of consistent characters to work with
(Wether ez al. 1999). The selection on the one hand and lumping of characters at the other hand,
can be done either deductively, i.e., based on an intimate knowledge of the role of different
species in a particular ecosystem, or inductively by a statistical analysis of single character states
and their particular response to the biotic and abiotic surrounding, as it has been suggested by
Pillar (1999).

The present study aims at an understanding of the role of particular structural features (i.e., dwarf
growth forms) which obviously dominate the vegetation of the quartz fields. Therefore, a
deductive approach has been chosen, thus testing the null hypothesis that the dwarf growth
forms have no ecological significance for the flora and vegetation of the quartz fields. For this
purpose, the plants occurring on quartz fields were classified into groups according to their
architectural and partly phenological features by employing Raunkiaer’s system of plant life forms
(Raunkiaer 1934, modified by Ellenberg & Mueller-Dombois 1966, and Jirgens 1986). The life-
form system by Raunkiaer, in addition to the modifications by Ellenberg & Mueller-Dombois
(1966) and Jurgens (1986) which both aim to adjust the system to tropical and subtropical
biomes, comprise a reasonable amount of groups.

Several other studies applied Raunkiaer’s life-form system for a non-taxonomic, structural
approach to vegetation or flora (e.g., Whittaker & Niering 1965, Jirgens 1986, Danin & Orshan
1990, van Rooyen e7 al. 1990, Esler ¢f al. 1999). However, the universal applicability of the system,
which is based on the height of the renewal buds and was mainly developed for temperate to
arctic biomes, has been questioned by some authors (Schulze 1982, Hoffman & Cowling 1987).
Midgley & van der Heyden (1999), in return, point out that the Raunkiaer’s system recognises the
plant’s investment in woody tissue relative to photosynthetic tissue and thus reflect very
important aspects of life strategies.

The terms growth forms and life forms were often used synonymously although they cover
different aspects (Hoffman & Cowling 1987, Midgley & van der Heyden 1999). The term
“growth form” refers to the morphological architecture and general habit of the plant while “life
form” refers specifically to the adaptive morphology or phenology in terms of its ability to
survive the unfavourable season (Barkman 1988). Since this study is focussed on the architecture
of the plants (i.e., mainly distinguishing between various types of chamaephytes) the term
“growth form” was used throughout. The analyses conducted in the study shall reveal whether
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these growth forms also form part of a life form, i.e., an adaptation to this particular habitat and
its constraints. The role of growth forms will be discussed on two levels: with respect to
phytogeographical distribution and composition (Chapter 1V.8.2-6) as well as vegetation ecology
(Chapter IV.8.7).

IVV.8.2 The growth-form composition of the quartz-field flora

The growth-form spectrum of the obligate QFF is strongly dominated by chamaephytes among
which the nano-chamaephytes (Chapter I1.2.1) represent the most important growth-form group.
All non-chamaephyteous growth forms are represented by very low percentages.

Unfortunately, the data available for the growth-form spectrum of the entire Succulent Karoo
Flora (SKF) are patchy and incomplete, making a more detailed comparison difficult. The data by
Orshan ez al. (1984) that represents a growth-form spectrum of the SKF within their comparative
study is based on two single relevés only and were therefore rejected as comparative data here.
The most comprehensive figures are given by Milton ef a/. (1997). However, they are based on
unpublished data by Acocks which comprise merely 863 species (Milton ef a/. 1997). This is less
than 20 % of the 4850 plant species recorded for the SKF according to Hilton-Taylor (1996a).
Due to this incompleteness, the data for the growth-form spectrum of the Goegap Nature
Reserve (formally Hester Malan Nature Reserve, data taken from van Rooyen ef a/ 1990) were
also included. The well investigated Goegap Nature Reserve (Le Roux 1984, van Rooyen ¢ /.
1979a,b) is located in the Western Mountain or Upland Succulent Karoo (Hoffman 1996b) and,
hence, represents a special section of the SKF. Both data sets of the Succulent Karoo show a
high correspondence with respect to the growth-form spectra. They both differed considerably
from that of the obligate QFF. Chamaephytes are generally over represented in the obligate QFF.
In the Bushmanland-Warmbad Phytochorion and the Little Karoo Phytochorion, they even
represent the only growth-form type within the obligate QFF. Phanerophytes and therophytes
are underrepresented in the obligate QFF of all phytochoria. Geophytes and hemicryptophytes
occur with largely the same percentage in the total SKF as in the obligate QFFs of the
Knersvlakte, Northern and Southern Richtersveld Phytochoria.

Besides the above-ground parts of a plant the root systems are of high importance for the
adaptation to habitats (Rundel & Nobel 1991). Unfortunately, despite of some early preliminary
studies by Scott & van Breda (1937a,b, 1938, 1939) the root architecture of the Succulent Karoo
vegetation is very little known (Midgley & van der Heyden 1999). But in contrast to floras of
other winter rainfall zones (e.g., Mohave desert) where competition for soil water resources has
led to the evolution of shrubs with divergent patterns of rooting depths (Cody 1989, 1991, Esler
et al. 1999) the structural diversity of roots in the SKF seems to be comparatively low. The
majority of the leaf-succulent shrubs of the biome have shallow roots that reach 10 to 20 cm
(maximally 30 cm) in soil depth (Esler & Rundel 1999). The roots of the dwarf shrubs as they are
typical for the QFF in particular, in most cases reach even less than 10 cm below soil surface.
Hence, in terms of root growth forms the QFF does not seem to show significant variation. The
root system was therefore excluded from the analysis.

IVV.8.3 Correspondence in growth forms between the
phytochoria
The comparative analysis of the regional fractions of the obligate QFF revealed a strong

correspondence between their growth-form spectra. All regional quartz-field floras share the
same dominance of chamaephytes. Among them, nano-chamaephytes are represented by the
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highest number of species in all regional QFF. The similarity in growth-form spectra in the
taxonomically distinct floras supports the hypothesis of the convergent evolution of growth
forms.

This similarity is even more striking when taking in account that the six quartz-field phytochoria
occur in two different Floristic Regions i.e., the Cape Floristic Region (i.e., the Richtersveld,
central Namaqualand, Knersvlakte, and Little Karoo) and the Palacotropis (i.e., Bushmanland-
Warmbad area) (Jurgens 1991). The Floristic Regions are associated with different rainfall
seasonalities. The Cape Floristic Region lies in the proper winter rainfall zone (rainfall peaks
between May and August) whereas the Palacotropis receives rainfall mainly in summer (compare
Figure 2). The Little Karoo Phytochorion, however, ranges from the proper winter rainfall zone
into the late summer rainfall zone: rainfall peaks occur from May to August in the western Little
Karoo (weather station at Montagu) but shifts to November and March in the east (weather
station at Oudtshoorn). The different rainfall regimes also support different biomes. The semi-
arid winter rainfall zone of the Cape Floristic Region houses the Succulent Karoo Biome, which
is dominated by leaf-succulent shrubs (Hilton-Taylor 1996a, Milton ef al. 1997). The semi-arid
summer rainfall zone houses the Nama Karoo Biome where the vegetation mainly comprises
annuals, geophytes, grasses, and non-succulent small shrubs (< 1 m) (Palmer & Hoffman 1997)
The occurrence of succulents increases in the southeast of the Nama Karoo (Cowling ef a/. 1994).

The difference in growth-form composition between the zonal vegetation of the Succulent
Karoo Biome and the Nama Karoo Biome is not mirrored in the regional QFFs which are all
dominated by leaf-succulents dwarf plants irrespective of their distribution. The special habitat
conditions of the quartz fields obviously overrule the regional differences in rainfall regime and
promote convergent evolution of largely identical growth forms in entirely separate floras.

However, besides the general correspondence, particular similarities and dissimilarities with
respect to the growth-form types were detected between certain QFFs, thus resulting in two main
groups: the Bushmanland-Warmbad Phytochorion as well as the Little Karoo Phytochorion on
the one hand and the Phytochoria of the Namaqualand sens# /ato on the other hand.

The Bushmanland-Warmbad Phytochorion and the Little Karoo differed from the other four
QFF due to their high percentage of nano-chamaephytes and - hence - under-representation of
all other growth-form groups. The nano-chamaephytes again, mainly consisted of the subglobose
subgroup (they comprise 50 % or more of the taxa) whereas the other three nano-
chamaephyteous subgroups were represented by comparatively low percentages only.

In the QFF of the Namaqualand sensu lato, i.c., the Knersvlakte Phytochorion, the Riethuis-
Wallekraal Phytochorion, the Southern and the Northern Richtersveld Phytochorion nano-
chamaephytes were the most important group. In contrast to the Bushmanland-Warmbad and
the Riethuis-Wallekraal Phytochorion also the other growth-form groups occur with a high
frequency but low percentage. Among the nano-chamaephyteous subgroups the “other” nano-
chamaephytes (Chapter 11.2.1) comprise the most important groups except in the Knersvlakte
Phytochorion where the subglobose nano-chamaephytes were slightly richer in species numbers.

In general, the very narrow array of growth forms within the eastern QFFs (Bushmanland-
Warmbad and Little Karoo Phytochorion) deviate strongest from the growth-form spectrum of
the general SKIF by pronouncing the unique features of the obligate QFF most: chamaephytes,
which represent the most important growth-form group of the QFF in general, represent 100 %
of the growth forms within these QFFs. Moreover, most of the nano-chamaephytes within the
eastern QFFs belong to the subglobose subgroup and consequently represent one of the most
important nano-chamaephyteous subgroups of the total QFF. In contrast, in the QFFs of the
Namaqualand sensu /ato the most numerous subgroup of nano-chamaephytes is presented by the
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“other” nano-chamaephytes, that is, by growth forms which do not meet the three main
subgroups of growth forms of the obligate QFF (compact, subglobose, subterraneous).
Consequently, the deviation of the growth-form spectrum of the obligate QFFs of the
Bushmanland-Warmbad Phytochorion and the Little Karoo Phytochorion can be interpreted as
an overemphasis of the generally observed trend within the obligate QFF.

This deviation could be attributed to the bias of data due to the low total number of obligate
quartz-field taxa (11 taxa) within this phytochorion. However, this would not apply to the
spectrum of the Bushmanland-Warmbad Phytochorion which comprises 24 taxa and has a higher
number of species than the Riethuis-Wallekraal Phytochorion and the Southern Richtersveld
Phytochorion. Therefore, these differences are interpreted in terms of adaptation to regional
particularities of habitat conditions on quartz fields. Being part of two different Floral Regions
and biomes (Chapter 1.6) the Bushmanland-Warmbad Phytochorion and the Little Karoo
Phytochorion correspond in their distance to the coast (a) and the increase of summer rainfall
influence (b).

a) The Namaqualand sensu /ato extends in south-north direction parallel to the west coast of the
subcontinent (see Figure 1) whereas the Little Karoo and the Bushmanland-Warmbad
Phytochorion lie further inland, in a distance of a minimum of 100km (Bushmanland-Warmbad
Phytochorion) or 150km (Little Karoo Phytochorion) from the west coast. Generally, the
increasing distance to the coast is correlated with the increasing continentality of the climate
(more extreme temperatures and lower air humidity). The cold Benguela current along the
southern African west coast regularly induces fog occurrences along the coast (Desmet &
Cowling 1999b, Hachfeld & Jurgens 2000). The importance of the fog is generally acknowledged
by ecologists (Jurgens 1986, von Willert ez a/. 1992, Desmet 1996, Cowling ez a/. 1999b, Desmet &
Cowling 1999b) although only little is really understood about its physiological relevance for the
plants (but see Hachfeld & Jirgens 2000, and unpublished data by K. Loris). The geographical
vicinity of the Indian Ocean to the south of the Little Karoo has no influence on the climate
since the Langeberge form a barrier for rain clouds and humid air coming from the south.

b) Although the differences between growth-form spectra of the Bushmanland-Warmbad
Phytochorion and the Little Karoo Phytochorion on the one side and the phytochoria of the
Namaqualand sezsu lato on the other side is not purely in line with the delimitation of the rainfall
zones (Figure 2), the impact of summer rainfall conditions increases with increasing distance to
the west coast. The Bushmanland-Warmbad Phytochorion lies in the summer rainfall zone
whereas in the Little Karoo Phytochorion the impact of summer rainfall increases with the
distance to the west coast.

It seems that the increase of continentality and summer rainfall conditions resulted in a
moderately different growth-form composition of the respective QFFs. However, in contrast to
the zonal vegetation, in the obligate QFF they seem to even overemphasise those structural
features, which are generally typical for winter rainfall conditions (leaf-succulence) but do not
support the growth-form spectra of the summer rainfall zone. The particular edaphic and
microclimatic habitat conditions of the quartz fields which might be responsible for these
structures will be discussed in Chapters IV.8.7 and 1V.9.4.

IV.8.4 The dominance of leaf-succulence

The overwhelming majority (97.4 %) of the QFF are succulents. Within this group leaf-
succulents dominate clearly (only 4.5 % of the succulents were purely stem-succulent). The flora
of the arid parts of southern Africa is generally acknowledged for its very high number of
succulents which outranks most of the other regions world wide (Stock ef 2/ 1997). However,
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comprehensive, comparable data for the entire SKF hardly exist. The PRECIS data compiled by
Gibbs Russell (1987) for instance, seem to be misleading with respect to number of succulents
within the Succulent Karoo. Very little succulent taxa are recorded for this biome. This
disproportion is probably due to the lack of Succulent Karoo data in the PRECIS data base in
Pretoria at the time when the study by Gibbs Russell was conducted. Such incompleteness of the
data set is also indicated by the obviously strong under-representation of the most important
Mesembryanthema genera (such as Ruschia) in her compilation. Also other figures that can be
drawn from literature are probably not complete but shall allow a preliminary approach.
According to Werger and Ellis (1981) only 32 % of succulent taxa recorded for the SKF are
succulents and van Rooyen e a/ 1990 calculated 45 % of succulents for the Goegap Nature
Reserve (in the Western Mountain or Upland Succulent Karoo (Hoffman 1996b). The figures
given by Acocks (unpublished, cited in Milton ez a/. 1997) for the Western Mountain or Upland
Succulent Karoo (Hoffman 1996b) and Jurgens (1986) for the western Richtersveld (Numees
Valley) are significantly higher (82 % and 90 %, respectively). Irrespective which regional section
or calculation is taken into account, in the obligate QFF succulents are clearly over-represented
(~97 %) compared to the general SKF.

In order to understand the ecological background of succulent richness in various regions, several
analyses of the relation between abiotic features (climate in particular) and succulent abundance
have been conducted (Nobel 1980, Ellenberg 1981, Burgess & Shmida 1988, Hoffman &
Cowling 1987, von Willert ez al. 1992, Cowling et al. 1994, van Coller & Stock 1994). The
deductive cognition of these syntheses is that a high abundance of succulence is mainly associated
with areas of low but highly predictable rainfall. The occurrence of winter rainfall, which is
characterised by high predictability (Hoffman & Cowling 1987) was the strongest predictor of the
total number of succulents per sites in the Karoo (Cowling ez a/. 1994). The possible reasons for
this relationship between succulents and rainfall has been summarised by Burgess and Shmida
(1988) as follows: low rainfall is the necessary precondition for the succulents to be successful
against their non-succulent competitors. Therefore, drought periods must be frequent and long
enough to make obligate daytime carbonate fixation (C, and C, pathway) too risky for perennials.

Besides the rainfall regime, maximum temperatures seem also to delimit the distribution of
succulents (von Willert e a/. 1991). According to Jurgens’ phytogeographic analysis of the
southern African flora succulents are absent or rare in regions with maximum temperatures
above 32° and minimum temperatures below 0°C, respectively (Jurgens 1991). Although
relatively little is known about the thermal budged of succulents, it is likely that this restriction of
the leaf-succulent growth forms is due to the leaf size. The larger the leaves the thicker are the
leaf boundary layers. Consequently, larger leaves have a longer conduction distance and therefore,
lower heat conduction (Nobel 1988). In case of a crassulacean acid metabolism, (CAM) cooling
by transpiration via open stomata does not take place. Therefore, self shading (Nobel 1981) as
well as highly reflecting cuticulas and cytoplasmatic tolerance (Steponkus 1981) are common in
succulent plants.

Jurgens (1986) analysed the ecology and distribution of leaf- and stem-succulent growth forms in
southern Africa. He interpreted the dominance of leaf-succulence in the winter rainfall zone as
controlled by the coincidence of the rainfall period and growing season with low average
temperatures. Stem-succulents, in return, are largely associated with areas where the rainfall
period and growing season occurs during the hot months of the year. It can thus be hypothesised
that the quartz fields provide special growing conditions which are compatible with regional
conditions which generally seem to support leaf-succulent growth forms, such as low but
predictable rainfall, moderate minimum and maximum temperatures, low evapotranspiration, and
low competition. This hypothesis has been strongly supported by the data on the edaphic and
microclimatic conditions of the quartz fields (Chapters IV.6, IV.8.7, and IV.9.4).
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IVV.8.5 The occurrence of leaf-deciduous plants

Drought-deciduous plants were under-represented within the obligate QFF. About 56 % of the
taxa had drought-deciduous leaves (Table 11). According to Milton (1990), in the proper winter-
rainfall zone of the Succulent Karoo the flora comprises 80 % of drought-deciduous species. The
percentage of drought-deciduous plants also included all those taxa, in which the leaves were
either dropped during the dry period or they remain on the plants but as dry papery sheaths,
often providing shelter and shade for the the newly formed leaves. The latter type is particularly
typical for several Mesembryanthema of the Mitrophyllum-group (Ihlenfeldt 1971b) but also for
other taxonomic groups within Mesembryanthema such as  Conophytum spp., Gibbaeum
cryptopodinm, and Muiria.

In the eastern QFFs (Bushmanland-Warmbad Phytochorion and the Little Karoo Phytochorion)
the percentage of drought-deciduous plants are even lower (20-35 %) than in the western QFFs
(Namaqualand sensu lato 33-53 %, Table 12) and thus they deviate even stronger from the
spectrum of the general SKF. Hence, the eastern QFFs seem to pronounce the characteristic
features of the total QFF even more than the western QFFs. However, the decreasing percentage
of drought-deciduous leaves towards the east corresponds with the findings of Milton (1990) that
the percentage of drought-deciduous plants decrease with increasing influence of (additional!)
summer rainfall. Whereas in the proper winter rainfall zone about 80 % of the species are
drought-deciduous, the percentage is considerably lower in Worcester (16 %) and Prince Albert
(10 %) (Milton 1990). This decrease of drought-deciduous plants has been attributed to the
higher probability of receiving some rainfall outside the main rainfall season (Le Roux ef a/ 1989,
Milton 1990).

The situation found for the regional QFFs can be explained in the same way. The lowest
percentage of plants with drought-deciduous leaves were found in the QFF of the Little Karoo
(20 %) and in the Bushmanland-Warmbad Phytochorion which both lie outside the the proper
winter rainfall zone. The western part of the Little Karoo receives about 30 % of summer rainfall
whereas the eastern part of the Little Karoo gets about 50-60 % of summer rainfall. The
Bushmanland-Warmbad Phytochorion receives 50-80 % summer rainfall. Consequently, the low
percentage of drought-deciduous plants in these Phytochoria can be attributed to the (additional)
impact of summer rainfall there. The Phytochoria in the proper winter rainfall zones
(Knersvlakte, Riethuis-Wallekraal Phytochorion, and Southern Richtersveld Phytochorion)
showed a higher percentage of drought-deciduous plants. The relative lower percentage for the
QFF of the Northern Richtersveld flora might be attributed to the floristic relationship to the
Bushmanland-Warmbad Phytochorion (Chapter IV.2.4).

I\VV.8.6 Correspondence between growth-form and species
richness

The relationship between the number of taxa and growth-form types per quarter-degree square
varied strongly among the phytochoria (Chapter III.3). The Knersvlakte phytochorion, for
instance, which is particularly rich in quartz-field species has a relatively low growth form-taxa-
coefficient whereas for the Northern Richtersveld Phytochorion the coefficient is comparably
high. In the case of the Knersvlakte, the low coefficient is obviously due to the very high number
of obligate quartz-field taxa per quarter-degree square. The Knersvlakte flora showed a steep
increase of growth forms with increasing number of taxa up to 15 taxa per quarter-degree square.
The quarter-degree squares that housed about 15 quartz-field species comprised about seven
different growth forms. With further increase of taxa, the number of growth forms increased
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merely very little. Obviously, there was a non-linear relationship between species and growth-
form richness at species numbers of > 15 per QDS.

Consequently, in particularly species-rich quarter-degree squares a redundancy of growth forms
occurs. The occurrence of a greater degree of redundancy of growth forms in the SKF
(compared to the Nama Karoo) has been discussed by Cowling ez 2/ (1994). This seems to apply
in particular to the narrow array of growth forms of the obligate QFF. Such growth-form
redundancy, which is associated with a high species diversity, may indicate a functional
redundancy which makes a certain portion of the flora dispensable for the functioning of
ecologically important processes (Chapin ez a/. 1992, Walker 1992). However, the results of the
analysis of the habitat ecology of growth forms (Chapter II1.7) indicate that identical growth-
form types may colonise different habitat types. Growth-form groups as defined for this study
thus do not explain completely the functional role of the species within the ecological important
processes. Instead, other biological aspects such as the physiological adaptation of the species to
certain abiotic conditions (von Willert ez a/ 1990, 1992, Veste et a/ 2001) may influence the
ecology of the taxa significantly.

I\VV.8.7 Edaphic control of the growth-form composition of the
quartz-field vegetation

The growth-form spectrum of the quartz-field flora is characterised by a high importance of
unusual growth forms with very specific morphological structures. Species confined to quartz
fields tend to have reduced body size (dwarfism) and leaf number (Chapter 111.7.2).

According to the distribution of different growth-form types along a gradient of increased density
of quartz cover, mega-chamaephytes are generally negatively associated with quartz cover. The
occurrence of nano- and micro-chamaephytes was largely independent from quartz cover. This
has been shown for the quartz-field vegetation for different areas in the Succulent Karoo. For the
vegetation of the Bushmanland-Warmbad area, in turn, this correspondence does not exist. The
distribution of growth-form types along a gradient of increased salinity also did not show a
significant correspondence for the different growth forms of all regions. This indicates, that there
is no univariate relationship between growth-form distribution and quartz cover or salinity. The
growth-form distribution inside and outside of quartz fields has to be analysed by employing
multivariate statistics.

The growth-form types employed in the multivariate analyses of growth-form distribution along
edaphic gradients for five different regional quartz-field landscapes showed distinct habitat
preferences (Chapter 111.7.3). Phanerophytes were generally absent from quartz fields. Mega-
chamaephytes are positive associated with comparatively deep soils and high carbonate content
and negatively associated with skeletal and saline quartz fields. Micro-chamaephytes revealed a
broad distribution but are less abundant outside than inside the quartz fields where they may
inhabit saline and non-saline habitats. Compact nano-chamaephytes have a generally similar
habitat ecology like micro-chamaephytes but they are more positively associated with quartz
cover than the first. Subglobose and subterranean nano-chamaephytes, the putatively most
derived growth forms, in return, reveal the strongest association with particular habitat
conditions. Where subglobose nano-chamaephytes reach high cover values (ie., in the
Khnersvlakte, Little Karoo and Bushmanland-Warmbad area), they are largely restricted to skeletal,
non-saline quartz fields which are often correlated with inclination of slope and low soil pH.
Subglobose nano-chamaephytes typically occur with high cover values on saline quartz-field
habitats with low stone content in soil.
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Thus, the growth-form composition of quartz fields in all studied areas — a response to analogous
gradients in edaphic aridity — is strikingly similar. Relative to surrounding zonal habitats, quartz-
field soils are either shallower and their pore volume is further reduced by a dense packing of
quartz debris (non-saline quartz fields), or aridity is exacerbated by high soil salinity (saline quartz
fields). The relatively low cover of taller chamaephytes and the absence of phanerophytes on
quartz patches has enabled their colonisation by nano-chamaephytes. Within the regional
landscapes they are the exclusive habitat for subglobose and subterranean nano-chamaephytes.
These tiny succulent growth forms are a unique and charismatic component of the SKF (Van
Jaarsveld 1987; Hammer 1993b).

Within the quartz-field vegetation of all studied areas, the overall trend with regard to growth-
form distribution is for larger forms to have less specialised habitat preferences and smaller forms
to be more specialised. This is clearly evident among the subgroups of nano-chamaephytes:
whereas the compact forms occur under more diverse habitat conditions, the smaller, subglobose
nano-chamaephytes and especially the subterranean nano-chamaephytes are confined to more
specific habitats. These trends are evident in independent lineages, within and among quartz-
fields phytochoria. They are the result of convergent evolution in response to the strong selective
regime associated with the unusual edaphic environments of quartz fields.

The non-saline quartz fields are similar to other stone fields or desert pavements of the Succulent
Karoo (cf. Desmet & Cowling 19992a). Among the nano-chamaephyteous flora, they are home to
subglobose members of Congphytum. This genus is associated with a wide range of rocky and
shallow-soil habitats throughout the Succulent Karoo (Hammer 1993b). However, the saline
quartz fields, which probably represent the most edaphically extreme habitats, are the exclusive
home of most of the subglobose and particularly the subterranean forms.

These unusual growth forms are not exclusively confined to quartz fields. Locally endemic,
contracted succulent shrubs are associated with many other shallow-soil habitats in the Succulent
Karoo and its margins, including quartz and shale outcrops, fissures in granitic bedrock and other
desert pavements (e.g.,, Hammer 1993b; Desmet & Cowling 1999a). For example, the three
species of the genus Tangnana H.EK. Hartmann & Liede (Mesembryanthema), a typical
contracted succulent, are endemic to the Tanqua Karoo and the Little Karoo and never occur on
quartz fields (Hartmann & Liede 1986). Nevertheless, species of this genus show the same
growth forms (compact, subglobose and nano-chamaephytes) as found in the quartz-field flora.
Most of the app. 120 species and sub-specific taxa of the genus Congphyturz N. E. Brown
(Mesembryanthema) are compact, subglobose, or even subterranean nano-chamaephytes
(Hammer 1993b), whereas only 14 species (21 species and subspecies) of Conophytum are
restricted to quartz fields (Chapter , Schmiedel 2001a).

The major difference between quartz fields and other shallow-soil habitats in the Succulent
Karoo and its margins, is that contracted shrubs are the principal growth form on the former,
whereas a greater diversity of growth forms coexist on the latter (Jirgens 1986; Cowling ef al.
1994). Therefore, the question of interest remains: why are nano-chamaephytes the dominant
growth form on quartz-field habitats? The microclimatic measurements on quartz fields and
neighbouring habitats indicate that besides the edaphic conditions the microclimate of the quartz
fields seems to play an important role (Chapter IV.10).

IV.9 Microclimatic conditions of quartz fields

Various authors considered southern African quartz fields as habitats that provide special
microclimatic conditions (Vogel 1955, Hartmann 1981, Jurgens 1986). This hypothesis is mainly
based on the striking experience of the strong reflection of visual light by quartz fields: during
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clear, bright days quartz fields can appear as glaring and dazzling as new snow. Up to date, very
few studies on the microclimatic conditions of quartz fields have been conducted. Von Willert ez
al. (1992) showed the thermal properties inside and outside quartz fields during a late summer
day in the Knersvlakte (March 1977) but the thermal impact on dwarf plants at both habitat types
has not been studied so far. However, the ecological advantage of submerged growth forms as
they are typical for Lithops N.E.Br. (Aizoaceae) and several quartz-field taxa has been questioned
repeatedly (Eller & Nipkow 1983, Eller & Grobbelaar 1986, Turner & Picker 1993) with
controversial results. According to Eller & Nipkow (1983) and Eller & Grobbelaar (19806) the
embedded growth form has no positive effect on the thermal properties of the plant and can
merely be interpreted as a structural adaptation to reduce transpirational water-loss as has been
shown by Eller & Ruess 1982 or even as a mechanism to protect the plant from browsing and
trampling by larger herbivores. Turner and Picker (1993), in return, show evidence that the
temperatures of submerged leaves and surrounding soils are strongly coupled and result in a heat
flux from the leaf to the cooler soil. This, however, denies the existence of isolation by the old
leaves which under natural conditions comprise several layers. In order get insight into
microclimate of quartz fields and its possible impact on its dwarf inhabitants, microclimatic
measurements were carried out.

IVV.9.1 Radiation

The measurements of incoming global solar radiation and reflected radiation above quartz fields
and above soils without quartz cover revealed an impinging global solar radiation of about 950 to
1100W/m? and a 5 % higher reflection by soils with quartz cover than neighbouring soils without
quartz covet.

The maximum impinging global solar radiation of about 900 to 1100W/m? is in line with the
value of 950-1200W/m? given for deserts by von Willert (von Willert e7 a/. 1992). The 5 % higher
reflection by quartz fields seems to contrast with the results by Eller who determined the optical
properties in the wavelength range between 300 and 1300nm of a quartz stone from the southern
African quartz fields. Eller (in von Willert ez a/. 1992) shows that the reflectivity of the quartz
stone in the visible spectrum (300-700nm) is far higher than the reflectivity of a brown shale
stone but does not differ considerably from that of red desert soil, whereas in the range of
wavelength of the sun’s infrared radiation (750-1350nm) the quartz stone reflects about 15 to 20
% less radiation than the red desert soil.

The data given by Eller (in von Willert ez a/. 1992) are difficult to compare with the data gathered
in this study: the soil without quartz cover in the present study derived from weathered phyllite
and was neither brown shale nor red desert soil. Also, the spectrum measured was broader (300-
3000nm) than that employed by Eller (300-1350nm) and did not differentiate between different
ranges of wavelength as has been done by Eller. However, the results by Eller that quartz fields
have the same reflectivity for visible radiation as red desert soil contradicts the dazzling shine of
the white quartz fields which indicate high reflectivity of the quartz fields in the visible spectrum.
Von Willert ef a/. (1992) do not give a solution to that problem. Instead, they assume that, due to
the reduced reflectivity, the radiation input on the plant by solar radiation reflected from the soils
is reduced for plants growing on quartz fields compared to those that grow on red desert soils.
Maybe, this obvious contradiction between measured data and experience in nature has
methodical reasons. Since Eller’s measurements were carried out on a single stone in an
integrating sphere (von Willert ez a/. 1995), they may not represent the situation 7 sitw. The
reflectivity of a dense layer of quartz stones may differ from that of a single stone because of
multiple reflection of neighbouring stones (D. J. von Willert, pers. comm.).

The measurements of radiation properties of quartz fields within this study were restricted to a
short period during winter time (September and October 1996). Future measurements of global
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and reflected radiation should differentiate between visible and sun’s infrared radiation and
should be carried out during summer and winter time and under various different weather
conditions, i.e., clear, overcast or cloudy sky.

IVV.9.2 Thermal regime on quartz fields

During hot summer days, the daily maximum temperatures of the air near the ground exceed
60°C. These temperatures surpass the air temperature at 2 m height by up to 20°C. Quartz fields
have considerably lower maximum air temperatures (differences of up to 10°C) than
neighbouring soils without quartz cover for most days of the year. The maximum temperatures
of the soil surface of quartz fields are lower only during the hot season whereas the relationship is
inverse during winter.

The results are in line with the only comparative studies of surface temperature of soils with and
without quartz cover during a summer day (5 March 1977) in the Knersvlakte carried out by von
Willert ef al. (1992). The soil surface of the quartz field showed a far lower maximum temperature
(about 40°C) than the soil surface with quartz cover (about 48°C).

The relatively lower temperatures may be partly attributed to the higher reflection of the quartz
fields, indicated by the 5 % higher reflection determined in the present study. However, besides
reflectivity, heat capacity, heat conductivity, and evaporation influence the energy budget of a
body. Since the determination of the energy budget of the quartz fields was not the objective of
the study, the latter three variables have not been determined within the present study.

In warm desert environments temperatures of soil surface can reach 70°C (Nobel 1984, von
Willert e7 al. 1992). The thermal impact on the plants can be extreme (Nobel e a/. 1986; Nobel
1989), especially for dwarf plants growing near the soil surface. This even may surpass the
extreme heat tolerance of some desert plants (> 60°C for Haworthia Duval and Lithops, Nobel
1989). Dwarf plants live near the ground and - if not shaded by surrounding plants or rocks - are
therefore fully subject to these temperatures. The impact on the seedlings’ survival by high
maximum temperatures has been shown by Nobel (1984). Therefore, the occurrence of dwarf
growth forms at open and exposed sites is supposed to be limited by the maximum temperatures
on the soil surface. The relatively milder temperatures on quartz fields relatively reduce the
thermal impact on the plants near the ground and thus cause less adverse growing conditions.

Quartz fields seem to be the only habitat type in southern Africa where dwarf growth forms
occur exclusively and in high densities on level and open (i.e., not shaded) sites. Due to the fact
that shrubby growth forms only occur with very low abundance and, consequently, shade
provided by such plants is rare, dwarf growth forms on quartz fields are fully exposed to the
incoming solar radiation.

Regarding the extreme temperature prevailing near the ground, the relatively lower maximum
temperatures on quartz fields can possibly be relevant for the survival of dwarf plants near the
ground. This presumption can be supported by the lower maximum temperatures of leaf surface
of dwarf plants growing inside compared to the same species growing outside the quartz fields.

Beside the present study, no data have been published yet on leaf surface temperatures of
comparable plants inside and outside of quartz fields. Von Willert e a/. (1992) compare the leaf
surface temperature of a dwarf Argyroderma plant inside quartz fields with that of a shrubby
Ruschia Schwantes (Aizoaceae) plant outside quartz fields. They show that the leaf-surface
temperatures of the latter exceed that of the ambient air by > 10°C thus reaching surface
temperatures of > 45°C, whereas the leaf-surface temperature of the Argyroderma plant was close
to that of the ambient air (ca. 35°C). This data does not propetly compare the microclimatic
conditions inside and outside the quartz fields, since the comparison refers to different growth
forms which were measured at different heights above soil surface.
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IV.9.3 Water supply

Another factor that seems to be important for the occurrence of succulents is a reliable water
supply: The interdependence of low but predictable winter rainfall and high diversity of
succulents has been stressed by numerous authors (Ellenberg 1981, Jirgens 1986, Hoffman &
Cowling 1987, von Willert ez al. 1992, Cowling et al. 1994, Stock ez al. 1997).

In the western Succulent Karoo (the Namaqualand) fog plays an important role (Schulze &
McGee 1978, Werger 1986, Weather Bureau 1988, Schulze 1997) and its impact on the Karoo
vegetation has been discussed by various authors (Hoffman & Cowling 1987, Stock e a/. 1997,
Cowling & Hilton-Taylor 1999, Midgley & van der Heyden 1999). Dew, which can be recorded
regularly for clear nights after hot days, occurs with even higher frequency (Desmet & Cowling
1999b). Stones and plants which practically represent a black body (von Willert ez a/. 1992, Geiger
et al. 1995) often reach predawn minimum temperatures below the dew-point temperature of the
ambient air, which results in a considerable amount of dew deposited on their surface.

The surface temperatures of a quartz stone and a brown shale stone, however, showed almost
identical nocturnal minima. They both do not necessarily drop below the dew-point temperature
of the ambient air; at some nights they are even several degrees above. This indicates no
particular thermal conditions of quartz stones during night. If that holds true for other weather
conditions (e.g., summer) and stones of other lithology than brown shale, quartz stones do not
provide a better source for additional water supply by dew than other desert pavements.

However, desert pavements can generally be considered as having a positive effect on water
supply. The roughness of the soil surface caused by the dense stone layer decreases the runoff
and therefore increases the infiltration by water. The precipitation runs off the stones and
concentrates in the gaps between them where it can penetrate deeper into the soils than when
evenly distributed (Vogel 1955). Also, on desert pavements the total surface area at which
condensation of water vapour can take place is increased by the stone layer. This may result in an
increase of water input by dew or fog. The evaporation of the soil moisture is reduced by the
stone layer on soil surface which seals large parts of the of the surface. On quartz fields this may
result in the occurrence of green algae and cyanobacteria underneath semi-translucent quartz
stones (Vogel 1955, Budel & Wessels 1991, Rumrich ef a/. 1989, 1992). It seems to be likely that
only shallow rooting dwarf succulents or cryptogams can benefit from such small amounts of
water.

Consequently, it can be hypothesised that the relatively higher amount of dew deposited on
desert pavements compared to other soil surfaces, might increase the predictability of humidity
for their vegetation and has a positive effect on the succulent vegetation growing in such habitats.
This might also promote the occurrence of dwarf succulents on quartz fields even outside the
proper winter rainfall zone (i.e., the Bushmanland-Warmbad and Little Karoo Phytochorion).
Perhaps, the regular dew fall replaces the predictable winter rainfall in this area. Also other dwarf
plants that mainly occur on open plains, such as Lithops and Tanguana H.E.K Hartmann & Liede
species both Aizoaceae, are also typically found on desert pavements - mainly of different
lithology though, i.e., marble, feldspar (Lithops, Cole 1988, Hammer 1999) or shale (Tunguana,
Hartmann & Liede 1986). This hypothesis, however, needs to be proven by measurements of the
relative humidity of soils inside and outside the various desert pavements under different ranges
of temperatures (summer and winter) and weather conditions.

IV.9.4 The possible impact of the microclimate on the
vegetation of the quartz fields

Unshaded dwarf growth forms in warm deserts are exposed to extreme air temperatures near the
ground. This is also true for the inhabitants of the quartz fields. However, quartz fields provide
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relatively lower maximum air temperatures than surrounding soils. This results in lower
maximum temperatures of the plants compared to similar plants growing outside quartz fields.
These relatively less adverse growing conditions for dwarf plants on quartz fields alone cannot
explain the dwarfism of their inhabitants: even on quartz fields, the maximum air temperatures
near the ground are still far above the maximum air temperatures in 2 m height. Rather the
dwarfism within the quartz-field vegetation seems to be controlled by soil chemical and physical
conditions (Chapter IV.7). The microclimatic conditions on quartz fields might reduce the heat
stress of the dwarf plants on quartz fields relative to other habitats and therefore facilitate the
occurrence on such open and exposed habitats.

However, in southern Africa dwarf growth forms are not restricted to quartz fields. Numerous
species (e.g., Crassula 1.. and Congphytum N.E. Brown species) are specialised on rocky habitats,
e.g., outcrops and soil pockets in rock crevices (Hammer 1993b, Hammer ¢ 2/ 2001). Until now
little is known about their thermal properties. But in contrast to open and plain habitats like
quartz fields, rocky habitats may provide shade due to surrounding rocks for at least parts of the
day. Such shade combined with a clear sky (open shade) can result in a negative net thermal
radiation flux, i.e., energy loss by the plant (von Willert ez a/. 1992).

Thus, the combination of shallow, quartz debris-covered, and fine-grained soils, with a clear
gradient of decreasing stone content by volume and increasing salinity, explains the gradients in
growth-form composition in quartz-field landscapes. The question remains: how do these dwarf
growth forms persist in an arid environment? An explanation, fundamental to the existence of
dwarf succulents throughout the Succulent Karoo, is that the unusual reliability of seasonal rains
(Hoffman & Cowling 1987; Desmet & Cowling 1999b; Esler & Rundel 1999) enables the
persistence of these small bodied plants. The low water storage capacity in their contracted leaves
and stems would not be adequate for enduring severe and prolonged droughts (von Willert ez a/.
1992). However, this argument applies generally to subglobose and subterranean nano-
chamaephytes in the Succulent Karoo. Quartz patches, especially saline ones, represent an
extreme case. Midgley & van der Heyden (1999) point out the importance of the regular fog
precipitation in the western part of the Succulent Karoo (Knersvlakte to Richtersveld) for
shallow rooting miniaturised plants on quartz fields. Again, this argument applies generally to
dwarf plants and not to the quartz-field flora only. In contrast, the quartz fields outside the
influence of fog (Little Karoo, Warmbad area and Bushmanland) show the same dominance of
dwarf plants as in the western part of the Succulent Karoo.

It is therefore proposed that the high importance of ground-level growth forms on quartz fields
is enabled by a decrease of thermal impact, owing to the specific properties of quartz. This might
be relevant for subterranean growth forms as well, although the thermal advantage of growing
under the soil surface is still a controversy (Eller & Nipkow 1983; Eller & Grobbelaar 1986;
Turner & Picker 1993). In contrast, taxa like most of the Comophytum species which are not
restricted to quartz fields, but comprise various ground-level or subterraneous growth forms,
generally inhabit micro-sites like rock crevices which are edaphically arid but are shaded for part
of the day. More research is required on the comparative microclimatology of quartz fields and
adjacent habitats as well as other habitats that support subglobose and subterranean nano-
chamaephytes.

IV.10 Synthesis and prospects

The gradient analyses of the vegetation of different regions showed a strong separation into two
types of quartz fields. Both quartz-field habitats provide adverse growing conditions. They are
either extremely saline which causes high osmolarity in soil, or they are non-saline but then
characterised by shallow soils or high stone content, which limits the ability to store water. The
growth-form distribution on quartz fields of different areas revealed an increase in growth-form
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reduction and in habitat specialisation with increasing edaphic aridity. This is clearly evident
among the more reduced subgroups of nano-chamaephytes: while the compact forms occur
under more diverse habitat conditions, the subglobose and subterraneous nano-chamaephytes are
confined to more specific habitats. The dwarfism on quartz fields can thus be interpreted as an
adaptation to edaphically arid habitat conditions. The dwarf growth forms on quartz fields
optimise the surface-volume ratio of the leaves (Ihlenfeldt 1978). The reduction of internodes
decreases the investigations in the axes. Their low growing rate and small size restrict these plants
to habitats with low competition such as habitats with adverse growing conditions (Gankin &
Major 1964, Kruckeberg & Rabinowitz 1985, Ware 1990).

In hot deserts, temperatures on soil surfaces may reach extreme maximum temperatures (Nobel
1984, Nobel ¢f al. 1986). This can have a severe impact on plants near the soil surface (Nobel ez a/.
1989, von Willert e al 1992). Growth-form reduction, even though it is a successful plant
strategy to cope with edaphic aridity, can have a severe impact on the plant’s thermal regime. This
is particularly relevant for open habitats - like quartz fields - where the plants are fully exposed to
the impinging radiation without being shaded by surrounding shrubs or rocks. In return, in less
open habitats like crevices of rocky outcrops dwarf plants may take advantage of being shaded
for at least parts of the day. Such shade combined with a clear sky (“open shade”) can result in a
negative net thermal radiation flux, i.e., energy loss by the plant (von Willert ez a/. 1992). Quartz
fields, as has been shown in this study, have relatively mild microclimatic conditions which
measurably decrease the thermal impact on the plants. These conditions can possibly facilitate the
occurrence of dwarf growth forms on quartz fields. Moreover, the roughness of the soil surface
and the decrease of evaporation due to the stone cover, may improve the reliability of water
supply for the dwarf plants on quartz fields (Chapter IV.9.3).

Summarising, quartz fields are on the one hand extremely adverse, i.e., edaphically arid, plant
habitats. They require particular morphological and physiological adaptations. On the other hand
they seem to provide mitigation due to their relatively milder microclimate and additional water
supply on a small scale. This mitigation, however, can only beneficial for dwarf plants.

With respect to both, relatively mild thermal regime and low but reliable water supply, quartz-
fields seem to overemphasise southern African winter-rainfall conditions which - compared to
summer-rainfall conditions - are characterised by relatively high rainfall reliability and tempered
temperature regime (Cowling ez al. 1999b, Esler e al. 1999). These ecological conditions are
mirrored in the floristic and growth-form spectrum of the quartz-field flora (Chapter 0). The
flora of the quartz fields overemphasises the typical features of the Succulent Karoo Flora in
general, ie., high degree of leaf-succulents, high percentage of Mesembryanthema and
Crassulaceae taxa. Until now the microclimatic measurements on quartz fields were restricted to
the winter rainfall zone. Comparative measurements under summer rainfall conditions (i.e., in the
Bushmanland-Warmbad area) would be desirable. They should reveal whether the special
microclimatic conditions on quartz fields in the winter rainfall zone also apply to those of the
summer rainfall zone. Additional microclimatic studies should also include the thermal regime of
rock-dwelling plants. To prove the hypothesised mitigation by the microclimatic conditions of
quartz fields, its physiological effect (referring to heat stress and water budget) needs to be
investigated by physiological studies. Such studies should also comprise the comparative
investigations on the thermal regime of dwarf plants on rocky outcrops and in crevices.

Dwarf growth forms are also a common phenomenon in other arid ecosystems. In the
Chihuahuan Desert and in the Sonoran Desert 78 % and 46 %, respectively, of the cactus species
have small globular forms (Nobel ¢z a/. 1986). Many of these taxa may have special morphological
and thermal properties that permit them to tolerate 70°C or more that can occur near the soil
surface (Nobel ¢f al. 1986). A comparison of the habitat ecology of dwarf succulents in the
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northern American and southern African hot deserts could reveal whether the findings within
this study are transferable to dwarf growth forms in general.

The examination of the obligate quartz-field flora revealed that several distantly related lineages
conducted adaptive radiation on quartz fields which resulted in the convergent evolution of
growth forms (Chapter IV.8.3). The occurrence of multiple adaptive radiation indicates that at
one stage in the past quartz fields were opened up for (re?-)colonisation. They provided new
environments and release of competition which facilitate the rapid speciation of pre-adapted taxa,
most probably saxicolous succulents. The reconstruction of the palaco-environmental conditions
of the South African west coast and adjacent interior by Midgley and co-workers (Midgley ez .
2001) indicates that this colonisation of quartz fields might have happened only after the Last
Glacial Maximum (i.e., 15000 years BP) (Chapter IV.2.3). This implies that the highly specialised
quartz-field flora, but also the majority of the Succulent Karoo species must have evolved very
recently. This finding is supported by the molecular phylogenetic studies on more derived
lineages in Mesembryanthema (Ruschioideae) by employing ITS sequences. They revealed very
poor resolution on the species level (C. Klak and J. Thiede, pers. comm.). This indicates that the
enormous speciation within the Mesembryanthema is a very recent and still ongoing process.

This process shows correspondence to the explosive radiation in the post-glacial phase in the
cichlids of the east African lakes (compare Meyer 1993, McCune 1997a, Sturmbauer 1998, and
others). In analogy to the varying water-levels of the east African lakes, climatic oscillation in
southern Africa might have contributed to the repeated fragmentation of populations in the
Succulent Karoo. The subsequent genetic isolation of local populations could have possibly been
enhanced by the dominance of short-distance dispersal of the hygrochastic capsules in the
Mesembryanthema (Ihlenfeldt 1983, Parolin 2001). Such isolation can result in disruptive
speciation. In addition to the environmental conditions, key innovation as intrinsic factors can
play a role for strong adaptive radiation in certain taxa. Such innovation allows a taxon to utilise
an existing niche which is hardly accessible by other taxa. A key innovation, which might have
accelerated the colonisation of quartz fields might have been the ontogenetic abbreviation
(neoteny, Ihlenfeldt 1971a, 1994). It allows a rapid adaptation to edaphic arid habitats by
reduction of size. This ability is very distinct in the Mitrophyllinae (Ihlenfeldt 1971b) that
contribute a large number of genera to the obligate quartz-field flora. The explosive
diversification within certain lineages has resulted in the fine-scale discrimination of habitats and
in the existence of many closely related taxa occurring in similar habitats separated by a few
kilometres. Consequently, the quartz-field flora seems to provide a manageable and hence ideal
model system for studies which aim to test the hypothesised recent origin of the Succulent Karoo
Flora. To investigate the adaptive radiation and ecological speciation, respective studies should be
based on molecular phylogeny and phylogeography on population as well as species level. Habitat
ecological and physiological data will examine the adaptations to microclimatic and edaphic
particularities which seem to vary on population level (A. Ellis, pers. comm.). In order to
understand the mechanisms of the near-sympatric speciation, future studies should also focus on
phenology and pollination biology, dispersal biology, and establishment. Such studies, which give
insight into the processes and time frame of the most recent evolutionary changes in the
Succulent Karoo might also allow to state hypotheses on the adaptational abilities of the flora for
future climate change.
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VIl SUMMARY

The subject of this thesis is the flora, vegetation, and habitat ecology of quartz-covered stone
pavements, i.e., quartz fields. These present unusual habitat islands which are found in five areas
distant from each other in the arid regions of southern Africa (western South Africa and
southeastern Namibia). The areas are situated in two biomes, which are also subjected to
different rainfall regimes, the Succulent Karoo in the winter rainfall zone and the Nama Karoo in
the summer rainfall zone. Despite the contrasting ecological conditions in the two biomes, the
vegetation of the quartz fields in all areas is characterised by the dominance of compact, leaf-
succulent dwarf-shrubs. The vegetation thus contrasts significantly with the surrounding, mainly
shrubby, vegetation. These dwarf-shrubs which derived from distantly related lineages or even
different plant families, indicate convergent evolution in adaptation to special habitat conditions.
Moreover, 155 plant taxa (species and subspecies) are entirely restricted to these quartz fields, the
majority being local or regional endemics. 67 % of the quartz field taxa are Mesembryanthema
(Aizoaceae).

In order to get insight into the composition and history of the obligate quartz-field flora, its floristic and
structural composition, phytogeographical pattern and ecological and phylogenetic background were
analysed. It revealed that the obligate quartz-field flora has a strong correspondence to the Succulent
Karoo Flora but overemphasises the characteristic floristic and structural features of the latter. Based on
the phytogeographical patterns of the quartz-field taxa six quartz-field phytochoria were defined, i.e., the
Little Karoo, Knersvlakte, Riethuis-Wallekraal, Southern Richtersveld, Northern Richtersveld, and the
Bushmanland-Warmbad Phytochorion. The regional floras of these phytochotia showed general
correspondence with respect to floristic and structural composition, thus supporting the hypothesis of
the convergent evolution. But also regional differences emerged.

Based on preliminary phylogenetic data and palaco-environmental reconstruction, an interpretation of
the floral history of the quartz-field flora is given. The six phytochoria seem to originate from four
centres of origin, ie., the Little Karoo, the Knersvlakte, the Richtersveld, and the Bushmanland-
Warmbad area. The Riethuis-Wallekraal Phytochorion consists mainly of taxa which originate from the
Knersvlakte or the Richtersveld area. The palaco-environmental reconstruction indicates that the
quartz-field flora of southern Africa evolved only during the post-glacial warming and drying (15000
years PB).

For the vegetation-ecological investigations, vegetation relevés and soil samples from quartz fields and
adjacent zonal habitats from all phytochoria were analysed. 72 plant communities of the vegetation were
described and their distribution along edaphic and topographical gradients analysed by employing
Correspondence and Canonical Correspondence Analysis (CA, CCA). In general, the soils of quartz
fields were shallower compared to those of adjacent zonal habitats. In all areas, except the
Bushmanland-Warmbad area, two different groups of quartz-field habitats, representing extremes of a
continuum, were identified. One group was characterised by high salt content, neutral to slightly acid
soil pH, and low stone content. The other group was characterised by low salt content, low soil pH, and
high stone content. The two groups house a completely different flora and vegetation and were thus
separated in all analyses. Analyses of vegetational and edaphic data of quartz fields and adjacent, zonal
habitats were carried out using multivariate direct gradient analysis (CCA) in order to identify those
factors that control the peculiar composition of growth forms on quartz fields. The results revealed
highly similar patterns of growth-form composition in relation to similar edaphic gradients in all areas.

Microclimatic measurements inside and outside quartz fields were conducted. Quartz fields showed lower
daily maximum temperature for the air near the ground than surrounding zonal soils. This has a measurable
impact on the dwarf plants growing on quartz fields. This microclimatic regime which enhances the general
characteristics of the winter rainfall conditions is assumed to be responsible for the overemphasising of the
characteristic features of the Succulent Karoo Flora in the obligate flora of the quartz fields even outside the
winter rainfall zone.
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VIIl ZUSAMMENFASSUNG

Gegenstand der Untersuchung sind die Flora, Phytogeographie, Vegetation und
Standortokologie der Quarzflichen des stdlichen Afrika. Quarzflichen sind inselhaft
verbreitete Sonderstandorte, deren Bodenoberfliche dicht mit weilem Quarzgrus bedeckt
ist, und die durch ecine ecigenstindige Flora und Vegetation gekennzeichnet sind.
Quarzflichen sind in zwei Biomen des stdlichen Afrika zu finden, dem Sukkulenten Karoo
Biom und dem Nama Karoo Biom. Beide Biome werden zwei unterschiedlichen
Florenreichen zugeordnet, der Kapflora (Sukkulenten Karoo) und der Paldotropis (Nama
Karoo), die durch unterschiedliche Niederschlagssysteme charakterisiert sind: die Kapflora
durch Winterregen und die Paliotropis durch Sommerregen. Trotz der kontrastierenden
Okologischen Bedingungen in den beiden Biomen, die auf den zonalen Standorten zur
Ausprigung strukturell und floristisch ganz unterschiedlicher Vegetation fihrt, zeigt die
Vegetation der Quarzflichen beider Biome groBe Ubereinstimmung und hebt sich aufgrund
struktureller Merkmale deutlich von der umgebenden, zonalen Vegetation ab. Diese besteht
iberwiegend aus aufrechten, strauchigen Wuchsformen, in der Sukkulenten Karoo zu
einem groBlen Anteil aus blatt- aber auch achsensukkulenten Pflanzen, in der Nama Karoo
aus Grisern und nicht-sukkulente Striuchern. Dagegen werden die Quarzflichen durch
kompakte, bodennahe Blattsukkulenten dominiert. Die verzwergten Wuchsformen
stammen von taxonomisch gut abgegrenzten Gruppen sogar verschiedenen
Pflanzenfamilien ab, was auf eine konvergente Evolution in Adaption an besondere
Standorteigenschaften hinweist.

Ziel der vorliegenden Arbeit ist es, die floristische Zusammensetzung, phylogenetische
Herkunft und rezente Phytogeographie der Quarzflichen-Flora zu untersuchen sowie die
steuernden Standortfaktoren der Sonderstandorte Quarzflichen zu ermitteln und deren
Einfluf3 auf die floristische und strukturelle Vegetationszusammensetzung darzustellen.

Die Untersuchungen zur Quarzflichen-Flora zeigte, dall 155 Pflanzentaxa (Arten und
Unterarten) ausschlieBlich auf Quarzflichen beschrinkt sind. Es handelt sich ganz
iberwiegend um Vertreter der Mesembryanthema, Aizoaceae (ehem.
Mesembryanthemaceae, 67 %) und Crassulaceae (10 %). Die Mehrzahl von ihnen sind
Lokalendemiten. Aufgrund einer phytogeographischen Analyse wurden sechs Phytochorien
der Quarzflichen-Flora definiert: im Sukkulenten Karoo Biom die Kleine Karoo, die
Knersvlakte, das Riethuis-Wallekraal Gebiet, das stdliche und nérdliche Richtersveld; im
Nama Karoo Biom das Pofadder-Warmbad Gebiet. Die Auswertung phylogenetischer und
phytogeographischer Daten zeigte auf, dal3 die obligate Quarzflichen-Flora des siidlichen
Afrika vier Entstehungszentren hat, die Kleine Karoo, die Knersvlakte, des Richtersveld
und das Buschmannland-Warmbad Gebiet. Die Quarzflichen-Flora des Riethuis-Wallekraal
Phytochorions wird tiberwiegend von Taxa gestellt, die ihren phylogenetischen Ursprung in
der Knersvlakte oder den Richtersveld-Phytochoria zu haben scheinen. Das Phytochorion
im sudlichen Richtersveld ist mit sieben, sehr isoliert vorkommenden Endemiten nur
schwach begriindet und scheint einen gemeinsamen Ursprung mit dem Phytochorion im
nordlichen Richtersveld zu haben.

Andere Untersuchungen, wie molekularphylogenetische Studien (J. Thiede und C. Klak,
personliche Mitteilung) sowie eine Rekonstruktion der Palaco-Umweltbedingungen von
Midgley und Mitarbeitern (Midgley ez /. 2001) deuten darauf hin, dal3 die Sukkulenten
Karoo und damit auch die obligate Quarzflichen-Flora des sudlichen Afrika
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moglicherweise erst in jingster Zeit, wahrend der nacheiszeitlichen Erwirmung und
Aridisierung des stidwestlichen Afrika (vor etwa 15 000 Jahren) entstanden sein konnten.

Vergleichende Analysen zur strukturellen und floristischen Zusammensetzung der obligaten
Quarzflichen-Flora zeigten eine Ubereinstimmung mit der gesamten Flora der Sukkulenten
Karoo, wobei deren typischen Merkmale (z.B. Dominanz von Blattsukkulenz sowie von
Mesembryanthema, Aizoaceae, und Crassulaceae) in der Quarzflichen-Flora besonders
stark ausgepragt waren.

Fir die vegetationsékologischen Untersuchungen wurden 1200 Vegetationsaufnahmen
(modifizierte Braun-Blanquet-Methode) auf Quarzflichen und angrenzenden zonalen
Standorten in allen Gebieten im siidlichen Afrika durchgefithrt (in der Kleinen Karoo,
Knersvlakte, Riethuis-Wallekraal Gebiet, Richtesveld, und im Buschmannland-Warmbad
Gebiet). Dabei wurde auch die zonale Vegetation der Knersvlakte, einem
Vielfiltigkeitszentrum der Quarzflichen-Flora im sudlichen Namaqualand, flichig erfal3t
und analysiert. Fir dieses Gebiet wurde auch eine Vegetationskarte erstellt, die in die
Vegetationskarte vom Namaqualand, herausgegeben von A. Le Roux, und der New
Vegetationmap of South Africa, herausgegeben vom National Botanical Institute / South
Africa, eingehen wird.

Fir etwa 1040 Vegetationsaufnahmen wurden auch topographische Standorteigenschaften
notiert und Bodenproben entnommen, die auf ihre bodenchemischen und -physikalischen
Eigenschaften untersucht wurden (Bodenmichtigkeit, Bodenart, Gesteinsgehalt, pH,
elektrische Leitfihigkeit, Carbonatgehalt, sowie fiir ausgewihlte Proben der Gehalt
pflanzenrelevanter Ionen). 72 Pflanzengemeinschaften wurden in Vegetationstabellen
ausgewiesen und beschrieben. Mit Einsatz multivariater Statistik, direkter und indirekter
Gradientenanalyse (Correspondence, Analysis und Canonical Correspondence Ananlysis),
wurde deren Verteilung entlang edaphischer und topographischer Gradienten dargestellt
und untersucht. Die Béden der Quarzflichen waren in der Regel flachgrindiger als die der
angrenzenden zonalen Standorte. In allen untersuchten Gebieten, auller im
Buschmannland-Warmbad Gebiet, konnten auf den Quarzflichen zwei Standorttypen, die
zwei Extreme eines Kontinuums darstellen, unterschieden werden. Ein Standorttyp war
durch hohen Salzgehalt (> 2 mS/cm), leicht sauren bis neutralen Boden-pH (pH 5-7) und
geringen Gesteinsgehalt im Boden (< 50 %) gekennzeichnet. Der zweite Standorttyp war
charakterisiert durch geringen Salzgehalt (< 1 mS/cm), geringen Boden-pH (pH 3-5) und
hohen Gesteinsgehalt im Boden (> 60 %). Beide Standorttypen wiesen deutlich getrennte
Floreninventare und Vegetationseinheiten auf, was zu einer klaren Trennung der Typen in
allen Analysen fihrte. Die Verbreitung der Wuchsformen auf den Quarzflichen in ihrer
Abhingigkeit von edaphischen Standortfaktoren wurde mit direkten Gradienten-Analysen
(Canonical Correspondence Analyses) untersucht. Die Untersuchungen haben fir die
verschiedenen Gebiete ein groBe Ubereinstimmung hinsichtlich der Verbreitungsmuster der
Wuchsformtypen entlang von topographischen und edaphischen Gradienten aufgezeigt. Mit
zunehmender Aridisierung des Standortes (Zunahme an Flachgrindigkeit, Skelettgehalt,
Salzgehalt) nahm auch die Reduktion der Wuchsformen zu (Abnahme an Wuchshéhe,
Verzweigung, Anzahl an Blittern etc.). Groere, weniger abgeleitete Wuchsformen wiesen
einen geringeren Grad an Standortspezialisierung auf, z.B. hinsichtlich Neigung der Fliche,
Dichte und Grofie des Gesteinsbelags, Skelett- oder Salzgehalt im Boden, auf als die stark
reduzierten Wuchsformtypen.

Als weiterer standortokologisch relevanter Faktor wurden mit Pt100-Sensoren uber
mehrere Jahre kontinuierlich die Temperaturen der Bodenoberfliche und der bodennahen
Luft von Béden mit bzw. ohne Quarzbelag untersucht. Fir die bodennahe Luft von
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Quarzgrus bedeckten Béden wurden geringere Tagesmaxima-Temperaturen ermittelt als fiir
benachbarte Béden ohne Quarzbelag (Differenz bis zu 5 °C). Die Bodenoberflichen der
Quarzflichen dagegen wiesen nur an heilen Sommertagen (November bis April) geringere
Temperaturen auf (bis 4 °C), wihrend sie im Winter bis zu 6 °C héhere Temperaturen
aufwiesen als die Vergleichsflichen ohne Quarzbelag. Vergleichsmessungen von
Blattoberflichentemperaturen  von  einer  typischen  Quarzflichen  besiedelnden
Blattsukkulenten auf und neben den Quarzflichen in der Knersvlakte (Argyroderma spp.,
Aizoaceae) sowie in der Kleinen Karoo (Gibbaeum cryptopodinm, Aizoaceae) ergaben héhere
Tagesmaximal-Temperaturen fir Pflanzen, die auBlerhalb der Quarzflichen wuchsen.
Temperaturdifferenzen von 3-5 °C wurden ermittelt. Als eine Ursache fir die meBbar
milderen oberflichennahen Temperaturen auf den Quarzflichen wurde die bis zu 15 %
hohere Reflexion der Globalstrahlung auf den Quarzflichen angenommen.

In  situ  Vergleichsmessungen zu  Oberflichentemperaturen von  Quarz- und
Tonschiefersteinen in der Kleinen Karoo zeigten keine signifikanten Unterschiede zwischen
den beiden Gesteinen, weder hinsichtlich der Maxima- noch der Minima-Temperaturen.
Ein Vergleich mit der Oberflichentemperaturen mit den Taupunkttemperatur umgebenden
Luft wies darauf hin, daf} die Quarzflichen keine wirksameren Taufallen zu sein scheinen
als andere gesteinsbedeckte Béden. Es wird jedoch vermutet, dafl sich der Gesteinsbelag
durch Herabsetzung der Evaporation sowie die VergroBerung der Kondensationsfliche
grundsatzlich begiinstigend auf den Wasserhaushalt des Oberbodens auswirkt. Eine
resultierende geringfiigige zusitzliche Wasserversorgung kénnte fir die diese Bdden
besiedelnde Zwergpflanzen mit oberflichennahen Wurzeln bedeutsam sein.

Die vorliegenden Daten wiesen darauf hin, dall das Temperaturregime auf den
Quarzflichen die typischen Eigenschaften der Winterregengebiete, gemiligte und
vorhersagbare Temperaturen und Feuchtigkeitsversorgung, noch verstirkt. Es wird daher
vermutet, dal3 dieser Umstand auch verantwortlich sein kénnte fir die besondere
Ausprigung der strukturellen Merkmale der Flora der Sukkulenten Karoo in der
spezialisierten Flora der Quarzflichen. Diese Ausprigungen konnten selbst fir die
aullerhalb der Sukkulenten Karoo vorkommende Quarzflora des Buschmannland-Warmbad
Gebiets aufgezeigt werden.
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Appendix 1. Check list of the taxa of the obligate quartz-field flora

Taxa

Strumaria villosa Snijman
Tridentea herrei (Nel) Leach

Tridentea umdausensis (Nel) Leach

Bulbine diphylla Schitr. ex V. Poellnitz
Bulbine haworthioides B. Nordenstam
Bulbine louwii L. |. Hall

Bulbine margarethae L. |. Hall
Bulbine quartzicola G. Williamson

Bulbine truncata G.Williamson

Bulbine wiesei L. |. Hall

Lasiopogon minutus (B. Nordenstam) Hilliard &
Burtt

Leucoptera oppositifolia B. Nordenstam
Leucoptera subcarnosa B. Nordenstam

Oedera silicicola (Bremer) Anderb. & Bremer

Othonna hallii B.Nordenstam

Othonna intermedia Compton

Othonna lepidocaulis Schlechter

Pentzia peduncularis B.Nordenstam

Senecio aloides DC.

Androcymbium cruciatum U. & D. Miller-Doblies

Adromischus nanus (N.E.Br.) V. PdlInitz

Crassula alstonii Marloth

Crassula barklyi N.E Brown

Crassula columnaris Thunb. ssp. columnaris

Crassula columnaris Thunb. ssp. prolifera Friedr.

Crassula congesta N. E. Brown ssp. laticephala
(Schonl.) Tolken

Crassula grisea Schoenland

Crassula mesembrianthemopsis Dinter

Crassula multiceps Harv.

Family
Amaryllidaceae
Asclepiadaceae
Asclepiadaceae

Asphodelaceae
Asphodelaceae
Asphodelaceae
Asphodelaceae
Asphodelaceae

Asphodelaceae
Asphodelaceae
Asteraceae

Asteraceae
Asteraceae

Asteraceae

Asteraceae

Asteraceae

Asteraceae

Asteraceae

Asteraceae

Colchicaceae

Crassulaceae

Crassulaceae

Crassulaceae

Crassulaceae

Crassulaceae

Crassulaceae

Crassulaceae

Crassulaceae

Crassulaceae

Reference

Snijman 1992
Leach 1980

Leach 1980

Nordenstam 1964b
Nordenstam 1964b
Hall 1984

Hall 1984
Williamson 1996

Williamson 1996
Hall 1984
Hilliard 1983

Nordenstam 1976
Nordenstam 1976

Nordenstam 1968,
Anderberg &
Bremer 1991

Nordenstam 1964a
U. Schmiedel,
unpubl. data
Rowley 1970
Nordenstam 1987a
P. V. Bruyns, pers.
comm.
Miller-Doblies &
Mdller-Doblies 1984

Pilbeam 1999

Tolken 1977a

Tolken 1977a

Tolken 1977a

Tolken 1977a

Tolken 1977a

Tolken 1977a

Télken 1977a
Tolken 1977a
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Distribution

Richtersveld North
Richtersveld North
Richtersveld North
to Bushmanland-
Wb

Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Richtersveld North
Richtersveld North
& South
Knersvlakte

Knersvlakte

Knersvlakte
Knersvlakte

Knersvlakte

Knersvlakte
Knersvlakte

Knersvlakte to
Riethuis-
Wallekraal
Knersvlakte
Knersvlakte to
southern Namibia

Richtersveld North

Richtersveld North
to Bushmanland-
Wb

Richtersveld North
& South
Knersvlakte to
Riethuis-
Wallekraal
Southwestern
Cape
Bushmanland-Wb,
N Richtersveld to
Knersvlakte

Little Karoo

Richtersveld
South to Riethuis-
Wallekraal
Bushmanland-
Namib
Knersvlakte
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Crassula plegmatoides Friedr.
Crassula susannae Rauh & Friedr.

Tylecodon occultans (Tolken) Tolken
Tylecodon peculiaris van Jaarsveld
Tylecodon pusillus Bruyns

Tylecodon pygmaeus (W. f. Barker) Tolken

Tylecodon sulphureus (Tolken) Tolken

Tylecodon tenuis (Tolken) Bruyns
Eriospermum titanopsoides P.L. Perry
Pelargonium caroli-henrici B.Nordenstam
Pelargonium quarciticola Meve & E.M. Marais
Lachenalia patula Jacq.

Babiana lewisiana B.Nordenstam

Babiana pilosa G.J.Lewis

Lapeirousia lewisiana B.Nordenstam
Acrodon quarcicola H.E.K.Hartmann
Argyroderma congregatum L.Bolus
Argyroderma crateriforme N.E.Brown
Argyroderma deleatii C.A.Maass
Argyroderma framesii L.Bolus ssp. framesii

Argyroderma framesii L.Bolus ssp. hallii (L.Bolus)
H.E.K.Hartmann

Argyroderma patens L.Bolus

Argyroderma pearsonii (N.E.Brown) Schwantes
Argyroderma ringens L.Bolus

Argyroderma subalbum (N.E.Brown) N.E.Brown
Argyroderma testiculare (Aiton) N.E.Brown

Aspazoma amplectens (L.Bolus) N.E.Brown

Cephalophyllum caespitosum H.E.K.Hartmann
Cephalophyllum pulchellum H.E.K.Hartmann
Cephalophyllum regale L.Bolus
Cephalophyllum spissum H.E.K.Hartmann
Cheiridopsis velox S.A. Hammer

Conophytum armianum S.A.Hammer
Conophytum auriflorum Tischer

Conophytum blandum L.Bolus

Conophytum burgeri L.Bolus

Conophytum calculus (A.Berger) N.E.Brown ssp.
calculus

Conophytum calculus (A.Berger) N.E.Brown ssp.
vanzylii (Lavis) S.A.Hammer

Conophytum concavum L.Bolus
Conophytum friedrichiae (Dinter) Schwantes
Conophytum hammeri G.Williamson & Kennedy

Conophytum irmae S.H. Hammer & C. Barnhill

Conophytum lithopsoides L.Bolus ssp.
koubergense (L.Bolus) S.A.Hammer

Conophytum lithopsoides L.Bolus ssp. lithopsoides

Conophytum marginatum Lavis

Crassulaceae
Crassulaceae

Crassulaceae
Crassulaceae
Crassulaceae
Crassulaceae

Crassulaceae

Crassulaceae
Eriospermaceae
Geraniaceae
Geraniaceae
Hyacinthaceae
Iridaceae

Iridaceae

Iridaceae
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Tolken 1977a
Tolken 1977a

Tolken 1977b

van Jaarsveld 1998
Bruyns 1989
Tolken 1977b

Toélken 1977b

Bruyns 1992
Perry 1984
Nordenstam 1987b
Meve et al. 2000
Duncan 1988
Nordenstam 1970,
Lewis 1959
Nordenstam 1970
Hartmann 1996
Hartmann 1977
Hartmann 1977
Hartmann 1977
Hartmann 1977

Hartmann 1977

Hartmann 1977
Hartmann 1977
Hartmann 1977
Hartmann 1977
Hartmann 1977

U. Schmiedel,
unpubl. data

Hartmann 1988
Hartmann 1988
Hartmann 1988
Hartmann 1988
Hammer 1993a
Hammer 1993b
Hammer 1993b
Hammer 1993b

Hammer 1993b
Hammer 1993b
Hammer 1993b
Hammer 1993b

Hammer 1993b

Williamson &
Kennedy 1997
Hammer & Barnhill

1997
Hammer 1993b
Hammer 1993b

Hammer 1993b

Richtersveld North
Riethuis-
Wallekraal
Knersvlakte
Knersvlakte
Richtersveld North
Knersvlakte

Bushmanland-
Warmbad

Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Swellendam
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte

Knersvlakte

Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Richtersveld
South to Riethuis-
Wallekraal
Knersvlakte
Knersvlakte
Richtersveld North
Knersvlakte
Richtersveld North
Richtersveld North
Richtersveld North
Richtersveld North

Bushmanland-
Warmbad

Knersvlakte

Bushmanland-
Warmbad
Riethuis-
Wallekraal
Bushmanland-
Warmbad
Richtersveld North
& South

Richtersveld North

Bushmanland-
Warmbad
Richtersveld North
to Bushmanland-
Wb

Bushmanland-
Warmbad



Conophytum maughanii N.E.Brown ssp.
armeniacum S.A.Hammer

Conophytum maughanii N.E.Brown ssp. latum
(Tischer) S.A.Hammer

Conophytum maughanii N.E.Brown ssp. maughanii

Conophytum obscurum N.E.Brown ssp.
vitreopapillum (Rawe) S.A.Hammer

Conophytum phoenicium S.A.Hammer

Conophytum ratum S.A.Hammer

Conophytum smorenskaduense de Boer
Conophytum subfenestratum Schwantes

Conophytum violaciflorum Schick & Tischer
Dicrocaulon brevifolium N.E.Brown
Dicrocaulon grandiflorum lhlenfeldt
Dicrocaulon humile N.E.Brown

Dicrocaulon longifolium spec. nov. lhlenfeldt
Dicrocaulon microstigma (L.Bolus) lhlenfeldt
Dicrocaulon nanum spec. nov.

Dicrocaulon neglectum spec. nov. lhlenfeldt
Dicrocaulon nodosum (A.Berger) N.E.Brown
Dicrocaulon prostratum spec. nov. Ihlenfeldt
Dicrocaulon pseudonodosum spec. nov. lIhlenfeldt
Dicrocaulon ramulosum (L.Bolus) Ihlenfeldt

Dicrocaulon spissum N.E.Brown

Dinteranthus microspermus (Dinter & Derenb.)
Schwantes ssp. microspermus

Dinteranthus microspermus (Dinter & Derenb.)
Schwantes ssp. puberulus (N.E.Brown) N.Sauer

Dinteranthus pole-evansii (N.E.Brown) Schwantes

Dinteranthus vanzylii (L.Bolus) Schwantes

Dinteranthus wilmotianus L.Bolus ssp. impunctatus
N.Sauer

Dinteranthus wilmotianus L.Bolus ssp. wilmotianus

Diplosoma luckhoffii (L.Bolus) Schwantes ex
Ihlenfeldt

Diplosoma retroversum (Kensit) Schwantes
Gibbaeum album N.E.Brown

Gibbaeum cryptopodium (Kensit) L.Bolus
Gibbaeum dispar N.E.Brown

Gibbaeum esterhuyseniae L.Bolus

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Hammer 1993b

Hammer 1993b

Hammer 1993b

Hammer 1993b
Hammer 1993b
Hammer 1993b

Hammer 1993b
Hammer 1993b
Hammer 1993b

H.-D. Ihlenfeldt,
pers. comm.
H.-D. lhlenfeldt,
pers. comm.
H.-D. lhlenfeldt,
pers. comm.
H.-D. Ihlenfeldt,
pers. comm.
H.-D. Ihlenfeldt,
pers. comm.

U. Schmiedel,
unpubl. data
H.-D. lhlenfeldt,
pers. comm.
H.-D. Ihlenfeldt,
pers. comm.
H.-D. Ihlenfeldt,
pers. comm.
H.-D. lhlenfeldt,
pers. comm.
H.-D. lhlenfeldt,
pers. comm.
H.-D. Ihlenfeldt,
pers. comm.

Sauer 1979
Sauer 1979
Sauer 1979
Sauer 1979
Sauer 1979
Sauer 1979
Ihlenfeldt 1988

Ihlenfeldt 1988

Nel 1953, Glen
1974
Nel 1953, Glen
1974
Nel 1953, Glen
1974
Nel 1953, Glen
1974
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Richtersveld North
& South

Richtersveld North

Richtersveld North
to Bushmanland-
Wb

Riethuis-
Wallekraal
Richtersveld North
Bushmanland-
Warmbad
Bushmanland-
Warmbad

Knersvlakte

Richtersveld North
& South

Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte
Knersvlakte

Knersvlakte

Riethuis-
Wallekraal
Riethuis-
Wallekraal
Bushmanland-
Warmbad
Bushmanland-
Warmbad
Bushmanland-
Warmbad
Bushmanland-
Warmbad
Bushmanland-
Warmbad
Bushmanland-
Warmbad

Knersvlakte

Verlorenvley,
West Coast

Little Karoo
Little Karoo
Little Karoo

Swellendam
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Gibbaeum haagei Schwantes

Gibbaeum heathii (N.E.Brown) L.Bolus
Gibbaeum petrense (N.E.Brown) Tischer
Gibbaeum pubescens (Haw.) N.E.Brown
Glottiphyllum oligocarpum L.Bolus

Glottiphyllum peersii L.Bolus

Ihlenfeldtia excavata (L.Bolus) H.E.K.Hartmann

Ihlenfeldtia vanzylii (L.Bolus) H.E.K.Hartmann

Jacobsenia hallii L.Bolus

Jacobsenia vaginata (L.Bolus) lhlenfeldt

Lapidaria margaretae (Schwantes) Dinter &
Schwantes

Lithops divergens L.Bolus var. divergens
Lithops helmutii L.Bolus

Lithops herrei L.Bolus

Lithops meyeri L.Bolus

Lithops olivacea L.Bolus

Meyerophytum globosum comb. nov.

Meyerophytum meyeri (Schwantes) Schwantes

Mitrophyllum grande N.E.Brown

Mitrophyllum mitratum (Marloth) Schwantes
Monilaria chrysoleuca (Schlechter) Schwantes
Monilaria moniliformis (Thunb.) lhlenfeldt & Jorg.
Monilaria obconica lhlenfeldt & Jorg.

Monilaria pisiformis (Haw.) Schwantes

Monilaria scutata (L.Bolus) Schwantes ssp.
obovata lhlenfeldt & Jorg.

Monilaria scutata (L.Bolus) Schwantes ssp. scutata

Muiria hortenseae N.E.Brown /
Gibbaeum hortenseae (N.E.Br.) Thiede & Klak

Nelia meyeri Schwantes

Octopoma connatum (L.Bolus) L.Bolus
Odontophorus angustifolius L.Bolus
Odontophorus nanus L.Bolus

Oophytum nanum (Schlechter) L.Bolus
Oophytum oviforme (N.E.Brown) N.E.Brown

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Nel 1953, Glen
1974
Nel 1953, Glen
1974
Nel 1953, Glen
1974
Nel 1953, Glen
1974

Hartmann & Golling
1993

Hartmann & Goélling
1993

Hartmann 1992

Hartmann 1992
Ihlenfeldt 1997

Ihlenfeldt 1997

Brown 1928

Cole 1988, Hammer
1999

Cole 1988, Hammer
1999

Cole 1988, Hammer
1999

Cole 1988, Hammer
1999

Cole 1988, Hammer
1999

H.-D. Ihlenfeldt,
pers. comm.

H.-D. lhlenfeldt,
pers. comm.

Poppendieck 1976
Poppendieck 1976

Ihlenfeldt &
Jorgensen 1973
Ihlenfeldt &
Jorgensen 1973
Ihlenfeldt &
Jorgensen 1973
Ihlenfeldt &
Joérgensen 1973

Ihlenfeldt &
Jorgensen 1973

Ihlenfeldt &
Jorgensen 1973
Hall 1956, Thiede &
Klak in Goldblatt &
Manning 2000

S. A. Hammer, pers.
comm.

Hartmann 1998
Hartmann 1976
Hartmann 1976
Ihlenfeldt 1978
Ihlenfeldt 1978

Swellendam
Little Karoo
Little Karoo
Little Karoo
Eastern Cape

Eastern Cape

Richtersveld North
to Bushmanland-
Wb
Bushmanland-
Warmbad
Knersvlakte
Riethuis-
Wallekraal to
Richtersveld
South
Bushmanland-
Warmbad

Knersvlakte

Richtersveld North
& South

Richtersveld North

Richtersveld North

Bushmanland-
Warmbad
Riethuis-
Wallekraal
Richtersveld
South to Riethuis-
Wallekraal
Richtersveld North
Richtersveld North
& South

Knersvlakte

Knersvlakte

Richtersveld North
& South

Knersvlakte

Richtersveld
South to Riethuis-
Wallekraal
Riethuis-
Wallekraal

Little Karoo

Richtersveld North
& South

Richtersveld North
Richtersveld North
Richtersveld North
Knersvlakte
Knersvlakte



Phyllobolus abbreviatus (L.Bolus) Gerbaulet
Phyllobolus digitatus (Aiton) Gerbaulet ssp.

digitatus

Phyllobolus digitatus (Aiton) Gerbaulet ssp.

littlewoodii (L.Bolus) Gerbaulet

Phyllobolus herbertii (N.E.Brown) Gerbaulet

Phyllobolus prasinus (L.Bolus) Gerbaulet

Phyllobolus tenuiflorus (Jacq.) Gerbaulet

Pleiospilos nelii Schwantes

Polymita steenbokensis H.E.K.Hartmann

Schlechteranthus hallii L.Bolus

Schlechteranthus maximilianii Schwantes

Schwantesia borcherdsii L.Bolus

Anacampseros herreana V .Poellnitz

Anacampseros papyracea E.Fenzel ssp.

papyracea

Anacampseros papyracea E.Meyer ex Fenzel ssp.

namaensis Gerbaulet
Anacampseros recurvata Schoenland

Zygophyllum teretifolium Schlechter

Taxa

Strumatria villosa Snijman
Tridentea herrei (Nel) Leach

Tridentea umdausensis (Nel) Leach

Bulbine diphylla Schltr. ex V. Poellnitz
Bulbine haworthioides B. Nordenstam
Bulbine louwii L. I. Hall

Bulbine margarethae L. |. Hall
Bulbine quartzicola G. Williamson

Bulbine truncata G.Williamson

Bulbine wiesei L. |. Hall

Lasiopogon minutus (B. Nordenstam) Hilliard &

Burtt

Leucoptera oppositifolia B. Nordenstam

Leucoptera subcarnosa B. Nordenstam

Oedera silicicola (Bremer) Anderb. & Bremer

Othonna hallii B.Nordenstam
Othonna intermedia Compton

Othonna lepidocaulis Schlechter

Pentzia peduncularis B.Nordenstam

Mesembryanthema

Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema
Mesembryanthema

Mesembryanthema
Portulacaceae

Portulacaceae

Portulacaceae

Portulacaceae

Gerbaulet 1997
Gerbaulet 1997

Gerbaulet 1997
Gerbaulet 1997

Gerbaulet 1997

Gerbaulet 1997
Hartmann & Liede
1986

Hartmann 1996

C. Klak, pers.
comm.
C. Klak, pers.
comm.

Zimmermann 1995
Gerbaulet 1992a
Gerbaulet 1992a

Gerbaulet 1992a

Gerbaulet 1992a
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Knersvlakte

Knersvlakte

Knersvlakte

Knersvlakte
Richtersveld
North, South to
Riethuis-
Wallekraal
Knersvlakte

Eastern Cape

Richtersveld North
& South

Richtersveld North

Richtersveld North
& South
Bushmanland-
Warmbad
Richtersveld North
Little Karoo to
Great Karoo
Richtersveld North
to Bushmanland-
Wb

Richtersveld North
& South

Knersvlakte
roots non-
fleshy / succu-
tuber lent
+
+
+
+
+
+
+
+
+
+
+
+
+

Zygophyllaceae U. Schmiedel,
ygophy unpubl. data
stem
Growth droug_]ht leaf- stem- succu-
P deci- succu- succu- lent,
orm
duous lent lent stem
assim
G +
miC + + +
miC + + +
G + +
G + +
G + +
G + +
G +
G + +
G + +
T nsucc +
meC
nsucc
meC
nsucc
meC
nsucc
H + +
H + +
H + +
miC
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nsucc

Senecio aloides DC. H

Androcymbium cruciatum U. & D. Muller-Doblies G

Adromischus nanus (N.E.Br.) V. PdlInitz nC co
Crassula alstonii Marloth nC sg
Crassula barklyi N.E Brown nC co
Crassula columnaris Thunb. ssp. columnaris nC sg

Crassula columnaris Thunb. ssp. prolifera Friedr. nC sg

Crassula congesta N. E. Brown ssp. laticephala

(Schonl.) Télken miC
Crassula grisea Schoenland miC
Crassula mesembrianthemopsis Dinter nC st
Crassula multiceps Harv. nC co
Crassula plegmatoides Friedr. miC
Crassula susannae Rauh & Friedr. nC st
Tylecodon occultans (T6lken) Tolken nC st
Tylecodon peculiaris van Jaarsveld H
Tylecodon pusillus Bruyns H
. nC
Tylecodon pygmaeus (W. f. Barker) Tolken others
. .. nC

Tylecodon sulphureus (Tolken) Tolken others

B n
Tylecodon tenuis (Tolken) Bruyns ot(I;1ers
Eriospermum titanopsoides P.L. Perry G
Pelargonium caroli-henrici B.Nordenstam H nsucc
Pelargonium quarciticola Meve & E.M. Marais G
Lachenalia patula Jacq. G
Babiana lewisiana B.Nordenstam G
Babiana pilosa G.J.Lewis G
Lapeirousia lewisiana B.Nordenstam G
Acrodon quarcicola H.E.K.Hartmann nC co
Argyroderma congregatum L.Bolus nC sg
Argyroderma crateriforme N.E.Brown nC st
Argyroderma deleatii C.A.Maass nC st
Argyroderma framesii L.Bolus ssp. framesii nC sg
Argyroderma framesii L.Bolus ssp. hallii (L.Bolus) nC sg
H.E.K.Hartmann
Argyroderma patens L.Bolus nC sg
Argyroderma pearsonii (N.E.Brown) Schwantes nC sg
Argyroderma ringens L.Bolus nC st
Argyroderma subalbum (N.E.Brown) N.E.Brown nC sg
Argyroderma testiculare (Aiton) N.E.Brown nC sg
Aspazoma amplectens (L.Bolus) N.E.Brown miC

Cephalophyllum caespitosum H.E.K.Hartmann  nC co
Cephalophyllum pulchellum H.E.K.Hartmann nC co

Cephalophyllum regale L.Bolus nC co
Cephalophyllum spissum H.E.K.Hartmann nC co
Cheiridopsis velox S.A. Hammer nC co
Conophytum armianum S.A.Hammer nC st

Conophytum auriflorum Tischer nC sg

+

+ + + + + + o+

+ o+ + + + + + +

+

+ o+ + + + o+ o+ o+ o+ o+ o+

+ + + + + + o+

+

+ o+ + + o+

+

+ + + + + + o+



Conophytum blandum L.Bolus
Conophytum burgeri L.Bolus

Conophytum calculus (A.Berger) N.E.Brown ssp.

calculus

Conophytum calculus (A.Berger) N.E.Brown ssp.

vanzylii (Lavis) S.A.Hammer
Conophytum concavum L.Bolus

Conophytum friedrichiae (Dinter) Schwantes
Conophytum hammeri G.Williamson & Kennedy

Conophytum irmae S.H. Hammer & C. Barnhill

Conophytum lithopsoides L.Bolus ssp.
koubergense (L.Bolus) S.A.Hammer
Conophytum lithopsoides L.Bolus ssp.
lithopsoides

Conophytum marginatum Lavis

Conophytum maughanii N.E.Brown ssp.
armeniacum S.A.Hammer

Conophytum maughanii N.E.Brown ssp. latum
(Tischer) S.A.Hammer

Conophytum maughanii N.E.Brown ssp.
maughanii

Conophytum obscurum N.E.Brown ssp.
vitreopapillum (Rawe) S.A.Hammer

Conophytum phoenicium S.A.Hammer

Conophytum ratum S.A.Hammer

Conophytum smorenskaduense de Boer
Conophytum subfenestratum Schwantes
Conophytum violaciflorum Schick & Tischer

Dicrocaulon brevifolium N.E.Brown
Dicrocaulon grandiflorum lhlenfeldt
Dicrocaulon humile N.E.Brown

Dicrocaulon longifolium spec. nov. Ihlenfeldt
Dicrocaulon microstigma (L.Bolus) lhlenfeldt
Dicrocaulon nanum spec. nov.

Dicrocaulon neglectum spec. nov. Ihlenfeldt
D