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ABSTRACT  

 

Grass-dominated ecosystems occupy a primary position with regard to current 

debates concerning key events in faunal turnover and human evolution in Africa. 

Our knowledge of how grass-dominated ecosystems in southern Africa have 

reacted to periods of global warming and cooling in the past is provided by a 

broad range of proxy data sources, most notably pollen and stable isotope 

records. Phytolith analyses provide an alternative fossil record of environmental 

change and are now progressively becoming a conventional analytical approach 

in palaeoenvironmental research. The grass family (Poaceae) produces 

abundant silica bodies, especially within specific and specialized silica cells 

located in costal zones of the leaf epidermis. In addition to being highly resistant 

to decomposition, grass phytoliths show markedly varied and distinct 

morphologies. In this study a central hypothesis, namely that the morphology of 

grass short-cell phytoliths consistently follows meaningful environmental traits 

that are rooted in the relationship between phytolith shape and the ecological 

niche of grasses, was investigated by interpreting morphologically diagnostic 

grass phytolith assemblages according to their association with the ecological 

requirements of the grass species that produces them, irrespective of taxonomic 

affiliation. An effort was therefore made to assign ecological meaning to short-cell 

phytoliths by comparing a range of ecological preferences in modern grasses 

with the phytoliths that they produce, rather than just using phytoliths to 

discriminate between grass subfamilies, tribes or genera. This entailed a 



systematic investigation of grass leaf epidermis from a collection of 309 species, 

followed by an assessment of the ecological significance of grass-short-cell 

phytoliths within a quantitative model. The model allowed for comparison of 

geographically diverse grass phytolith assemblages by converting them into one 

homogenous group represented by ecological categories. Several meaningful 

ecological trends were demonstrated by results in this study, and it is suggested 

that short cell phytolith association in grasses is primarily driven by a temperature 

gradient, marked by cool versus warm growing temperatures and reflected by 

grasses utilizing the C3 and C4 photosynthetic pathway. The study gives 

emphasis to the importance of investigating phytolith systematics with the aid of 

adequate comparative reference collections.  
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General Introduction 
Introduction 

A large amount of research has been generated with regard to southern hemisphere 

climate changes during the late Cenozoic, which shows that the impact of orbital 

forcing and the influences of high-latitude ice volumes were major driving 

mechanisms of southern hemisphere climate evolution (DeMenocal 1995; Partridge 

et al. 1997). In addition, the evolution of grass-dominated ecosystems has received 

considerable attention over the past two decades, especially concerning the time 

period that is for the most part relevant to human evolution (Retallack 2001; Cerling 

et al. 1997; Vrba 1995; Jacobs et al. 1999). The reason is because grass-dominated 

ecosystems occupy a primary position with regard to current debates concerning key 

events in faunal turnover and human evolution in Africa (Vrba 1995; Scott 2002; 

Bobe and Behrensmeyer 2004). 

During the last five million years several major cooling and warming episodes have 

impacted on the Earth’s climate within an overall trend towards global cooling and 

aridification (DeMenocal 1995; Partridge et al. 1997). These cycles, also known as 

Milankovitch cycles, are astronomical permutations of the earth’s orbital eccentricity, 

tilt and orientation of its spin axis that influenced climate changes at different times 

with the shortest cycle of 23 000 years prominent prior to 2.8 million years ago, a 41 

000 year cycle dominating between 2.8 million and one million years ago and a 100 

000 year cycle governing from one million years onwards (DeMenocal 1995; 

Partridge et al. 1997). Biotic reactions to climate changes of this magnitude varied 
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from extinction to speciation - responses that, according to the habitat hypothesis, 

are major driving mechanisms of evolutionary change (Vrba 1995).  

In this instance the expansion and contraction of grasslands in Africa played an 

important role in creating prospects for vicariance and speciation (Cerling et al. 1997, 

Vrba 1995). Our knowledge of how grass-dominated ecosystems in southern Africa 

have reacted to periods of global warming and cooling in the past is provided by a 

broad range of proxy data sources, including sedimentary, biological and 

archaeological evidence (Deacon & Lancaster 1988; Vrba et al. 1995; Shaw & 

Thomas 1996; Partridge et al. 1997, 2004; Scott 1999a, 1999b, 2002). The most 

comprehensive records of late Neogene grasslands in the central interior of South 

Africa are derived from faunal studies, pollen sequences and stable isotope records 

(Brink 1987, 1988; Brink and Rossouw 2000; Scott 2002; Lee-Thorpe and Talma 

2000; Rossouw 2006; Hopley et al. 2007). Whereas fossil vertebrate fauna and 

stable carbon isotopes from fossil enamel, paleosols, speleothems and fossil hyrax 

dung have added considerably to the proxy data record of palaeo-grassland 

environments, pollen records have presented the most direct access to plant 

communities of the past and is one of the most common methods of 

palaeoenvironmental reconstruction, providing key records of vegetation change and 

climatic fluctuations since the Cretaceous in southern Africa (Coetzee 1967; Klein 

1984; Scholtz 1985; Van Zinderen Bakker 1984, 1989, 1995; Scott et al. 1995, 

1999b, 2002; Lee Thorp and Talma 2000).  

Refinement of regional patterns in grassland history is hampered by lack of 

identification of grass pollen data below family level and the incapability of carbon 
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isotope analysis to distinguish between C3 grass and dicotyledonous vegetation 

(Mulholland 1989; Scott 2002). The problem is compounded by an overall scarcity of 

terrestrial pollen records, which also impedes palynological investigations of early 

grassland expansion on the subcontinent (Chase and Meadows 2007). Lately, 

phytolith analyses have provided an alternative fossil record of environmental change 

throughout the Neogene and are now progressively becoming a conventional 

analytical approach in palaeoenvironmental research (Piperno 1988, 2006).  

The term phytolith is a general description for soluble, hydrated silica that is 

deposited within a variety of plant types (Piperno 1988, 2006). Hydrated silica is also 

described as opal phytoliths, plant opal, colloidal silica or biogenic opal. These terms 

generally include both the typical silica bodies formed in specialized silica cells as 

well as uncharacteristic silica bodies sometimes present in other epidermal cells of 

living plants. Phytoliths are useful for palaeoenvironmental studies because it is 

inorganic, resistant to oxidation and can be found in a variety of sedimentary contexts 

that lack pollen (Jones and Beavers 1963; Rovner 1971, 1983, 1988; Pearsall 1982; 

Mulholland 1989; Piperno 1988, 2006).  

The study of phytoliths is a comparatively young discipline with regards to 

palaeoenvironmental studies and has also developed as a tool in a wide variety of 

applications (Bryant 1993). Phytoliths were already known from historical 

observations of plant material and was observed in living plants by a German 

botanist, called Struve, in 1835 and Ehrenberg in 1841 and 1846 (Piperno 1988). 

Silica bodies noted in horsetails and grasses were referred to as ‘silex’ by John 

Lindley, a professor of botany at the University of London until 1860 (Piperno 1988). 
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The siliceous tissue of plants in windblown dust is also mentioned by Charles Darwin 

during his travels on the H.M.S. Beagle over two hundred and fifty years ago 

(Piperno 1988). Ehrenberg developed the first classification system for phytoliths in 

1854 and recognized several dozen types of phytoliths (Piperno 1988).  

 Already at an early stage, opal phytoliths were used as an "index mineral" by 

comparing amounts, shapes and sizes of opal extracted from soils with those from 

plants (Beavers and Stephan 1958). Smithson (1958) and Wynn Parry and Smithson 

(1958, 1964) showed that phytoliths from British soils could be assigned to particular 

grass tribes or groups of tribes. Baker (1959) analyzed phytoliths in soils for shape 

distribution and found that the phytolith forms identified can be an effective indicator 

of the vegetation history. Jones (1964) noted the palaeoenvironmental potential of 

phytoliths after identifying silica bodies in Cenozoic sedimentary rocks. Oberholster 

(1968) explained the occurrence of plant opal in two soil profiles from Springbok 

Flats, South Africa in terms of pedoturbation. Fossil sediments from Western Victoria 

in Australia were analyzed to test the stability of opal phytoliths in terms of long term 

preservation (Gill 1967). Armitage (1975) demonstrated the potential use of phytoliths 

as indicators of herbivore diets when phytoliths were extracted from dental calculus 

on the teeth of modern cattle. Rovner (1971, 1988) attempted to show the level at 

which opal phytoliths are taxonomically significant in palaeoecological studies and 

provided a discussion of phytoliths from various archaeological sites. Phytoliths from 

soils were used to reconstruct prehistoric and early historic agricultural activities in 

Hawaii (Pearsall and Trimble 1984). Plant material and soils were analyzed for maize 

and wild grasses phytoliths in a comparative study in order to recognize 
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archaeological maize in Panama (Piperno 1984). Fossil pollen and phytoliths were 

used to document vegetation changes throughout a period of loess accumulation 

during the Pleistocene in Nebraska, USA (Fredlund et al. 1985). Ollendorf (1987) 

conducted a comparative study of phytoliths obtained from archaeological sediments 

at the Iron Age site of Tel Miqne in Israel. Palaeodiet preferences in Pleistocene 

herbivores were explored looking at dental boluses and the silica remains it contain 

(Akersten et al. 1988). A textbook on phytolith analysis provided a comprehensive 

summary of the discipline and an up to date account of past phytolith research 

(Piperno 1988). Research on tropical angiosperms from Panama provided an 

account of the occurrence and morphology of phytoliths in their reproductive 

structures (Piperno 1989). Using stereological identification methods, Russ and 

Rovner (1989) distinguished wild Zea varieties from cultivated primitive maize for 

archaeological comparison. In a quantitative study, the taphonomy and morphology 

of phytoliths from coastal dune sediments were investigated to determine ancient 

human occupation in the UK (Powers et al. 1989). Ciochon et al. (1990) identified 

phytoliths from the enamel surfaces of the teeth of the extinct Asian ape from 

Liucheng Cave in China. Retallack et al. (1990) and Retallack (1992) described 

wooded grassland conditions at Fort Ternan, Kenya, 14 million years ago by the 

identification of grass short cell phytoliths. Dugas and Retallack (1993) undertook a 

SEM investigation of fossilized grass plant material in Middle Miocene paleosols from 

Fort Ternan, Kenya, showing details of grass short cell phytoliths with comparison to 

the most similar living grass genera. Fredlund and Tieszen (1994) used modern 

phytolith assemblages from the North American Great Plains as proxies for past 
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environmental changes and followed it up with a statistical analysis of modern 

phytolith assemblages to interpret fossil phytolith assemblages in terms of Late 

Pleistocene climate changes (Fredlund and Tieszen 1997). Piperno and Pearsall 

(1993) showed differences and similarities in the reproductive structures of maize 

and teosinte from North and South America. Fox et al. (1994) identified grass-like 

phytoliths on the surface of historical human teeth from Spain, using SEM and 

Middleton and Rovner (1994) described a method for the extraction of phytoliths from 

herbivore dental calculus. Rovner (1994) used phytolith analyses to reconstruct 200 

years of floral history of the Harpers Ferry historical site in West Virginia, USA. In an 

attempt to identify rice phytoliths from early agricultural sites in Thailand, Kaelhofer 

and Piperno (1994) conducted a comparative study of mainly grasses from the 

region. Alexandre et al. (1997) conducted quantitative analyses of grass and 

dicotyledonous phytoliths using indices to provide a palaeoenvironmental history of 

Holocene lake sediments in Senegal and the Congo. Phytoliths in contemporary, 

Holocene and Pleistocene sediments from Ethiopia were applied to facilitate the 

temporal differentiation of regional vegetation over time (Barboni et al. 1999). Runge 

(1999) presented a classification scheme of soil phytolith assemblages as a guide to 

characterize rain forest and grassland vegetation in central Africa. Late Pleistocene 

and Holocene sediment cores from Tswaing Crater in South Africa provided grass 

phytoliths that were used as a proxy for palaeoclimatological processes (McLean and 

Scott 1999). Mercader et al. (2000) applied phytoliths of grasses and arboreal plants, 

extracted from Late Pleistocene and Holocene sediments, as a proxy for 

palaeovegetation dynamics in the Ituri Forest of the Congo. The application of grass 
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phytolith assemblages as proxies for palaeoclimatic shifts, was further explored by 

Mulder and Ellis (2000) using South-West African grass leaf phytoliths. McClaren and 

Umlauf (2000) investigated the potential for carbon isotopes in phytoliths to estimate 

long-term desert grassland dynamics in southwestern North America. Gobetz and 

Bozarth (2001) extracted phytoliths from dental calculus removed from the teeth of 

Late Pleistocene mastodons. Wallis (2001) studied phytolith assemblages as an 

alternative source of vegetation history for tropical savannah regions in northwestern 

Australia. Madella et al. (2002) carried out a phytolith analysis of archaeological 

sediments to interpret subsistence behaviour and mobility patterns of Neanderthals 

from Amud Cave in Israel. Carnelli et al. (2002) suggested a new microanalytical 

technique for application in palaeoenvironmental research by showing that woody 

and herbaceous phytoliths can be distinguished based on the amount of aluminum 

found in the phytoliths they produce. Chemical analysis of occluded carbon in 

phytoliths suggested important ramifications for the application of δ13C analysis on 

C3 and C4 plant matter due to the highly depleted state of the occluded organic 

carbon in charred organic material (Krull et al. 2003). Albert et al. (2003) conducted a 

quantitative analysis of grass and dicotyledonous phytoliths from Mid to Late 

Pleistocene hearths and associated sediments at Hayonim Cave in Israel. In a 

related study, Elbaum et al (2003) presented a method to distinguish between burnt 

and unburnt phytolith assemblages in archaeological sites by measuring the 

refractive indices of individual phytoliths. Abrantes (2003) provided a 340 000 year 

continental climate record from tropical Africa based on a quantitative analysis of C3 

and C4 grass phytoliths from Mid to Late Pleistocene sediment cores in the 
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Equatorial Antlantic. In Urugauy, Iriarte (2003) studied a range of grass taxa and nine 

modern soil samples by applying multivariate analysis to discriminate between cross-

shaped phytolith assemblages in the identification of maize from archaeological sites. 

Phytoliths extracted from plant remains and archaeological sediments from Panama 

were analyzed in a comparative study in order to identify maize in neotropical regions 

(Pearsall et al. 2003). Piperno (2003) presented a review of the earliest remains of 

maize found in Ecuador based on phytoliths recovered from food residues, as well as 

comments made on the technique which identifies remains of vegetative structures of 

maize. In an additional investigation, Pearsall et al. (2004) identified phytoliths and 

starch granules recovered from stone tools at Real Alto in Ecuador. Thorn (2004a) 

provided an annotated bibliography of phytolith studies with photographic atlas of 

selected New Zealand subantarctic and subalpine phytoliths. Through a quantitative 

analysis of grass phytoliths from fossil sediments, Thorn (2004b) also suggested that 

C4-grasslands, and a minor woody component, were regionally predominant in 

Queensland, Australia during late Holocene times. Stromberg (2004, 2005) 

presented a record of grassland evolution in the central Great Plains of the USA, 

based on the analysis of soil phytolith assemblages from late Tertiary sediments. 

Harvey and Fuller (2005) based the development of rice and millet processing 

models for Neolithic sites in North-Central India on phytolith assemblages while Boyd 

(2005) used phytoliths from aeolian sediments to study regional palaeoenvironmental 

change during the Holocene in the northern Great Plains of Canada. Bremond et al. 

(2005) demonstrated two phytolith indices to distinguish between grasslands in 

tropical areas and presented a new phytolith proxy to gain insight into grass water 
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stress. Prasad et al. (2005) reported the presence of phytoliths, including that of 

grasses, identified in fossilized coprolites of titanosaurid sauropods that lived about 

65 to 71 million years ago in central India. Late Holocene human coprolites from 

southwestern North America show phytoliths as well as calcium oxalate bodies from 

desert suculents in human diet, and suggest that calcium oxalate phytoliths from 

desert succulents caused dental microwear (Reinhard and Danielson 2005). 

Tsartsidou et al. (2006) examined a modern reference collection of plants in order to 

evaluate the contribution of phytoliths in archaeological studies in Greece. Webb and 

Longstaffe (2006) looked at oxygen isotope signatures in phytoliths for application in 

paleoclimate studies. Albert et al. (2006) and Bamford et al. (2006) constructed a 

taphonomical model based on the post-depositional preservation of grass, sedge, 

palm and dicotyledonous phytoliths from Plio-Pleistocene sediments at Olduvai 

Gorge in Tanzania. In a comparative study of modern phytoliths, a range of soil 

phytolith assemblages were analyzed from various phytogeographical zones from 

inter-tropical Africa to discriminate vegetation types (Barboni et al. 2007).  

Grass silica short cells 
The grass family (Poaceae) produces abundant silica bodies, especially within 

specific and specialized silica cells located in costal zones of the leaf epidermis 

(Metcalfe 1960; Kok 1972; Ellis 1979). In addition to being highly resistant to 

decomposition, grass phytoliths show markedly varied and distinct morphologies and 

several morphological studies have indicated that a number of grass morphotypes 

are characteristic of certain taxa (Twiss et al. 1969; Brown 1984; Mulholland 1989; 

Mulholland and Rapp 1992). Numerous types of silicification are found in grasses. 
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Silica infilling of intercellular spaces between sub-epidermal cells can also occur, 

including those from intercostal zones, but these atypical silica bodies are generally 

not characteristic in shape (Parry and Smithson 1964; Ellis 1979; Clayton and 

Renvoize 1986). Intracellular silicification of various types of epidermal cells, more 

often than not conforms closely to the shape of the original cell, and is sometimes 

very useful in palaeoecological studies (Bremond et al. 2005). This includes long 

cells, bulliform cells, stomatal guard cells, cork cells, macrohairs, microhairs and 

prickles (Ellis 1979).  

Analyses of grass silica short cell (GSSC) phytoliths have been particularly 

forthcoming with regard to grassland history and associated palaeoclimatic changes, 

while complementing pollen studies in overall vegetative reconstructions (Figure 1). 

GSSC-phytoliths, are specialized silica cells (idioblasts) located in both the costal 

zone and intercostal zones of the leaf epidermis, overlying the vascular bundles and 

their associated sclerenchyma (Metcalfe 1960; Kok 1972; Ellis 1979; Clayton and 

Renvoize 1986). These cells comprise only a portion of the total siliceous residue and 

have restricted distributions within grasses, but they provide the most taxonomically 

useful types of grass phytoliths (Twiss et al. 1969, Rovner 1971, Ellis 1979; Brown 

1984; Piperno 1988; Mulholland 1989; Mulholland and Rapp 1992; Fredlund and 

Tieszen 1997; Barboni et al. 1999; Stromberg 2002, 2004; Bremond et al. 2005).  

Aims of the study  
Palaeo-grassland inferences, using phytoliths, have been derived from quantitative 

assessments of phytolith assemblages using multivariate analyses and ratio models 

that provide indices to predict particular environmental conditions (Fredlund et al. 
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1985; Twiss 1992; Powers-Jones and Padmore 1993; Alexandre et al. 1997; Barboni 

et al. 1999, 2007; Fredlund and Tieszen 1997; Mercader et al. 2000; Boyd 2005; 

Bremond et al. 2008). However, the analysis of fossil phytolith assemblages tend be 

site-specific, and designed around specific taxonomic analogues in order to identify 

phytoliths that discriminate between different taxonomic groups (Stromberg 2004; 

Piperno 2006).  

The original aim of this study involved a general approach for analyzing fossil 

phytoliths, but a lack of standardized methodology lead to a change of focus with the 

result that my endeavor culminated in the development of a uniform model for 

interpreting GSSC-phytolith assemblages within a singular ecological framework. The 

title of this thesis may therefore be misleading as this investigation eventually 

focused on establishing a standard methodology for fossil phytolith analyses and not 

on the analysis of fossil phytoliths from the central interior of southern Africa, itself. 

 My approach followed on previous phytolith studies that have emphasized the 

importance of studying modern phytolith assemblage variability in order to interpret 

fossil assemblages on a regional scale, through ‘vegetative’ rather than ‘floristic’ 

reconstructions of grass communities (Fredlund and Tieszen 1994; 1997). Reasons 

for using GSSC-phytoliths were based on three assumptions. Firstly, unlike many 

other phytolith-producing plant taxa, grasses occur in a variety of habitats throughout 

South Africa and are suitable indicators of a diversity of environmental conditions 

(Acocks 1988; Gibbs Russell et al. 1990). Secondly, studies have shown that, within 

the grass family, GSSC-phytoliths are proven to be highly diagnostic and hardy 

morphotypes (Twiss et al. 1969; Mulholland 1989; Fredlund and Tieszen 1994). 

 11

 



 

 

Figure 1. Photomicrographs of prepared grass leaf epidermis. Planar view of in 

situ short cell silica bodies within the leaf epidermis. The long axis of the leaf is 
horizontal. Scale = 10ų. 

 

Thirdly, the effect of ‘inheritance’ on phytolith assemblages, where settling of phytolith 

assemblages in topsoils over time, is influenced by variables such as surface stability 

and chemical dissolution, (Fredlund and Tieszen 1994). As a result, interpretation of 

phytolith assemblages are complicated by several biases, including variable 

production rates of phytoliths in different plant groups, discrete size distributions in 

phytolith assemblages from different ecological contexts, post-depositional transport 
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 with the tendency for prolific 

ictive power of GSSC-

thodology that is comparable to ecological structure analysis. 

and Wilding 1980; Piperno 1988; Alexandre et al. 1997; Hansen et al. 1998). This 

inconsistent preservation of phytoliths owing to different taxonomic origins or 

morphology may strongly influence the interpretation of fossil phytolith assemblages 

(Jones and Handreck 1963; Bartoli and Wilding 1980).  

An important effect as a result of these factors, together

grass phytolith production in general, is the tendency for grass phytoliths to be over-

represented in soil assemblages (Piperno 1988).  Focusing on phytoliths that are 

derived from a single plant group, circumvent potential bias related to differential 

preservation between different plant taxa. Additionally, grass phytolith assemblages 

provide abundant quantities of diagnostic GSSC-phytoliths.  

Central to this study was the intention to refine the pred

phytoliths by providing a quantitative model for predicting general patterns of past 

environmental conditions by interpreting morphologically diagnostic grass phytolith 

assemblages according to their association with the ecological requirements of the 

grass species that produces them, irrespective of taxonomic affiliation. An effort was 

therefore made to assign ecological meaning to GSSC-phytoliths by comparing a 

range of ecological preferences in modern grasses with the phytoliths that they 

produce, rather than just using phytoliths to discriminate between grass subfamilies, 

tribes or genera.  

I attempted a me

Through this method, habitats and environmental conditions are reconstructed by 

conveying ecological attributes to extant organisms and comparing it to fossil 

communities (Andrews and Nesbit-Evans 1979; Van Couvering 1980; Andrews 
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n of grasses in southern Africa, is linked to several 

anation of a modern phytolith reference collection as 

 significance of grass phytoliths, 

Structure
 is composed of seven chapters. Chapter 2 discusses 

1989; Reed 1997; 1998). These studies have shown that unlike methods using 

taxonomic analogues, the analysis of ecological association allows for the 

comparison of temporally or geographically diverse assemblages without being 

concerned with taxonomical differences. I subsequently devised a comparable 

method to explore and test the following assumption:  

The biogeographical distributio

climatic parameters (Vogel et al. 1978; Ellis et al. 1980; Gibbs Russell 1988; Gibbs 

Russell et al. 1990). Consequently, the morphology of South African grass short-cell 

phytoliths consistently follows meaningful environmental traits due to the relationship 

between phytolith shape and the ecological niche occupied by various taxonomic 

groups within the grass family. Grass short-cell phytoliths are therefore appropriate 

indicators of grass-community responses to periods of environmental change. This 

assumption forms the basis of the study and was tested through the following 

objectives in Chapters 3 and 4: 

 Provision and expl

a frame of reference for comparison; 

Assessment of the environmental 

based on a botanical index of modern grass chorology, and using 

standard methods of observation, description and statistics to explore 

the relationship between grass short-cell morphology and grass 

chorology in southern Africa. 

 of thesis  
The remainder of the thesis

methods and materials used for analyzing the ecological significance of modern 

 



 

grass phytoliths. A description of grass short cell morphology, based on a modern 

reference collection that is included in two appendices, is presented in Chapter 3. 

Chapter 4 provides a quantitative analysis of the morphological data and the 

implications of these results are discussed and concluding remarks offered in 

Chapter 5.  A list of references and appendices are presented in Chapters 6 and 7.  
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Methodology 
Introduction 

Assessment of the environmental significance of GSSC-phytoliths, was based on a 

botanical index of grass biogeography, extracted from a dataset of three hundred and 

nine grass species, comprising eight subfamilies, nineteen tribes and one hundred 

and two genera (Table 1). Morphological descriptions of the GSSC-phytoliths were 

guided by observations represented in two reference collections (Appendices 1 and 

2). One collection consists of slide preparations of five-centimetre leaf sections taken 

from voucher specimens of mature individuals housed at the herbarium of the 

Department of Botany at the National Museum in Bloemfontein, the National 

Herbarium of Pretoria and the Bolus Herbarium at the University of Cape Town 

(Appendix 1). Standard dry-ashing procedures (described in Appendix 1) were 

followed to extract phytoliths from these herbarium samples (Parr et al. 2001). 

Additional comparisons were done on a collection of prepared slide vouchers of fully- 

articulated grass leaf epidermis sections from the Roger Ellis collection housed at the 

National Herbarium of Pretoria (Appendix 2) A set quantity of one hundred GSSC-

bodies were counted per slide, each slide representing one species. This included 

the articulated short cell bodies located along the costal zones of each epidermis 

section from the Roger Ellis collection, and the disarticulated short cell bodies 

counted along randomly selected traverses in the dry-ashed collection. 

Biogeographical data for each species was collated from published research, 

herbarium records and the National Herbarium Computerized Information System 
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(Chippendall and Crook 1976; Gibbs Russell 1985; Gibbs Russell et al. 1990). The 

latter is a robust vegetation database that includes distribution data of one thousand 

eight hundred and eleven species, based on the records of more than sixty-two 

thousand grass specimens collected in southern Africa. This system provides a 

checklist of grasses that occur in each of the 3900-quarter degree grids that cover 

southern Africa (Gibbs Russell 1985; 1988; Gibbs Russell et al. 1990).  

As a first step, species were converted into numeric profiles, using eleven GSSC-

morphotype variables to represent each species according to their rate of recurrence 

(presence or absence) into a binary indicator matrix (summarized in Table 3, listed in 

lefthand-column in Appendix 3). However, this quantification method produces only 

frequency data. As a result, the procedure was repeated by counting one hundred 

individual GSSC-phytoliths per slide to ascertain the relative abundance (rate of 

production) of each of the eleven morphotypes, in order to provide a dataset that 

could be tested for significant differences between means (ANOVA) (summarized in 

Table 4, listed in righthand-column in Appendix 3). A non-parametric Spearman’s 

rank-order correlation-coefficient, rs, was used to confirm expected positive 

covariation between the values of the corresponding GSSC-phytolith types in two 

phytolith datasets (Table 3 and 4) (see Quantitative Analysis).   

From the data, I created GSSC-profiles for six subfamilies, as well as for nineteen 

ecological categories, their diversity reflected by photosynthesis, rainfall and habitat. 

The GSSC-morphotype variables were grouped into five categories, namely 

morphotype, subfamily, photosynthesis, rainfall and habitat. In order to eventually 

infer ecological trends from GSSC phytoliths, percentages of morphotypes were 
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calculated for each category, and in return, percentages of each adaptation, (i.e. 

morphotype), were analyzed by ecological category. This was achieved by tabulating 

the percentages of GSSC-phytoliths according to their distribution and the ecological 

adaptation of the grasses that produce them. The results are summarized in Table 5 

and 6 and presented in Appendices 7, 9, 12 and 14.  

Thus, each category was allocated a numerical profile based on morphotype 

association that reflects a non-phylogenetic community structure. This means that 

ecological preferences are differentiated based on the resulting phytolith assemblage 

structure. The approach allowed me to determine the degree of association between 

GSSC-morphotype and ecological condition, and enabled me to compare modern 

ecological categories directly with each other as well as with fossil phytolith 

assemblages because the parameters that were used are not taxon-specific and 

therefore not effected by temporal or geographical separation. 

Description of Ecological Categories 

Climate is perceived as the principal dynamic component and obvious independent 

variable shaping vegetation on all scales (Schulze 1997). South Africa, being the 

southernmost sovereign region on the African continent covers a total surface area of 

approximately 1,2 million square kilometers with the effect that its topography and 

latitudinal position (between 18º and 35º south) strongly influences general climate 

patterns (Figure 2). In addition, the country has an extensive coastline, constituting 

the western, southern and eastern boundaries of the country. Consequently, the 

effects of oceanic circulation systems and offshore currents are well reflected in the 
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overall climate distribution of the region (Deacon and Lancaster 1988; Scott 1995; 

Barrable et al. 2002; Scott and Lee Thorp 2004; Chase and Meadows 2007).  

Since grasses are adapted to react relatively swiftly to environmental changes, 

including variation in atmospheric carbon dioxide, moisture availability and 

temperature, the taxonomic composition of grassy ecosystems indirectly reflects a 

variety of regional climatic conditions by means of their ecological preferences (Vogel 

et al. 1978; Gibbs Russell 1988, 1990; Ficken et al. 2002; Scott 2002; Wooller and 

Beuning 2002).  Nineteen ecological preferences (categories) were selected, 

representing different biochemical variants of the photosynthetic pathway, rainfall 

variability and habitat preferences associated with grass distribution in South Africa. 

Photosynthesis 
Distribution of grasses in southern Africa is primarily linked to growing season 

temperature and seems to account for the geographic distribution of C3 and C4 

grasses, where elevated temperatures during the growing season favour the C4 

photosynthetic pathway (Vogel et al. 1978; Ellis et al. 1980; Cerling et. al. 1997; 

Ehleringer et al. 1991, Ehleringer et al. 1997; Sage and Monson 1999; Sage 2004). 

C3 and C4 respectively refer to three-carbon and a four-carbon molecules being the 

first products in photosynthesis (Ehleringer and Monson 1993). They represent two 

photosynthetic pathways that exist among grasses - the ancestral C3 (Calvin–

Benson) photosynthetic pathway which is utilized by grasses generally thriving under 

cool, dry to mesic winter-rainfall conditions, and the C4 (Hatch–Slack) photosynthetic 

pathway, which is subdivided into aspartate formers and malate formers (Vogel et al. 

1978; Ellis et al. 1980; Schulze et al. 1996). The aspartate formers dominate grass 
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flora in arid summer rainfall regions with conditions of low soil moisture availability, 

while the malate formers (NADP-me type) attain their maximum frequency in high 

summer rainfall areas (Vogel et al. 1978; Ellis et al. 1980; Gibbs Russell et al. 1990) 

Two subtypes are recognized for the aspartate formers, namely the NAD-me-type, 

dominating in warm, arid areas with low and unpredictable summer rainfall and the 

PCK-type (phosphoenolpyruvate-carboxykinase), associated with grasses adapted to 

intermediate rainfall levels and occurring in moist habitats with summer rainfall less 

than 350mm per year, (Ellis et al. 1980). The PCK-type appears to be an 

intermediate between the NAD-me type and the malate forming NADP-me type (Ellis 

et al. 1980).  

 Rainfall 
South Africa is part of a generally semi-arid subcontinent, with less than five percent 

of the region receiving annual rainfall of greater than 800 mm and more than ninety 

percent of rainfall returning to the atmosphere as part of evaporative loss (Schultz 

1997). Although dry climates dominate southern Africa, the region covers a wide 

range of climatic zones, ranging from true desert to temperate and subtropical to 

tropical systems, with strongly seasonal precipitation regimes (Rutherford and 

Westfall 1994; Oldfield and Thompson 2004; Mucina and Rutherford 2006). The 

region’s rainfall is determined by seasonal shifts of the South Atlantic and Indian 

Ocean anti-cyclonic, high-pressure systems (Deacon and Lancaster 1988). The 

northern and eastern parts of southern Africa receive mostly summer rainfall where 

the eastern escarpment with its Drakensberg range is responsible for major 

orographic effects. Mean annual precipitation is highest along the eastern 
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escarpment and generally decreases westwards from the escarpment across the 

plateau (Schulze 1997). Another rainfall maximum occurs in the southwestern Cape 

where rainfall increases from 400 mm on the Cape Flats to over 2000 mm in the 

Cape Fold Mountains (Deacon and Lancaster 1988). Eighty percent of the annual 

precipitation in the southwestern Cape occurs during the winter season (Schulze 

1997; Rutherford and Westfall 1994). 

Three rainfall subcategories were selected based on the arrangement of grass 

subfamily regions according to Gibbs Russell (1988) (Figure 2). The subcategories 

consists of a higher than forty percent winter rainfall group (>40%W), a less than five 

hundred millimeters summer rainfall group (<500mm S), and a higher than five 

hundred millimeters summer rainfall group (>500mm S). Distribution of grass 

subfamilies in southern Africa suggests that the Panicoideae subfamily is most 

abundant in summer rainfall areas with more than 500 mm of rainfall per year, while 

the Chloridoideae and Aristidoideae are most abundant in summer rainfall areas with 

rainfall less than 500 mm per year. This corresponds to the division between dry and 

moist grassland of the Grassland Biome where sour (unpalatable) andropogonoid 

grasses predominate above 600 mm of rainfall and sweet (palatable), chloridoid 

grasses are more common below 600 mm of rainfall (Rutherford and Westphall 

1996). The Arundinoideae, Bambusoideae, Danthionoideae, Ehrhartoideae and 

introduced pooids prefer regions with more than forty percent of rainfall occurring in 

winter while indigenous pooids are most abundant in the high Drakensberg mountain 

range on the eastern escarpment (Gibss Russell et al. 1990).  

Habitat 
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The South African region represents a highly diverse and endemic, southern 

temperate and subtropical flora, which is reflected by several distinctive ecological 

regions or biomes (Cowling and Hilton-Taylor 1997; Rutherford 1997; Mucina and 

Rutherford 2006) (Figure 2). Defined on the basis of climate, corresponding life-form 

patterns and vegetation structure, biomes offer an ecological framework for biotic 

communities, including grasses (Rutherford and Westfall 1994; Low and Rebelo 

1996). Grasses occur ubiquitously throughout most of South Africa. It is the 

predominant plant life form in the Grassland Biome, and is, except for the Desert 

Biome, also widespread in all the major biomes of southern Africa (Rutherford and 

Westfall 1994; Rutherford 1997).  

Twelve habitat subcategories were selected for the study (see Habitat category in 

Table 5). Except for edaphic and montane grasslands, and grasses adapted to shady 

habitats, description of habitat types was based on their association with seven well-

defined biomes according to the categorization by Rutherford and Westfall (1994) 

and Rutherford (1997). These were the categories used by Gibbs Russell et al. 

(1990) in their reference guide of southern African grasses (Figure 2). The latest 

categorization of South African biomes includes all seven biomes described by 

Rutherford and Westfall (1994), but with the inclusion of two new biomes that were 

previously elements of the Savanna Biome, namely the Albany Thicket Biome and 

Indian Ocean Coastal Belt Biome (Rutherford et al. 2006a, Figure 2).  

Strictly speaking, the term ‘grassland’ refers to vegetation dominated by grasses in a 

single layered structure or sometimes with an open, woody plant cover (Rutherford  

and Westfall 1994) Therefore, in describing the habitat categories, the term 
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‘grassland’ was used to refer only to montane, edaphic, and savanna grasslands and 

the grasslands of the Grassland Biome. In contrast, grass communities occurring in 

the Desert, Succulent Karoo and Nama-Karoo biomes make up a very small fraction 

of the total vegetation component and cannot be described as grasslands.  

Grassland 
One hundred and thirty four grass species from the sample group were associated 

with the Grassland Biome. The temperate grasslands of South Africa cover the high 

central plateau of South Africa, inland areas of Kwazulu-Natal and the mountainous 

regions of the Eastern Cape Province, occupying about 24 percent of the country’s 

surface area (Rutherford and Westfall 1994; Mucina et al. 2006a). It is strongly 

seasonal with summer rainfall and late summer maximum in vegetation, followed by 

near complete termination of activity in winter accompanied by winter drought 

(O’Connor and Bredenkamp 1997). Thunderstorms and hail are common in summer 

and frost is common in winter, while fire is vital to its structure. Division between dry 

and moist grassland are made on the basis of annual rainfall, with 500 to 700 mm of 

rainfall marking the boundary (Rutherford and Westfall 1994) (Figure 2). Perennial 

grasses are the dominant plant form, but annuals are important components of the 

vegetation where disturbance occurs. The grasslands are moisture-dependant and 

decreases with lower annual rainfall. Woody species are limited to specialized 

niches, but forbs form an important component of the grasslands (Rutherford and 

Westfall 1994).  

Montane and High altitude grassland 
Eighty eight grass species from the sample group were associated with these 

grasslands. The montane grasslands of South Africa generally correspond to the 
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Grassland Biome in terms of their floristic composition, the obvious distinction 

pertaining to mountainous regions of generally high altitudes with relatively cool 

mean annual temperatures, where rainfall may occur at any time of the year and 

orographic mists supplement rainfall (Meadows and Linder 1993; Mucina et al. 

2006a; Rutherford et al. 2006a). Two broadly defined sub-categories were delineated 

in this study: (1) montane grasslands that are primarily associated with the Great 

Escarpment of the Drakensberg region, including montane grassland communities on 

Karoo inselbergs, and the Cape Folded Belt in the southwestern and southern Cape; 

(2) high-altitude montane grasslands that are associated with the very highest 

plateaus and mountain ridges of the Drakensberg region found generally above 

2000m above sea level (Figure 2). The high-altitude montane grasslands category 

mostly corresponds with Acocks’ ‘Themeda—Festuca Alpine’ Veld (Acocks 1988), 

the ‘Alti Mountain Grassland’ of Low and Rebelo (1988) and the ‘Drakensberg 

Afroalpine Heathland’ Sub-biome of Mucina et al. (2006a). The majority of the 

centres of endemism recognized in the Grassland Biome are linked to high altitudes. 

Savanna Grassland 
One hundred and fifty seven grass species from the sample group were associated 

with the Savanna Biome. The Savanna Biome represents the southernmost 

extension of the largest biome in Africa and nearly encloses the temperate Grassland 

Biome where it grades into the Albany Thicket and Indian Ocean Coastal Belt Biomes 

(Rutherford et al. 2006b). Savannas are characterized by wooded subtropical 

grasslands, also called savanna woodland, shrub savanna or bushveld in many 

areas of the country. It accounts for almost 33 percent of the South African 
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landscape, does not occur at high altitude and is found mostly below 1500 m with 

temperatures generally higher than the adjacent Grassland Biome (Rutherford and 

Westfall 1994). The biome is characterized by seasonal rainfall with wet summer and 

dry winter periods. Development of the modern savanna is closely linked to the 

evolution of C4 photosynthesis in grasses (Sage and Monson 1999; Sage 2004).  

Nama-Karoo 
Eighty five grass species from the sample group were associated with this biome. 

The Nama-Karoo covers most of the vast central plateau region of the Western and 

Northern Cape Provinces. It is an arid biome that forms an ecotone between the 

fynbos flora to the south, and the subtropical savanna in the north (Mucina et al. 

2006b). Climate influence is continental, with low unreliable rainfall that mostly occurs 

in late summer. Summers are hot with a mean January maximum of > 30°C. Local 

endemism is very low with Asteraceae, Fabaceae and Poaceae the dominant plant 

families.  

Desert  
Twenty six grass species from the sample group were associated with this biome. 

The Desert Biome adjoins the western Atlantic seaboard, southern Angola, Namibia 

and within South Africa, stretches from the Atlantic coast along the Orange River 

inland towards the town of Pofadder in northern Bushmanland (Jurgens et al. 2006). 

It is defined by less than 70mm of annual rainfall in the easternmost parts and by 

sparse perennial vegetation of less than ten percent canopy cover (Jurgens et al. 

2006). The southern margin of the biome is bordering on the temperate winter-rainfall 

region of the most arid parts of the Succulent Karoo Biome (Jurgens et al. 1997). A 
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small variety of grass species, with Stipagrostis the most common genus, occurs in 

this hyperarid region of low rainfall and high evapotranspiration rates.  

Succulent Karoo 
Forty six grass species from the sample group were associated with this biome. The 

Succulent Karoo Biome is a semi-desert region restricted to the year-round and 

winter rainfall with very high levels of summer aridity (Milton et al. 1997). Mean 

annual rainfall is low, varying between 100 mm and 200 mm with the overall biome 

average about 170 mm. The biome occurs mostly west of the western escarpment 

through the western belt of the Western Cape, inland towards the Little Karoo, and 

interfaces with the Fynbos Biome with which it shares its greatest floristic affinity 

(Mucina et al. 2006a). A high diversity of dwarf leaf-succulent shrubs dominates the 

vegetation, mainly represented by the Aizoaceae, Euphorbiaceae, Crassulaceae and 

succulent members of the Asteraceae.  

Fynbos  
One hundred and four grass species from the sample group were associated with the 

Fynbos Biome. It has dry and hot summers, associated with a high frequency of trade 

winds, and winter rainfall, which is brought on by the occurrence of westerly cyclonic 

fronts (Rutherford and Westfall 1994). Mean annual rainfall averaged over the total 

area of the biome is about 480 mm. The biome is situated almost exclusively in the 

south-western and southern parts of the Western Cape Province, and comprises 

three major vegetation complexes, namely fynbos, renosterveld and strandveld 

(Rebelo et al. 2006). Fynbos consist of an evergreen, fire-prone shrubland dominated 

by the Restionaceae family, and shrubs of the Ericaceae, Asteraceae, Rhamnaceae 

and Rutaceae families (Rebelo et al. 2006). Trees are rare and grasses comprise 

 26

 



 

a relatively small part of the biomass. Grassy fynbos occurs on soils of finer texture, 

higher nutrient levels and under conditions of less summer drought. Grasses also 

occur in renosterveld vegetation, which refers to Elytropappus rhinocerotis, the 

dominant plant in this complex (Rebelo et al. 2006). Strandveld vegetation is usually 

found close to the sea and consists of dense to closed shrublands dominated by 

sclerophyllous, broad-leaved shrubs (Rebelo et al. 2006).  

Forest  
Afrotemperate Forests are highly distinctive, but characterized by very small and 

patchy occurrences over the wetter parts of the winter- and summer-rainfall areas of 

the country (Mucina and Geldenhuys 2006). Fifteen grass species were associated 

with this category. Forests occur scattered along the eastern and southern margins of 

South Africa, with the majority smaller than one hundred hectares in size. Forests are 

characterized by vegetation dominated by evergreen trees and a large specific set of 

distinctive flora where graminoids are usually rare (Rutherford and Westfall 1994). 

Their distribution is mostly determined by high water availability and persists in areas 

with mean annual rainfall of more than 525 mm with strong winter rainfall, and more 

than 725 mm with summer rainfall, while orographic precipitation also plays a major 

role.   (Mucina and Geldenhuys 2006).  

Edaphic habitats 
One hundred and three grass species from the sample group were associated with 

this subcategory. Edaphic grasslands are not related to any particular climatic region. 

For this subcategory, edaphic grasslands were determined largely by the condition of 

the substratum, in this case seasonally or permanently waterlogged soils. In terms of 

vegetation structure it is associated with seasonal pans, swamps, vleis or wetlands 
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(White 1983; habitat subcategories Damp soils and Swamps / Vleis in Table 5 and 6) 

and corresponds to the Inland Azonal Vegetation category of Mucina et al. (2006c). 

Shady habitats 

Forty three grass species were associated with this habitat preference. As with the 

edaphic grassland category, this habitat type is not related to any particular climatic 

region or regional vegetation structure. Unlike the Forest habitat subcategory, this 

preference was selected on the basis of grass adaptation to shady habitats that 

include open woodland or riparian canopy and rock crevices in open environments 

(Gibbs Russell et al.1990).  
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Table 1. Subdivision of subfamilies, tribes and genera representing three 
hundred and nine species used in this study. Classification after Clayton and 
Renvoize (1986) and GPWG (2001). 
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Table 2. List of GSSC-morphotypes selected for this study and their equivalent 
descriptions according to the International Code for Phytolith Nomenclature 
(Madella et al. 2005). 
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Table 3. Association through rate of recurrence. Association between GSSC-
morphotypes based on their frequency (absence / presence) within each 
category. For example, 36.5% of grass species that produce the Bilobate 
Variant 1 morphotype (n = 52), also produce the Bilobate Variant 2 morphotype. 
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Table 4. Relative abundance of GSSC-morphotypes based on proportional 
representation within each category. The frequencies are standardized, so that 
their sum in each row is equal to 100%. For example, in the Bilobate Variant 1 
category (n = 52), the Bilobate Variant 1 morphotype accounts for 73.02%, 
while the Bilobate Variant 2 represents 14.48% of the total number of GSSC-
morphotypes counted. 
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Table 5. Association through rate of recurrence. Association between GSSC-
morphotypes based on their occurrence (absence / presence) within the 
categories subfamily, photosynthesis, rainfall and habitat, expressed in 
percentage. For example, 31.03% of the species in the Aristidoideae subfamily 
(n = 29) produces the Bilobate Variant 1 morphotype, whereas the Bilobate 
Variant 2 morphotype is produced in only 10.34% of the species. 
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Table 6. Relative abundance of GSSC-morphotypes based on their proportional 
representation within the categories subfamily, photosynthesis, rainfall and 
habitat (one hundred GSSC-bodies counted per species, averaged and 
standardized so that the sum for each row is equal to 100%).  For example, the 
Bilobate Variant 1 morphotype represents 26.83% and the Bilobate Variant 2 
morphotype 2.34% of the total number of GSSC-morphotypes counted within 
the Aristidoideae category (n = 29). 
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Figure 2. The biomes of South Africa. Map and biome categories after Mucina 
and Rutherford (2006). Rainfall data after Vogel et al. (1978), Gibbs Russell 
(1988) and Gibbs Russell et al. (1990). 
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Classification of GSSC-morphotypes  
Introduction 

Globally, the grass family comprises about one third of the Earth’s vegetative cover in 

terms of grass-dominated ecosystems, savannas and natural grasslands and is 

ecologically the most dominant and economically the most important plant family in 

the world (Gould 1968; Chapman 1996; Jacobs 1999; Kellogg 2001; Wooller and 

Beuning 2002; Piperno and Sues 2005). The grass family is the seventh largest plant 

family in southern Africa with 194 genera, and 967 species and infraspecific taxa, of 

which 115 are naturalized and 847 are indigenous, including 329 endemic taxa 

(Gibbs Russell 1985, 1986, 1987, 1988; Campbell and Kelogg 1987; Gibbs Russell et 

al. 1990). The Grass Phylogeny Working Group (GPWG 2001) recently reclassified 

the Poaceae into thirteen subfamilies, with eight subfamilies recognized in South 

Africa, viz. Aristidoideae Caro, Arundinoideae Burmeist., Bambusoideae Luerss., 

Chloridoideae Kunth ex Beilschm., Danthonioideae Barker & H.P.Linder, 

Ehrhartoideae Link, Panicoideae Link, Pooideae Benth. Classification of subfamilies 

in the Poaceae is based on a range of cytological and anatomical criteria. A number 

of anatomical characters indicate photosynthetic pathway with a single pathway that 

usually predominates in each subfamily (Clayton and Renvoize 1986; Gibbs Russell 

1988; GPWG 2001).  

Modern grass-dominated ecosystems cover more than fifty percent of southern Africa 

south of 22°S, a region that is also a transitional zone between tropical and 

temperate grasslands (Rutherford and Westfall 1994; Scott 2002). The biogeography 
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of grass communities in South Africa is primarily reflected on a taxonomic level 

(Gibbs Russell 1988). Of the eight subfamilies recognized by the GPWG (2001), 

occurring in southern Africa, five contain exclusively C3 species (Bambusoideae, 

Pooideae, Danthonioideae, Arundinoideae and Ehrhartoideae). The other three 

subfamilies include C3, C4 as well as C3/C4 intermediate species (Aristidoideae and 

Panicoideae), and almost exclusively C4 species, except for Eragrostis walterii Pilg., 

and the danthonioid species Merxmuellera rangei (Pilg.) Conert (Chloridoideae) (Ellis 

1984; GPWG 2001). The palaeoclimatic implications are therefore clear for South 

Africa, where the percentage frequencies of C3 and C4 grasses are significantly 

different in winter, summer and year-round rainfall regions (Vogel et al. 1978; Gibbs 

Russell 1988). 

The Bambusoideae Luerss. is a C3-subfamily with mostly perennial, tropical species 

confined to humid forest shade (Gibbs Russell et al. 1990; GPWG 2001). The C3, 

Ehrhartoideae Link is annual or perennial and found in forests, open hillsides or 

aquatic habitats (Gibbs Russell et al. 1990; GPWG 2001). The C3 Pooideae Benth. is 

annual or perennial and of cool temperate regions (GPWG 2001). In South Africa 

introduced species of the Pooideae are mainly confined to the winter rainfall region of 

the Fynbos Biome, while indigenous pooids are most abundant in the high 

Drakensberg mountains on the eastern escarpment (Gibbs Russell et al. 1990). 

Arundinoideae Burmeist. is generally regarded as a diverse, polyphyletic group, 

lacking reliable diagnostic features, that is mainly distributed throughout the Southern 

Hemisphere (Gould 1968; Ellis 1986). South African representatives of the 

Arundinoideae all follow the C3 photosynthetic pathway and occupy a wide range 
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of niches, from aquatic species like Elytrophorus and Phragmites, to montane-

adapted species like Styppeiochloa (Renvoize 1981; Gibbs Russell et al. 1990). The 

subfamily also has developed several structural adaptations to inhabit and survive in 

the Fynbos Biome (Linder and Ellis 1990). The Danthonioideae Barker & H.P.Linder, 

previously included in the Arundinoideae, is exclusively C3, mostly perennial, and 

mainly found in mesic to xeric open habitats of the Fynbos, Succulent Karoo and 

Nama-Karoo Biomes (Ellis and Linder 1992; Gibbs Russell et al. 1990; GPWG 2001). 

The C4 Aristidoideae Caro represents annual or perennial, mostly xerophytic species, 

that occur mainly in the Succulent Karoo, but also in the Desert, Nama-Karoo and 

Savanna Biomes (Gibbs Russell et al. 1990; GPWG 2001). The Panicoideae Link 

can generally be differentiated from other subfamilies by its spikelet characteristics 

(Ellis 1986). Species are annual or perennial, of the tropics and subtropics, but also 

diverse in temperate regions (Gibbs Russell et al. 1990; GPWG 2001). It is a large 

subfamily with South African genera incorporated into three tribes, the 

Andropogoneae Dumort, Arundinelleae Stapf, and Paniceae R. Br. The genus 

Panicum L. includes species exhibiting all five photosynthetic types known in the 

Poaceae – non-Kranz or C3, C3/C4 intermediate and Kranz or C4, which is further 

subdivided into NADP-me, PCK, and NAD-me subtypes (Ellis 1988). With the 

exception of the C3 species Eragrostis walteri and Merxmuellera rangei, the 

Chloridoideae Kunth ex Beilschm. is regarded as a C4-subfamily (Ellis 1984, Gibbs 

Russell 1988; GPWG 2001). Species are annual or perennial, and of dry climates, 

especially in the subtropical and temperate regions of the Savanna and Grassland 

Biomes (Gibbs Russell et al. 1990; GPWG 2001). 
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Morphological Description  

Background 
In a phylogenetic study of grasses Metcalfe (1960) recognized cubical, round, 

oblong, saddle-shaped, elongated, cross-shaped, dumbbell-shaped, and 

intermediate phytolith forms. Opal phytoliths from dust and soils were assigned to 

different grass vegetation types and it was recognized that there is a general 

difference in the phytolith morphology between short grasses and tall grasses (Suess 

1966; Twiss et al. 1969). Suess (1966) divided the silica bodies in irregular and 

regular types in order to classify grassland regions, while Twiss et al. (1969) 

proposed a typological scheme for identifying grass subfamilies by dividing short cell 

phytoliths into four classes:  a chloridoid class (saddle shapes); a panicoid class 

(dumbbell, cross shapes); a festucoid class (cubical, round, oblong shapes); and an 

informal "elongate" class. Rovner (1971) made a distinction between panicoid and 

poacoid phytoliths based on discrete morphological features. He incorporated 

chloridoid types identified by Twiss et al. (1969) into the panicoid class while his 

“poacoid” class was associated with Twiss’s festucoid class. Rovner (1983) also 

stated that the elongated type phytoliths are present in all the classes and have 

therefore no significant diagnostic value. Brown (1984) elaborated on terminology, 

description and class overlaps, and reiterated Rovner’s view that the correlation 

between phytoliths and grass taxa are more complex than previously thought. A 

fundamental concern related to phytolith production in living plants is the production 

of either a particular phytolith morphotype by many taxa, or a variety of morphotypes 

by one taxon. These circumstances, known respectively as redundancy and 
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multiplicity (Rovner 1983), drew attention to the importance of standardized analytical 

methods as well as the need for modern phytolith reference collections to assist in 

the interpretation of fossil phytoliths assemblages (Brown 1984; Piperno 1988; 

Mulholland 1989; Stromberg 2004). Subsequent studies concerning grass phytolith 

classification validated the basic pattern of short cell phytolith taxonomy initially 

proposed by Twiss et al. (1969) and expanded the framework for grass phytolith 

classification through modifications to the Twiss et al. scheme. Palmer (1976) 

provided a comparative study of fossil grass cuticles and a reference collection of 

modern grass epidermises from East Africa, using light microscopy and SEM. Brown 

(1984) developed a phytolith key based on one hundred and twelve grass species 

from the USA. Mulholland (1989) looked at phytolith shape frequencies in North 

Dakota grasses and classified short cell morphotypes into three broad groups. 

Lobate forms include bilobates and crosses and correspond with Twiss’s Panicoid 

class (Twiss et al. 1969; Twiss 1992.) Rectangular and conical bodies were 

described as sinuates, rectangles and rondels, and correspond with Twiss’s Pooid 

phytoliths (Twiss 1992). The description of Mulholland’s saddle type is based on the 

concavo-convex outline of its cross-section and is equivalent to Twiss’s Chloridoid 

class (Twiss et al 1969; Twiss 1992). Fredlund and Tieszen (1994) identified nine 

diagnostic short cell phytolith types, namely conical, keeled, pyramidal, crenate, 

Stipa-type, simple-lobate, panicoid-type, cross and saddle. They made several 

comparisons. The conical morphotype correspond with Mulholland’s rondel type 

(Mulholland 1989). The keeled morphotype is also equivalent to Mulholland’s rondel 

type as well as the elliptical and acicular types described by Twiss et al. (1969) The 
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pyramidal type is comparable to the rectangular and oblong types of Twiss et al. 

(1969), and the rectangular form described by Mulholland (1989). The crenate type is 

similar to Mulholland’s sinuate type and the oblong sinuous type defined by Twiss et 

al. (1969). Morphology of the Stipa-type bilobate is based on the symmetry of its 

cross-section, which has been described as distinctly trapezoidal (Brown 1984). The 

cross, simple lobate, Panicoid type lobate and Other lobate categories are regarded 

as typically, but not exclusively produced by the Panicoid subfamily (Fredlund and 

Tieszen 1994). The saddle type is identical to that of Mulholland (1989) and Twiss 

(1992). In short, the results suggest that bilobate, polylobate and cross morphtypes 

are generally regarded as common in the Panicoideae subfamily, saddles are mainly 

produced by the Chloridoid subfamily, while the trapeziform, sinuate and rondel types 

are generally correlated with the Pooideae subfamily. More recent endeavors 

included methods to standardize the discipline with regards to identification, 

description and analytical methods (Madella et al. 2005). 

GSSC-phytoliths analysed in this study  
All phytoliths analysed in this study are the morphologically diagnostic silica bodies 

found in specialized silica short-cells (GSSC) that are located in both the costal zone 

and intercostal zones of the leaf epidermis (Metcalfe 1960). In conventional grass-

taxonomical studies, silica bodies are normally described as seen in surface (planar) 

view within the epidermis (Metcalfe 1960; Kok 1972; Ellis 1979). However, for this 

study, descriptions were made on the basis of three-dimensional shape and two-

dimensional outlines (Table 2), according to the guidelines provided by the 

International Code for Phytolith Nomenclature 1.0 (Madella et al. 2005). This included 
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studying both planar and transverse (side view) aspects of the phytolith types in order 

to interpret their three-dimensional appearances and distinctive two-dimensional 

characteristics (Twiss et al. 1969; Mulholland 1989; Fredlund and Tieszen 1994) 

(Figure 3 A). Here the procedure for phytolith description of Mulholland (1989) was 

followed (Figure 3). Short cell phytoliths were primarily described according to their 

abaxial / adaxial aspects, defined as the planar (surface) view or top view according 

to Mulholland (1989). The four sides connecting the planar aspect to the base of the 

silica body were described as side views for the long opposite faces, compared to 

end views for the short opposite faces. The figures are presented as composites of 

several photomicrographs (Figure 3 B, C).  

GSSC-phytoliths are geometric variations of cubes, rectangular to cylindrical bodies, 

truncated cones or beveled pyramids (Mulholland 1989), but according to their most 

basic outlines in planar view, GSSC-phytoliths can be divided into three fundamental 

categories: lobate-shaped, saddle-shaped and trapeziform-shaped (Twiss 1992). 

Because of the effects of multiplicity and redundancy, an effort was made to classify 

the morphotypes in a simplified system, without considering any taxonomical 

affiliations. Thus, eleven morphotypes, identified as consistent occurrences in the 

GSSC-phytolith suite, were divided into a Lobate, Saddle and Trapeziform class. 

Each class corresponded to morphologically affiliated types that, as a group, form a 

transitional range of shape variation (Mulholland 1989). It has been suggested that 

the concavity in the outer surfaces of these morphotypes is not related to specific 

morphological characteristics, but rather to external factors like dehydration (Ellis 

1979). 
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 Lobate Class 
The Lobate class is represented by morphotypes with trough-shaped outer surfaces, 

distinctive central portions and nodular structures, namely Bilobates, Polylobates and 

Crosses (Figure 4). The Bilobate is perhaps the most diagnostic GSSC-phytolith 

type. It consists of two lobes separated by a central portion of varying length and 

thickness, also referred to as a neck, shank, shaft or isthmus (Ellis 1979; Mulholland 

1989). The planar surfaces and lateral walls of Bilobates are normally concave. In 

planar view, the terminal margins of the lobes are mostly rounded but occasionally 

displayed indentations. Three basic variants were recognized in this study, based on 

the dimensions of the central portion or neck between the lobes, and the outline 

symmetry of the planar surface.  

Bilobate variant 1  
The Variant 1 Bilobate has a comparatively elongated central portion (Figure 4, 1-2). 

The length of the central portion is defined as more than one third of total length of 

body. It possesses orbicular lobes that are symmetrical in planar view. It also has a 

lateral plane of symmetry with the length of central portion or shank equal or greater 

than one third of total length of body. This morphotype category includes the Aristida 

-type dumbbell described by Mulholland (1989) and Fredlund and Tieszen (1994) and 

corresponds to types 3c and 3e in Twiss et al. (1969) and Twiss (1992).  

Bilobate variant 2 
The Variant 2 Bilobate has a comparatively short central portion (Figure 4, 3 – 12). 

The length of the central portion is defined as equal or less than one third of total 

length of the body. The category includes Bilobates with orbicular to ovate lobes that 

are symmetrical in planar view. The side view presents a lateral plane of 
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symmetry. This morphotype is equivalent to the Panicoid and Chloridoid dumbbells in 

Mulholland (1989) and types 3b, 3d and 3f in Twiss et al (1969) and Twiss (1992). 

This category also includes the Stipa-type Bilobate, a predominantly pooid 

morphotype, which appear trapezoidal or tabular in side view with generally ovate to 

scutiform lobes (Mulholland 1989; Fredlund and Tieszen 1994). This type is not 

exclusive to Stipa but is also produced by C3-taxa, including Chaetobromus 

involucratus, Schismus barbatus and Pennisetum glaucocladum (Appendix 1). 

Bilobate variant 3 
The Variant 3 Bilobate is always asymmetrical in planar view with the length of its 

central portion less than one third of total length of body (Figure 4, 13 – 16). The side 

is either tabular or trapezoidal. This type is comparable to the irregular complex 

dumbbell recognized by Twiss et al. (1969) and the ‘Other lobate’ category in 

Fredlund and Tieszen (1994).  

Polylobate 
Polylobates have more than two lobes and distinctive central portions between the 

lobes to distinguish it from sinuate trapeziform short cells (Figure 4, 17 – 20). They 

have well-developed lateral planes of symmetry with tabular outlines in side view. It is 

equivalent to type 3i in Twiss et al. (1969).  

Cross 
Description of the Cross morphotype is follows Mulholland (1989). Crosses are 

usually equidimensional in planar view and are distinguished by the presence of four 

lobes that can range from symmetrical to irregular in shape (Figure 4, 21 – 26). 

Lobes can be rounded or pointy with a moderately defined central portion. This 
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category corresponds with type 3a in Twiss et al. (1969) and Twiss (1992).  

 Saddle Class 
The Saddle class is represented by equidimensional bodies, also with concave outer 

surfaces, that are distinguished mainly by their planar outlines (Figure 5). Numerous 

types have been described. Brown (1984) listed eleven types and Thorn (2004a) 

described three kinds, a narrow base, wide base and tabular variant, based on the 

proximo-distal dimensions of the silica body. A diagnostic feature distinguishing 

Saddles from the Trapezoid type in the Trapeziform class, is its comparatively shorter 

proximo-distal length (Figure 6). 

Saddle Variant 1 
The body is trapezoidal in side view and exhibits a concave base and plateau that 

varies from square to rectangular in planar view. The base can widen or taper distally 

and is rarely vertical, thus including all three variants described by Thorn (2004a, 

2004b). The plateau has rounded corners, with two or sometimes only one medially 

constricted margin (crescent-shaped), and two sides that are always moderately 

convex (Figure 6).  

Saddle Variant 2 
The body is trapezoidal in side view and exhibits a concave base and plateau that 

vary from square to rectangular in planar view. The plateau has rounded corners with 

no constricted margins (Figure 7). This category includes all three variants described 

by Thorn (2004). 

 Trapeziform Class 
The Trapeziform class includes more heterogeneous morphotypes that are also 

 48

 



 

regarded as geometrically uncomplicated (Mulholland 1989) (Figure 8). Except for 

the Rondel, all the Trapeziform morphotypes exhibit quadrilateral dimensions in 

planar view. Definition of subcategories is based on constantly recurring 

morphological occurrences. 

Trapezoid 
Trapezoids are six-sided, square or rectangular silica bodies with few sides parallel. 

Planar margins are angular and not medially constricted (Figure 8, 1 – 12). The 

proximo-distal length of the silica body is generally longer compared to Saddle types. 

The Trapezoid category is equivalent to types 1b,1d and 1f in Twiss et al (1969), the 

rondel types described by Mulholland (1989), the conical and pyramidal types in 

Fredlund and Tieszen (1994) and rondel types g, h and i in Thorn (2004a).  

Rondel 
The Rondel is cylindrical or semi-cylindrical, tapers distally, and resembles a 

truncated cone (Mulholland 1989). It is circular, elliptical or acicular in planar view 

(Figure 8, 13 – 18). This morphotype compares to type 1a in Twiss et al. (1969) and 

the conical type in Fredlund and Tieszen (1994).  

Oblong 
The Oblong category includes six-sided silica bodies that are at least twice as long as 

broad with parallel or nearly parallel sides (Figure 8, 19 – 27). This category is 

defined as having smooth, sinuous or crenate planar edges and trapezoidal cross-

sections. It corresponds with types 1c, 1g and 1h in Twiss et al. (1969), and the 

“longer forms with more polygonal cross-sections” in Mulholland (1989, p 495). This 

includes Mulholland’s sinuate type which is comparable to the crenate types in 
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Fredlund and Tieszen (1994). 

Reniform 
The Reniform type is essentially a crescent-shaped Trapezoid with angular planar 

margins and one medially constricted edge (Figure 8, 28 – 31). This morpotype is 

comparable to type 1e in Twiss et al. (1969) and the rondel types in Mulholland 

(1989). 
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Figure 3. Orientation of short cell phytoliths. Abaxial / adaxial aspects, are 
defined as the planar view (surface or plateau) or top view (A) according to 
Mulholland (1989). The four sides connecting the planar aspect to the base of 
the silica body are described as side views for the long opposite faces, 
compared to end views for the short opposite faces (B,C). 
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Figure 4. The Lobate Class. Bilobate variant 1: (1) planar view; (2) side view. 
Bilobate variant 2: (3-7) planar view; (8-10) oblique view; (11-12) side view. 
Bilobate variant 3: (13-15) planar view; (16) oblique view. Polylobate: (17-18) 
planar view; (19-20) oblique view. Cross: (21-24) planar view; (25) side view; 
(26) oblique view. The so-called Stipa-type is represented by 7, 11-12 and 18.   
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Figure 5. The Saddle Class. Saddle variant 1: (1-5) planar view; (6-8) side view; 
(9) end view; (10) oblique view. Saddle variant 2: (11-13) planar view; (14-15) 
side view. 
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Figure 6. Distinguishing  morphological features of the Saddle Variant 1.  

 

 

Figure 7. Distinguishing  morphological features of the Saddle Variant 2. 
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Figure 8. The Trapeziform Class. Trapezoid: (1-4) planar view; (5-6) oblique 
view; (7-12) side view. Rondel: (13-14) planar view; (15-17) oblique view; (18) 
side view. Oblong: trapeziform sinuate, (19-21,26) planar view; trapeziform 
smooth, (22, 25, 27) oblique view; trapeziform polylobate, (23, 24) oblique view; 

 55
Reniform: (28-30) planar view; (31) side view. 
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Quantitative analyses  
Introduction 

The degree of association between eleven GSSC-phytolith morphotypes, according 

to their association with each other, their association at subfamily level, and their 

correspondence with ecological adaptations of the grasses that produce them, was 

evaluated with several statistical techniques in STATISTICA 7.0, using the StatSoft, 

2005 software package. Trends in the association through recurrence or frequency 

(Table 3 and 5), and association based on relative abundance (Table 4 and 6), 

between GSSC-morphotypes and between GSSC-morphotypes and subcategories, 

were recorded and explored with one-way ANOVA tests and ordination using 

correspondence analysis. 

Analysis of variance 
Potential significance of differences in the relative abundance of GSSC-morphotypes 

in grass species (Table 4 and 6) was investigated using analyses of variance (one-

way ANOVA tests). This was accomplished by comparing the number of GSSC-

phytoliths calculated from the grass epidermal slides, in a one-way ANOVA to test 

significant differences of each morphotype within the categories, subfamily, 

photosynthesis, rainfall and habitat. Each ANOVA test was further analyzed with 

Tukey’s post hoc Honestly Significantly Different (HSD) test for uneven sample sizes 

between pairs of subcategories for each morphotype.  

Correspondence Analysis 
The results were analyzed and illustrated with Correspondence Analysis (CA). Six 
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sets of CA were 

morphotypes identifi

significantly differen

Results 

der correlation-coefficient, rs, was used to test 

the relationship between GSSC-morphotype association through rate of recurrence 

performed, one for each category. CA i

ed in the ANOVA and subsequent Tukey’s HSD tests, which 

ncluded only the 

tiate betwe he level of significance was 

e relationships between column and row data are explored 

causal relationship inferred between row and column 

en subcategories. T

restricted by using only those morphotypes found to significantly separate a third or 

more subcategory pairs in the one-way ANOVA.  

CA is a multivariate ordination technique that identifies underlying similarities within 

specifically constructed datasets, just as principal components account for maximum 

variance between datasets (Greenacre 1984). CA is a suitable ordination technique 

in dealing with nonlinear data. For comparison and classification in this study, CA 

displays different communities along axes, so that communities that resemble each 

other the most on the basis of phytolith composition are grouped closer together. 

Presented in table form, th

simultaneously, with no prior 

data. For graphical display, two dimensions are used to give a reduced rank 

approximation to the data, even though it identifies the lines of best fit within a 

multidimensional cloud of data points (STATISTICA 7.0 Statistics Manual). When 

plotted on two dimensions, the subcategories that fall closest together are most 

similar in terms of their morphotype association. Morphotypes are also plotted, with 

subcategories falling closest to them most affected by their inertia (contribution to 

variation).  

A non-parametric Spearman’s rank-or
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riation between the two datasets, 

the Variant 1, Variant 2 Bilobate and 

Oblong morphotype. The Cross was restricted to Lobate-morphotype producing 

grasses, and recorded in 15.8% (n = 139) of species that generate the Variant 2 

(Table 3) and GSSC-morphotype association through relative abundance (Table 4). 

This was carried out with the consideration of the null hypothesis that no real 

association exists between GSSC-morphotype association through rate of recurrence 

and the relative abundance of GSSC-morphotypes. Results showed a highly 

significant linear relationship with positive cova

which suggests that for each morphotype, frequency values accompany relative 

abundance values (Table 7, Appendix 4).   

Association between Morphotypes 
The results of the analysis of association between morphotypes through rate of 

recurrence are summarized in Table 3. The Variant 1 Bilobate recurred in 23.5% of 

species that produce the Polylobate (n = 51), but was not found in species that 

produce the Variant 2 saddle (n = 46), Trapezoid (n = 70), Rondel (n = 24) and 

Oblong (n = 26) morphotype. The Variant 2 Bilobate recurred in over 70% of species 

that produce the Variant 3 Bilobate (n = 40), Polylobate (n= 51) and Cross (n = 25) 

morphotype. Between 20% and 30% of species that generate the Trapezoid (n = 70), 

Rondel (n= 24) and Oblong (n = 26) morphotypes, also produce the Variant 2 

bilobate. Variant 3 Bilobates were not found in species that produce the Variant 2 

Saddle (n = 46). The Polylobate was absent in species that produce the Saddle and 

Rondel morphotypes, but respectively occurred in 26.9% (n = 52), 24.5% (n = 139) 

and 26.9% (n = 26) of species that generate 

Bilobate and 15% (n = 40) of species that produce the Variant 3 bilobate. The 
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orm (n = 37) morphotype, but was absent 

 The Trapezoid morphotype was 

Saddles were inclined to group together, with the Variant 1 type occurring in 43% (n 

= 49) of species that produce the Variant 2 Saddle, while the latter was found in 

34.7% of species that generate the Variant 1 Saddle. Otherwise, the Variant 1 Saddle 

was restricted in its association by occurring in only 1.9% of the producers of the 

Variant 1 Bilobate (n = 52) and in 2.7% (n = 37) of species that produce Reniform 

morphotypes. The Variant 2 Saddle respectively occurred in 25% and 27% of species 

that produce the Rondel (n = 24) and Renif

in producers of Cross and Oblong morphotypes.

recorded in 62.5% (n = 24) of Rondel-producing species, 53.8% (n = 26) of Oblong 

producers and 73% (n = 37) of species that generate the Reniform morphotype.  

Several trends were observed when the relative abundance of GSSC-phytoliths was 

calculated for each morphotype and compared with each other in a one-way ANOVA 

(Table 4, Appendix 6). There is no significant correlation between relative abundance 

and sample size (r = 0.4070, p = 0.2241), indicating that the proportional 

representation of GSSC-morphotypes were not influenced by differences in sample 

size (Figure 9). The results showed that the 1st and 2nd Bilobate Variant, as well as 

the Variant 1 Saddle, was produced in higher quantities compared to the rest of the 

morphotypes (Figure 10). The Bilobate Variant 1 accounted for 73% of all the 

morphotypes in the species that produce them (s.e. = 4.37; n = 52), the Variant 2 

Bilobate nearly 70% (s.e. =2.51; n = 139), and 85% for the Variant 1 Saddle (s.e. = 

3.02; n = 48). Grasses that generate the Variant 3 Bilobate, Polylobate and Cross, 

tend to produce more quantities of the Variant 2 Bilobates. As a result, representation 

of the Variant 3 Bilobate, Polylobate and Cross morphotypes by the species that 
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ate, 

produce them, were comparatively low (Figure 10). In contrast, the Variant 3 

Bilobate, Polylobate and Cross contributed only about 17% of the total number of 

morphotypes produced by grasses that generate the Variant 2 Bilobate. This 

suggests a possibly meaningful, but one-way association between the Variant 3 

Bilobate, Polylobate and Cross morphotypes and the Variant 2 Bilobate. The Variant 

2 Saddle accounted for 50% (n = 46) of all the GSSC-morphotypes by the species 

that produce them. Variant 2 Saddle producers also generated the Variant 1 Saddle 

(28%, s.e. = 5.53), and most of the Trapeziform morphotypes (21%), but almost no 

Lobate morphotypes (0.8%, s.e. = 0.65). The Trapeziform class of morphotypes is 

produced by grasses that also tend to frequently generate the Variant 2 Bilob

albeit in comparatively low quantities. The Trapezoid morphotype represented 46% 

(s.e. = 3.63, n = 70) of the total number of morphotypes in the species that produce 

them. The rest were mostly made up of the Variant 2 Bilobate (11.76%), Rondel 

(9.34%), Oblong (10.41%) and the Reniform (15.42%). The Variant 1 Bilobate, Cross 

and Variant 1 Saddle were not produced by these grasses. Grasses that produce the 

Rondel (40%, s.e. = 6.86, n = 24), also generated comparatively high amounts of 

Trapezoid morphotypes (36.5%). The Oblong accounted for 59.0% of all the GSSC-

morphotypes in the species that produce them (s.e. = 6.83; n = 26). Cross and 

Saddle morphotypes were absent in the Oblong producers. The Reniform 

morphotype accounted for only 29% (s.e. = 3.75, n = 37) of the morphotypes 

epresentation (quality ≥ 0.767). Almost 27% of the total inertia (Dimension 1) is 

driven by the difference in association between Lobate and non-Lobate morphotypes 

and in the species that produce them, with 38% (s.e. = 5.12) made up of Trapezoid 
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The first CA, which was carried out using the morphotypes found to be significant in 

the ANOVA, resulted in two dimensions explaining a cumulative 48.94% of inertia 

with a total of ten dimensions extracted (Table 9, Fig 11). The structure of the 

relationships indicated clustering of the Lobate, Saddle and Trapeziform morphotype 

classes, marked by the Variant 1 Saddle and Trapezoid morphotypes and reflecting 

the highest quality of 22% (Dimension 2) by a difference in association between 

Trapeziform and non-Trapeziform morphotypes. 

The association between GSSC-morphotypes and six different subfamilies based on 

morphotype rate of recurrence are summarized in Table 5. The Variant 1 Bilobate 

was recorded in at least 30% of Aristidoid (n = 29) and Panicoid species (n = 104). 

This concurs with the observation that the long-necked type is prevalent in the C4, 

arid-adapted Aristida genus (Mulholland 1989; Gibbs Russell et al. 1991). The 

Variant 2 Bilobate is even more common, being recorded in all six subfamilies, but 

occurring more frequently in the Danthionoideae (53% of species, n = 65), the 

Ehrhartoideae (72% of species, n = 18) and the Panicoideae (74% of species, n = 

104), It occurs less frequently in the Aristidoideae (10% of species, n = 29) and 

Chloridoideae (16% of species, n = 62). Occurrence of the Variant 3 Bilobate is 

morphotypes.  

One-way ANOVA of the relative abundance of GSSC-morphotypes phytoliths in the 

Morphotype dataset (Table 4) demonstrated that the proportional representation of 

each phytolith morphotype is significantly different (p < 0.05) among the eleven 

subcategories (Table 8, Appendix 6).  

Association between Morphotype and Subfamily  
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the Danthionoideae (24% of species, n = 65) and Ehrhartoideae (27% 

 categories, the Variant 1 Saddle is probably 

the most selective morphotype, occurring only in the Aristidoideae (13% of species, n 

= 29) and Chloridoideae (78% of species, n = 62). This trend is more or less similar 

for the Variant 2 Saddle, which also occur almost exclusively in the Aristidoideae 

(72% of species, n = 29) and Chloridoideae (24% of species, n = 62). The Trapezoid 

is not found in the Chloridoideae, but common in the Danthionoideae (40% of 

species, n = 65) and Ehrhartoideae (55% of species, n = 18) and Pooideae (54% of 

species, n = 31). The Rondel is absent in the Chloridoideae and Panicoideae. More 

than 70% of species belonging to the Pooideae, and 22% of species belonging to the 

rphotype. The 

Reniform is mainly produced by the Danthionoideae (33% of species, n = 65) and 

Ehrhartoideae subfamilies (33% of species, n = 18).  

The relative abundance of GSSC-phytoliths calculated for each Subfamily 

subcategory is provided in Appendix 7 and summarized in Table 6. The long-necked 

Variant 1 Bilobate represented more than 20% of the total number of morphotypes 

counted in the Aristidoideae (s.e. = 8.08, n = 29) and Panicoideae (s.e. = 3.52, n = 

102). The Variant 2 Bilobate represented 40.6%, of the total number of morphotypes 

counted in the Danthionoideae (s.e. = 5.22, n = 65), 37.5% in the Ehrhartoideae (s.e. 

= 7.67, n = 18) and 53.7% in the Panicoideae (s.e. = 4.04, n = 102). Despite their low 

highest among 

of species, n = 18). The Polylobate is uncommon in the Aristidoideae and 

Chloridoideae, but prevalent in the Panicoideae (31% of species, n = 104) and the 

Pooideae (25%, n = 31). The Cross is primarily produced in the Panicoideae (19%, n 

= 104). Out of the eleven morphotype

Ehrhartoideae subfamily (n = 31) were found to produce the Oblong mo
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antly differentiated in terms of 

values, the Variant 3 Bilobate and Polylobate respectively represented the highest 

count in the Ehrhartoideae (10.6%, s.e = 5.03, n = 18) and Panicoideae (11.4%, s.e = 

2.40, n = 104). The Cross morphotype was mainly produced by the Panicoideae 

(6.8%, s.e. = 1.64, n = 104). The two Saddle variants respectively represent 69.9% 

and 59.8% of the total number of morphotypes counted in the Chloridoideae (s.e. = 

5.03, n = 62) and Aristidoideae (s.e. = 8.12, n = 29). The Trapezoid morphotype was 

relatively abundant in the Danthionioideae (23.9%, s.e. = 3.97, n = 65), 

Ehrhartoideae (26.5%, s.e. = 6.52, n = 18) and Pooideae (22.4%, s.e. = 5.17, n = 31), 

but the Oblong represented 43.8% of the total number of morphotypes counted in the 

Pooideae (s.e. = 7.55, n = 31). 

One-way ANOVA indicated that only the Variant 3 Bilobate (p = 0.2381) was not 

significantly different between the six subfamilies included in the study (Table 10). 

The Tukey’s HSD tests also showed that the Polylobate was not significantly different 

among a third or more subcategory pairs (Appendix 8). These two morphotypes were 

left out of the subsequent CA. The Tukey’s HSD tests further indicated that the 

Aristidoideae subfamily were the most often signific

Variant 1 Bilobate, Variant 2 Bilobate and Variant 2 Saddle representation (Appendix 

8). The Chloridoideae subfamily was the most often significantly differentiated by the 

Variant 1 Saddle. The Danthionoideae was most frequently different from other 

subfamilies in terms of the Variant 2 Bilobate, Rondel and Reniform morphotypes. 

Trapezoids and Rondels most frequently discriminated between the Ehrhartoideae 

and the rest of the subfamilies. The Panicoideae subfamily was the most often 

significantly differentiated by the Cross, the Variant 1 and Variant 2 Bilobate, while 
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 (Table 11, Column coordinates). The association 

 

the Pooideae was most frequently differentiated by the Trapezoid and Oblong 

morphotypes. Overall, the two Saddle variants, the Trapezoid and the Oblong 

provided the most differences between subcategory pairs.  

The second CA, which was carried out using only those morphotypes found to be 

significant in the ANOVA test for the Subfamily -subcategories, show two dimensions 

that explain a cumulative 71.71% of inertia, with a maximum of five dimensions that 

can be extracted to reconstruct the frequency table (Table 11, Eigenvalues). As 

expected, those variables found to be significantly different between the most 

subfamilies delivered the highest contribution to total relative inertia, such as the 

Variant 1 Saddle morphotype

between subfamily and morphotype was plotted on the first two dimensions in Figure 

12 and confirmed by maximum row percentage values (Table 11, Percentages of row 

totals). The Variant 1 Bilobate affiliated strongly with Aristidoideae (25.0%), the 

Variant 2 Bilobate with Panicoideae (62.5%), the Variant 1 Saddle with Chloridoideae 

(72.9%), the Trapezoid morphotype with Ehrhartoideae (30.4%) and the Oblong 

morphotype with Pooideae (49.7%). Inertia created by the matrix provided a first 

dimension that accounted for 48.93%, and a second dimension that accounted for 

22.78% of the total inertia (Figure 12). The first dimension correspond to a C4 / C3 - 

gradient , with the two Saddle Variants representing predominantly C4 subfamilies on 

the left side of the plot (positive values) and the Rondel, Trapezoid and Oblong 

morphotypes representing predominantly C3 subfamilies on the right side of the plot 

(negative values).  

 



 

Ecological Categories 
Association between Morphotype and Photosynthetic pathway 
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Association between GSSC-phytoliths through their rate of recurrence (Table 5) 

indicated that the Variant 1 Bilobate mainly recur in the NADP-subcategory (37% of 

species, n = 28) and least in the C3-subcategory (3% of species, n = 127). 

Recurrence of the Variant 2 Bilobate was comparatively frequent in the C3- (28% of 

species, n = 127), NAD- (20% of species, n = 42) and PCK-subcategory (29% of 

species, n = 16), but very common in the NADP-subcategory (69% of species, n = 

28). Recurrence of the Variant 3 Bilobate and Cross morphotype however, was 

generally low among all the subcategories (≤ 16% of species). The Polylobate 

persisted mainly in the NADP-subcategory (22% of species, n = 28) compared to the 

other subcategories (≤ 11% of species). The Variant 1 Saddle was significantly 

absent from the C -subcategory, extremely rare in the NADP-subcategory, and 

species, n = 16). Recurrence of the Variant 2 Saddle was also very high in the NAD- 

(43% of species, n = 42) and PCK-subcategories (22% of species, n = 16) and rare in 

the C3- and NADP-subcategories. The Trapezoid and Reniform morphotype 

respectively persisted in 22% and 17% of species in the C -subcategory (n = 127), 

but in less than 8% in the rest of the subcategories. Recurrence of the Rondel and 

Oblong morphotypes was generally low among all the subcategories (≤ 10% of 

species). 

nce reflected by GSSC-phytoliths in the Photosynthesis-category 

(Table 6, Appendix 9) showed that the Variant 1 Bilobate and Trapezoid morphotypes 

3

predominant in the NAD- (54% of species, n = 42) and PCK-subcategories (55% of 

3

The relative abunda
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(s.e. = 3.38, n = 127) and 23.6% (s.e. = 2.78, n = 

he Saddle 

Variant 1 (43.0%, s.e. = 7.06, n = 42) and Variant 2 (35.9%, s.e. = 2.20, n = 42) made 

the the biggest contribution to the NAD-subcategory.  Trapeziform-class morphotypes 

were significantly absent in this subcategory. The Variant 2 Bilobate represented 

55.3% (s.e. = 8.01, n = 28), and the Variant 1 Bilobate 25.5% (s.e. = 7.31, n = 28) of 

A bivariate plot of the relative abundance of morphotypes with mean carbon isotope 

ratios, shows clear variation in δ 13C values along a morphological gradient ranging 

from predominantly C3 Trapeziform class morphotypes to predominantly C4 Lobate 

and Saddle morphotypes (Table 12, Figure 13). The one-way ANOVA for the 

Photosynthetic pathway-category, including both C and C subcategories revealed 

that the Variant 3 Bilobate (p = 0.28630) is not significantly different between 

subcategories (Table 13). The Tukey’s HSD tests also indicated that the Cross and 

Rondel morphotypes is not significantly different between a third or more subcategory 

pairs (Appendix 10). The C3-subcategory was the most frequently differentiated by 

the Trapezoid and Oblong morphotypes, the NAD-subcategory by the Variant 2 

Saddle, the PCK-subcategory by the Variant 1 Saddle, and the NADP-subcategory 

by Bilobate Variants 1 and 2 (Appendix 10).  

respectively represented 30.8% 

127) of the total number of morphotypes counted in the C3-subcategory. T

the total number of morphotypes counted in the NADP-subcategory. All the Saddle- 

and Variant 1 Saddle represented 43.0% (s.e. = 11.50, n = 16), and Variant 2 

Bilobate 20.8% (s.e. = 9.06, n = 16) of the total number of morphotypes counted in 

the PCK-subcategory. The Trapeziform-class morphotypes were not represented in 

this subcategory. 

3 4 
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 indicated close alliances between the NADP-subcategory and the 

associated strongly with the NAD- and PCK-subcategories (Table 14, Percentages of 

row totals). The Variant 2 Saddle and Trapeziform morphotypes were mainly affiliated 

with the NAD- and C3-subcategories (37.2% and 27.7%, respectively). The first 

dimension in the CA accounts for 60.69% of the total inertia and clearly represents a 

temperature gradient, with mild to cooler growing conditions represented by Bilobate 

Variant 1 and 2 and the trapeziform morphotype (positive values), and warm to hot 

growing conditions, represented by the two Saddle Variants (negative values). The 

second dimension (36.30% of total inertia) reflects differences between 

photosynthetic pathways, with primarily C4 grasses represented by the two Bilobate 

and Saddle Variants (positive values), and predominantly C3 grasses represented by 

the Trapeziform, Oblong and Reniform morphotypes (negative values). 

By not including the Variant 3 Bilobate, Cross and Rondel morphotype, the third CA 

resulted in two dimensions explaining a cumulative 96.98% of total inertia, with a 

maximum of three dimensions extracted, and thus reflecting the use of only 

significant morphotypes (Table 14, Eigenvalues). The two-dimensional solution 

represented the row and column points very well (quality for all points ≥ 0.824). 

Contributions to the highest relative inertia were provided by the morphotypes found 

to be significantly different between the most subcategories, namely the Variant 1 

and 2 Saddle and Trapezoid morphotypes (Table 14, Column coordinates). The 

association between the Photosynthetic pathway -category and the remaining GSSC-

morphotypes was plotted on the first two dimensions (Figure 14). Maximum row 

percentage values

Variant 1 (27.5%) and Variant 2 Bilobate (59.8%), while the Variant 1 Saddle 
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As a result the fourth CA offered two dimensions explaining a cumulative 100% of 

inertia (Table 16, Eigenvalues) and consequently, the two-dimensional solution 

represented the row and column points very well (quality for all points = 1.0). 

Contributions to the highest relative inertia ( ≥ 0.242) were provided by the Variant 1 

and 2 Saddle (Table 16, Column coordinates). The first dimension accounts for 

95.40% of the inertia and represents a biochemical gradient in grasses between 

aspartate formers (NAD and PCK), marked by the two Saddle Variants, and malate 

formers (NADP), marked by the Variant 1 Bilobate (Figure 15).  

Association between Morphotype and Rainfall 

es (20%, n = 

One-way ANOVA conducted for the Photosynthetic pathway category using only C4 

subtypes, expectedly revealed that the Variant 3 Bilobate, as well as the 

morphotypes corresponding with the C3-subcategory in the preceding CA, are not 

significantly different between subcategory pairs. In addition, the Tukey’s HSD test 

singled out the Cross morphotype as not significantly different between subcategory 

pairs (Appendix 11).  

Association through the rate of recurrence between phytolith morphotypes and 

Rainfall-subcategories (Table 5) demonstrated that the Variant 1 Bilobate (22%, n = 

176) and Polylobate (19%, n = 176) recurred mainly, but moderately in the in the 

>500mm S – subcategory. The Variant 2 Bilobate (49%, n = 176), recurred strongly 

in the in the >500mm S – subcategory, as well as in the <500mm S -subcategory 

(45%, n = 97) and >40% W –subcategory (49%, n = 125). Recurrence of the Variant 

1 (35%, n = 97) and Variant 2 Saddle (23%, n = 97) was highest in the <500mm S –

subcategory. The Trapezoid (32%, n = 125) and Reniform morphotyp
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ee of the subcategories (> 29% of total GSSC-morphotypes 

well as the Rondel 

-subcategory was the most 

125) were most common in the >40% W –subcategory. Recurrence of the Variant 3 

Bilobate, Cross, Rondel and Oblong morphotypes is generally low in all the 

subcategories (≤ 16% of species).  

Relative abundance of GSSC-morphotypes calculated for the Rainfall-category 

(Table 6, Appendix 12) showed that the Variant 2 Bilobate was the predominant 

morphotype in all thr

counted). Other morphotypes with high values were both Saddle Variants in the 

>500mm S – subcategory (27.7%, s.e. = 4.28 and 15.7%, s.e. = 3.37, n = 97), the 

Variant 1 Bilobate in the >500mm S – subcategory (16.6%, s.e. = 2.57, n = 176) and 

the Trapezoid morphotype in the >40% W –subcategory (17.4%, s.e. = 2.62, n = 

125). 

Altogether five morphotypes were shown not to be significantly different (p < 0.05) 

between subcategory pairs in the one-way ANOVA test for the rainfall category, 

namely the Variant 2 and 3 Bilobate, Polylobate, Cross as 

morphotype (Table 17, Appendix 13). The >500S

frequently differentiated by the Variant 1 Bilobate and the Variant 1 and 2 Saddle. 

The <500S-subcategory was most frequently differentiated by the Variant 2 Saddle 

and the >40%W-subcategory by the Trapezoid and Reniform morphotypes (Appendix 

13). The fifth CA was carried out using only those morphotypes found to be 

significant in the ANOVA test for the Rainfall-subcategories. The first two dimensions 

of the CA explained a cumulative 100% of inertia, confirming the significance of the 

morphotypes with high-quality representation of row and column points (quality for all 

points = 1.0) (Figure 16 and Table 18, Eigenvalues). The Variant 1 Saddle 
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ddle and <500S-subcategory (52.1%). Additional 

buting 22.48% of the total inertia) possibly reflects differences in precipitation 

patterns, with comparatively high rainfall conditions represented by the Variant 1 

Bilobate (positive values) and low rainfall conditions represented by the two Saddle 

Variants (negative values). 

Recurrence of GSSC-morphotypes amongst Habitat-subcategories (Table 5) 

revealed that the Variant 1 Bilobate was moderately frequent in the Desert grasses 

(19% of species, n = 26), Savanna grassland (22% of species, n = 157), Grassland 

biome (23% of species, n = 134), High altitude grassland (22% of species, n = 18) 

and Shady habitat –subcategories (25% of species, n = 43). The Variant 2 Bilobate 

recurred in 50% or more species in the Savanna grassland (n = 157), Fynbos 

grasses (n = 104), Forest grasses (n = 15), Damp soils (n = 82) and Swamps/Vleis –

subcategories (n = 21).  Representation of the Variant 3 Bilobate was modest in the 

contributed the most relative inertia (0.337). This was confirmed by maximum row 

percentage values (Table 18, Percentages of row totals) which suggested a strong 

affiliation between the Variant 1 Sa

associations were between the Variant 1 Bilobate and >500S-subcategory (34.8%), 

the Variant 2 Saddle and <500S-subcategory (29.5%) and the Trapezoid morphotype 

and >40%W-subcategory (35.5%). In the two-dimensional matrix (Figure 16), the first 

dimension (contributing 77.52% of the total inertia) reflects a seasonal gradient, with 

cool, winter rainfall conditions represented by the Trapezoid, Oblong and Reniform 

morphotypes (negative values) and warm summer rainfall conditions represented by 

the Variant 1 and 2 Saddle morphotypes (positive values) The second dimension 

(contri

Association between Morphotype and Habitat 
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sses (26% of species, n = 15) and Montane grassland –

rm morphotype in the Montane 

 

Forest grasses –subcategory (20% of species, n = 15) and comparatively low in the 

other subcategories (≤ 15%). Frequent occurrences of the Polylobate morphotype 

was recorded in the Grassland proper (22% of species, n = 134), Forest grasses 

(26% of species, n = 15), Swamps/Vleis (23% of species, n = 21) and Shady habitat 

–subcategory (39% of species, n = 43). The Variable 1 Saddle recurred most 

frequently in the Desert grasses (23% of species, n = 26), Nama-Karoo grasses 

(28% of species, n = 85), Savanna grassland (26% of species, n = 157), and 

Grassland biome –subcategory (20% of species, n = 134).  Subcategories Desert 

grasses (34% of species, n = 26) and Succulent Karoo grasses (32% of species, n = 

46), presented the highest recurrence of the Variant 2 Saddle, while the occurrence 

of the Trapezoid morphotype was most noticeable in the Fynbos grasses (32% of 

species, n = 104), Montane grassland (42% of species, n = 70) and High altitude 

grassland subcategory (55% of species, n = 18). The Oblong recurred most 

frequently in the Forest gra

subcategories (24% of species, n = 70) and the Renifo

grassland (30% of species, n = 70) and High altitude grassland subcategories (50% 

of species, n = 18). The Cross morphotype recurred most often in the Swamps/vleis 

–subcategory (19% of species, n = 21), but was otherwise comparatively uncommon 

(< 15% of species). 

Association between GSSC-morphotypes and Habitat-subcategories, based on the 

relative abundance of phytoliths (Table 6), indicated that the Variant 1 (18.9%, s.e. = 

7.16, n = 26) and Variant 2 Saddle (24.3%, s.e. = 6.72, n = 26) were most common, 

while the Variant 3 Bilobate, Polylobate, Rondel and Reniform morphotypes were 
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 Variant 1 Bilobate (21.8%, s.e. = 9.91, n = 18) and Trapezoid 

rare in the Desert grasses –subcategory. There were no Cross and Oblong 

morphotypes recorded in the Desert grasses –subcategory. The Succulent Karoo –

subcategory was best represented by the Variant 2 Bilobate (23.4%, s.e. = 5.12, n = 

46) and Variant 2 Saddle (24.3%, s.e. = 5.72, n = 46) morphotypes. The Variant 2 

Bilobate and Variant 1 Saddle respectively provided the highest values in the Nama-

Karoo grasses -subcategory (30.3%, s.e. = 4.26 and 22.6%, s.e. = 4.31, n = 85), 

Savanna grassland -subcategory (36.5%, s.e. = 3.41 and 23.9%,  s.e. = 3.28, n = 

157) and the Grassland biome subcategory (35.4%, s.e. = 3.59 and 18.0%, s.e. = 

3.18, n = 134). The Variant 2 Bilobate was also the most prominent morphotype in 

the Forest grasses –subcategory (36.7%, s.e. = 10.77, n = 15), whereas the Variant 2 

Saddle and Reniform morphotype were absent. The Variant 2 Bilobate and Trapezoid 

morphotype respectively accounted for the highest values in the Fynbos grasses –

subcategory (35.9%, s.e. = 3.92 and 16.8%, s.e. = 2.76 n = 104), and the Montane 

grassland –subcategory (24.3%, s.e. = 4.36 and 24.6%, s.e. = 3.92, n = 70). The 

Variant 2 Bilobate respectively accounted for more then 30% of the total number of 

GSSC-phytoliths counted in the Damp soils (36.4%, s.e. = 4.55, n = 82), 

Swamps/Vleis (40.2%, s.e. = 9.31, n = 21) and Shady habitat –subcategories (31.1%, 

s.e. = 5.65, n = 43). Maximum values in the High altitude grassland –subcategory 

were provided by the

morphotypes (25.5%, s.e. = 7.04, n = 18). 

The one-way ANOVA indicated that the Variant 3 Bilobate (p = 0.4110) and Cross 

morphotype (p = 0.1951) was not significantly different between the habitat 

subcategories included in the study (Table 19). Tukey’s HSD tests further 
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 a climatic gradient between C4 grassland 

demonstrated that the Variant 1 and 2 Bilobate, Polylobate, Rondel and Oblong 

morphotypes were significantly different between a third or less, subcategory pairs 

(Appendix 15) and were left out of the subsequent CA. The Variant 1 Saddle and 

Trapezoid most often significantly distinguish between the Savanna and Montane 

grassland subcategories, and the Variant 2 Saddle, between the Succulent Karoo 

and Desert subcategories. The Reniform morphotype most often significantly 

differentiate between the High altitude and Montane grassland subcategories. 

The sixth CA, carried out using only those morphotypes found to be significant in the 

ANOVA, resulted in two dimensions that explain a cumulative 94.64%% of inertia 

(Figure 17 and 18), with a maximum of three dimensions extracted (Table 20, 

Eigenvalues). The Variant 1 Saddle delivered the highest contribution to total relative 

inertia (0.400) (Table 20, Column coordinates), which is also reflected in the row 

percentage values (Table 20, Percentages of row totals). The row frequencies 

showed close association between the Variant 1 Saddle and the Savanna grassland- 

(77.4%) and Grassland biome –subcategories (74.6%). High affiliation values were 

also indicated between the Trapezoid morphotype and the Montane grassland- 

(64.6%) and High altitude grassland –subcategories (63.1%); and the Variant 2 

Saddle and the Desert grasses- (39.0%) and Succulent Karoo grasses –subcategory 

(48.4%). In the two-dimensional representation, the first dimension accounts for 

75.81% of the  total inertia and is driv en by

and savanna habitats, represented by the Variant 1 Saddle and primarily cool or wet 

C3 grassland habitats, represented by the Trapezoid morphotype (Fig 17 and 18). 

The second dimension accounts for 18.83% of the total inertia and may represent a 

 



 

surface temperature gradient that is evidently reflected in the percentage row values 

of the Variant 2 Saddle’s association with the Succulent Karoo grasses- (48.4%) and 

Forest grasses –subcategory (0.00%). 
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Table 7. Spearman's rank-order correlation between association through the 
rate of recurrence of GSSC-morphotypes (Table 3) and relative abundance of 
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GSSC-morphotypes (Table 4) in the sample (309 species). 
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igure 9. Bivariate plot of the number of morphotypes (mean %) with sample 
size. Regression line with 0.95 conf. int.;  r2 = 0.1657; r = 0.4070, p = 0.2241.   
F

 

 

 

 

 

 



 

 

 

Figure 10. Box plot with whiskers showing relative abundance of GSSC-
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morphotypes as a proportion of the total number of morphotypes in grasses 

 

 

 

 

 

that produce them. 

 

 



 

 

 

Table 8. One-way ANOVA of the number of morphotypes as a proportion of the 
total number of phytoliths produced by dataset of 309 grass species. Marked 
differences are significant at p < .05000. 
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able 9. Dimension contributions to inertia in CA for GSSC-morphotypes.The 
igenvalues are the squared singular values that add up to the Total Inertia 

which is listed in the header of the Eigenvalue spreadsheet below. Mass 

Quality reflects the quality of representation of each respective data point in 
 respective numbers of dimensions. A 

 

 

T
e

represents the row and column totals of the matrix of relative frequencies. 

the coordinate system as defined by the
low Quality means that the current number of dimensions does not well
represent the respective row or column. 

 



 

 

 

 

 

 

Figure 11. A two-dimensional distribution of CA demonstrating the relationship 
between GSSC-morphotypes. 
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Table 10. One-way ANOVA for the Subfamily category. Marked differences are 
significant at p < .05000. 
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able 11. Dimension contributions to inertia in CA using only morphotypes 
found to significantly differentiate between six subfamilies. The eigenvalues 
re the squared singular values that add up to the Total Inertia which is listed 
 the header of the Eigenvalue spreadsheet below. Mass represents the row 

and column totals of the matrix of relative frequencies. Quality reflects the 
quality of representation of each respective data point in the coordinate system 
as defined by the respective numbers of dimensions. A low Quality means that 

 

T

a
in

the current number of dimensions does not well represent the respective row 
or column. The row frequencies (percentage of row totals) are standardized, so 
that their sum in each row is equal to 100%. High row frequencies are marked.   

 



 

 

Figure 12. First two dimensions of CA using only morphotypes found to 
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significantly differentiate between six subfamilies.   

 



 

 

 

 

Figure 13. Bivariate plot of relative abundance of morphotypes and average 
carbon isotope δ 13C ratios in species that produce them. C3 grasses show an 

average of -26.5 %0 (δ< -20%0) and C4 grasses an average of -12.5 %0 (δ< -16 %0) 

(Vogel et al. 1978). 
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Table 12. Proportional representation of GSSC-morphotypes and their mean 
carbon isotope δ 13C ratio in %0. Delta value data from Vogel et al. (1978); Ellis 
et al. (1980) and Schulze et al. (1996). 
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able 13.  One-way ANOVA for the Photosynthetic pathway category, including 
both C  and C subcategories. Marked differences are significant at p < .05000. 
T

3 4 
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able 14. Dimension contributions to inertia in CA using only morphotypes 
found to significantly differentiate between C3 and C4 subcategories. The 

eigenvalues are the squared singular values that add up to the Total Inertia 

 

 

 

T

which is listed in the header of the Eigenvalue spreadsheet below. Mass 
represents the row and column totals ofthe matrix of relative frequencies.
Quality reflects the quality of representation of each respective data point in 
the coordinate system as defined by the respective numbers of dimensions. A 
low Quality means that the current number of dimensions does not well
represent the respective row or column. The row frequencies (percentage of 
row totals) are standardized, so that their sum in each row is equal to 100%. 
High row frequencies are marked.   
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Figure 14. First two dimensions of CA using only morphotypes found to 
significantly differentiate between C3 and C4 photosynthetic types. 

 

 

 

 

 



 

 

 

 

Table 15. One-way ANOVA for the Photosynthetic pathway category including 
only C4 subtypes. Marked differences are significant at p < .05000. 
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able 16.  Dimension contributions to inertia in CA using only morphotypes 
found to significantly differentiate between C4 subtypes. The eigenvalues are 

the squared singular values that add up to the Total Inertia which is listed in 
e header of the Eigenvalue spreadsheet below. Mass represents the row and 

column totals of the matrix of relative frequencies. Quality reflects the quality 

ans that the 

 

T

th

of representation of each respective data point in the coordinate system as 
defined by the respective numbers of dimensions. A low Quality me
current number of dimensions does not well represent the respective row or 
column. The row frequencies (percentage of row totals) are standardized, so 
that their sum in each row is equal to 100%. High row frequencies are marked.   
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Figure 15. First two dimensions of CA using only morphotypes found to 
significantly differentiate between C4 subtypes (aspartate (NAD & PCK) and 

malate formers (NADP). 
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able 17.  One-way ANOVA for the Rainfall category. Marked differences are 

 

T
significant at p < .05000. 
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able 18. Dimension contributions to inertia in CA using only morphotypes 
found to significantly differentiate between Rainfall subcategories. The 

eader of the Eigenvalue spreadsheet below. Mass 
represents the row and column totals of the matrix of relative frequencies. 

 

T

eigenvalues are the squared singular values that add up to the Total Inertia 
which is listed in the h

Quality reflects the quality of representation of each respective data point in 
the coordinate system as defined by the respective numbers of dimensions. A 
low Quality means that the current number of dimensions does not well
represent the respective row or column. The row frequencies (percentage of 
row totals) are standardized, so that their sum in each row is equal to 100%. 
High row frequencies are marked.   

 

 



 

 

 

 

Figure 16. First two dimensions of CA using only morphotypes found to 
significantly differentiate between Rainfall subcategories. 
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Table 19. One-way ANOVA for the Habitat category. Marked differences are 
significant at p < .05000. 
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able 20. Dimension contributions to inertia in CA using only morphotypes 
found to significantly differentiate between Habitat-subcategories. The 
igenvalues are the squared singular values that add up to the Total Inertia 
hich is listed in the header of the Eigenvalue spreadsheet below. Mass 

represents the row and column totals of the matrix of relative frequencies. 
uality reflects the quality of representation of each respective data point in 

the coordinate system as defined by the respective numbers of dimensions. A 
low Quality means that the current number of dimensions does not well 
represent the respective row or column. The row frequencies (percentage of 

 

T

e
w

Q

row totals) are standardized, so that their sum in each row is equal to 100%. 
High row frequencies are marked.   

 



 

 

Figure 17. First two dimensions of CA using only morphotypes found to 
significantly differentiate between Habitat subcategories (Trapezoid and 
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Reniform associations enlarged). 
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Figure 18. First two dimensions of CA using only morphotypes found to 
significantly differentiate between Habitat subcategories (Saddle Var1 
associations enlarged). 
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 and Conclusion 

Production and affiliation between GSSC- phytoliths 
Rates of morphotype production appear to be variable. Relative abundance values 

 

 

 

indicators at subfamily level (Appendix 8), namely the Variant 1 Saddle 

Discussion

indicate that the 1st and 2nd Bilobate Variant, Variant 1 Saddle as well as the Oblong 

morphotype, are produced in comparably higher quantities, while the Variant 3 

Bilobate, Polylobate and Cross, are produced in lower amounts by the species that 

produce them (Figure 10). However, the potential for bias as a result of variable 

production of GSSC-phytoliths in species is mitigated by the fact that positive

covariation is demonstrated between relative abundance and the rate of recurrence 

of the GSSC-morphotypes. Strong morphological affilation has been expressed by 

clustering of the Lobate, Saddle and Trapeziform morphotype classes in the first 

correspondence analysis (Figure 11), alluding to genetic control, which also suggests 

that association between GSSC-phytoliths is not completely random, as implied by 

the complexities of multiplicity and redundancy (Rovner 1983). 

The effects of multiplicity and redundancy are more noticeable at subfamily-level, 

because the hierarchal position of subfamily, as a taxonomic unit in biological

classification, is based on inherent, homologous characters other than phytolith 

morphology.  The original classification scheme by Twiss et al. (1969) has shown that 

several GSSC-phytolith morphotypes associate well with particular North American 

subfamilies, and mainly according to photosynthetic pathway. This trend is

corroborated by the study, which also indicates that as a result of multiplicity and 

redundancy, comparatively few  morphotypes appear to be really meaningful 
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e (Ehrhartoideae and Danthionoideae) and the Oblong 

morphotype (Po

y significant positive 

(Chloridoideae), Variant 2 Saddle (Aristidoideae), Variant 2 Bilobate (Panicoideae), 

the Trapezoid morphotyp

oideae).  

GSSC-phytoliths and the environment  
Inter-relationships based on GSSC-morphotype assemblages amongst the habitat-, 

rainfall- and photosynthetic pathway - categories, are illustrated in Figure 19. 

Dimension contributions to total inertia and the degree of separation shown by the 

two-dimensional plots in the six sets of CA, suggest that the GSSC-morphotypes 

selected to describe the different subcategories are ecologically appropriate, 

(cumulative percent inertia > 90% and number of dimensions extracted ≤ 3, Table 

21). It is evident that short cell phytolith association in grasses is primarily driven by a 

temperature gradient, marked by cool growing temperatures (as pointed out by the 

C3 photosynthetic pathway -category, versus warm growing temperatures (i.e. C4 

photosynthetic pathway) (Figure 19, Dimension 1). Rainfall seasonality and relative 

moisture, to a lesser extent, also contribute to the general pattern (Figure 19, 

Dimension 2). This observation is by and large supported b

correlation between C4 -species abundance and the <500mm summer rainfall niche 

(r2 = 0.6521; r = 0.8075, p = 0.0008), and significant negative correlation between C3-

species abundance and <500mm summer rainfall niche (r2 = 0.6427; r = -0.8017, p = 

0.0010) (Figure 20). One possible example of the influence of relative moisture is 

exemplified in the Chloridoideae where the marsh grass species, Sporobolus 

ludwiggi show Bilobate morphology, while Sporobolus panicoides, which do not occur 

in wet environments, essentially exhibit saddle-shaped GSSC-morphotypes 
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ator of mesic and warm-season, growing 

 towards a gradient between 

Applicability to fossil phytolith assemblages 

(Appendix 2). 

The Variant 2 Bilobate, Variant 1 Saddle, Variant 2 Saddle, Trapezoid and Reniform 

morphotypes affiliate with several subcategories, as opposed to the Variant 3 

Bilobate, Polylobate, Cross and Rondel morphotypes (Table 22). The Variant 1 

Bilobate appears to be a suitable indic

conditions, while the Variant 2 Bilobate seems to indicate

C4 aspartate formers and C3 grasses. The Variant 3 Bilobate bears no significance to 

any of the subcategories whereas the Cross and Rondel morphotypes contributes 

only on subfamily level with their association to the Panicoideae and Pooideae, 

respectively. The Variant 1 Saddle is a meaningful predictor of the Chloridoideae 

subfamily, warm and locally mesic to regionally dry summer rainfall conditions and 

environments related to Nama-Karoo and Savanna grass communities as well as the 

Grassland Biome. The Variant 2 Saddle is well-associated with the Aristidoideae 

subfamily, dry to arid summer rainfall conditions, as well as conditions related to 

Desert and Succulent-Karoo grass communities. The Trapezoid and Reniform 

morphotypes strongly associates with the Pooideae subfamily, C3, winter rainfall 

conditions, and environments relating to relatively moist, edaphic grasslands, forest 

habitats and montane grasslands. The Oblong morphotype is an appropriate 

indicator of the Pooideae subfamily and C3, winter rainfall conditions in general.  

It was demonstrated that grass short-cell phytoliths consistently follows meaningful 

environmental traits that are rooted in the relationship between phytolith shape and 

the ecological niche of grasses.  The thesis examined the predictive power of GSSC-
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llowed for comparison of geographically diverse grass phytolith 

tion 

stic animals is seen 

phytoliths within a quantitative model that successfully assigned ecological meaning 

to them, irrespective of taxonomic affiliation.  

The model a

assemblages from indigenous and endemic species, by converting them into one 

homogenous group represented by ecological categories. Consequently, this also 

applies to temporally diverse fossil assemblages, making it a potentially useful 

method for acquiring palaeoenvironmental data through GSSC-phytolith analysis. 

This implies the use of interpretive techniques to work backwards in time from the 

known present to the unknown past. To make extrapolations about the past, we must 

assume that the principles underlying the structure of natural systems in the past 

were the same as those of the present. Thus, inferences can be made about the 

palaeontological record with the knowledge of present processes (Sampson 1970).  

It is recognized that the effects of post-depositional processes on the preservation of 

fossil phytolith assemblages, are potential obstacles to refining scale in terms of 

localized conditions or longer term regional changes (Fredlund and Tieszen 1994). 

The ecological significance of modern GSSC-morphotypes provides a means to 

reconstruct palaeoenvironmental scenarios from fossil phytolith assemblages, albeit 

on a relatively wider scale, but using modern soil assemblages as a point of 

reference may also pose a problem. Environmental signals provided by modern soil 

assemblages affected by widespread human impacts on vegetation, may be skewed 

by underrepresentation (vegetation degradation, afforestation) or misrepresenta

(deforestation, crop cereals). For example, overgrazing by dome

as the main cause for vegetation degradation in the South African region, while 
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th Africa (Hoffman 1997). In the end, 

Conclusion 

researched. The investigations carried out in this study have increased our 

The central hypothesis, namely that the morphology of South African grass short-cell 

replacement of mostly fynbos and grassland by alien timber species comprises a 

combined area of over fourteen thousand square kilometers (Hoffman 1997) In 

addition, crop cultivation, including several kinds of cereals, make up close to fifteen 

percent of total potential arable land in Sou

interpretation of the scale represented by fossil phytolith assemblages is contingent 

on understanding the context of a fossil locality. In light of this, the model was briefly 

assessed against several palaeoenvironmental interpretations provided by three 

fossil faunal assemblages (Appendix 16).  

Knowledge about the ecological significance of modern GSSC-morphotypes and 

other morphologically diagnostic phytolith morphotypes remain critically under-

understanding of the ecological paprameters in which GSSC-morphotypes operate. 

phytoliths consistently follows meaningful environmental traits that are rooted in the 

relationship between phytolith shape and the ecological niche of grasses, have been 

validated. Several meaningful ecological trends were demonstrated by the GSSC-

morphotypes in this study, which underscores the advantage of investigating phytolith 

systematics with the aid of adequate comparative reference collections. 

Standardization of grass phytolith assemblages using short cell sums have yielded a 

proxy for regional environmental conditions. The challenge for future research will be 

to refine the methodology further by testing it through wide-ranging actualistic 

studies.   

 



 

 

 

Table 21. Number of dimensions that explain 100% of the variability and the 
sum total of inertia for the first two dimensions that were extracted from each 
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of the six sets of CA carried out in the study. 
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Figure 19.  A two-dimensional distribution of CA demonstrating the 
relationship between the categories habitat, rainfall and photosynthesis, based 
on the occurrence of eleven GSSC-morphotypes in 309 grass species. 
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able 22. Meaningful association between GSSC-morphotypes and 

 

T
subcategories highlighted by the univariate (ANOVA) and multivariate analyses 
(CA).  

 



 

 

Figure 20. Bivariate plot of the number of C4- (A) and C3-grass species (B) with 

<500mm summer rainfall areas. Regression line with 0.95 confidence interval. 
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Appendix 1: Atlas of GSSC-phytoliths extracted from 
grass leaves. 
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Appendix 2: Atlas of 227 grass leaf epidermis slide 
vouchers. 
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Appendix 3: Indicator matrix of GSSC-morphotypes 
recorded in 309 grass species. 
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Appendix 4: Spearman's rank-order correlation 
between association through rate of recurrence of 

morphotypes and relative abundance of 
morphotypes.  
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Appendix 5: Basic statistics of the number of GSSC-

 224

morphotypes counted for each GSSC-morphotype 
subcategory. 
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Appendix 6: GSSC-phytolith abundance as a 
proportion of all morphotypes per category. 
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Appendix 7: Basic statistics of the number of GSSC-

 235

morphotypes counted for each subfamily 
subcategory. 
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Appendix 8: Subfamily: Tukey's HSD test for 
unequal sample sizes. 
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Appendix 9: Basic statistics of the number of GSSC-

 249

morphotypes counted for each photosynthetic 
pathway subcategory, including C4 subtypes. 
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Appendix 10: Tukey's HSD test for unequal sample 
sizes in the Photosynthetic pathway-category 

(including C3 and C4). 
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Appendix 11: Tukey's HSD test for unequal sample 
sizes in the photosynthetic pathway - category (C4 

only). 
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Appendix 12: Basic statistics of the number of 
GSSC-morphotypes counted for each Rainfall 

subcategory. 
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Appendix 13: Tukey's HSD test for unequal sample 
sizes in the Rainfall-category 
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Appendix 14: Basic statistics of the number of 
GSSC-morphotypes counted for each habitat 

subcategory. 
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Appendix 15: Tukey's HSD test for unequal sample 
sizes in the Habitat-category. 
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Appendix 16: Comparison of GSSC-phytoliths 
against three Palaeoenvironmental Scenarios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix 1: Atlas of GSSC-phytoliths 
extracted from grass leaves. 

Five-centimeter leaf sections were removed from voucher specimens of mature 

individuals housed at the herbarium of the Department of Botany at the National 

Museum in Bloemfontein, the National Herbarium of Pretoria and the Bolus 

Herbarium at the University of Cape Town. Standard dry-ashing procedures were 

followed to extract phytoliths from the five-centimeter leaf sections (Piperno 1988; 

Parr et al. 2001). Parr et al. (2001) has demonstrated that the dry ashing technique 

produces less residual plant matter than the wet-ashing technique with no detectible 

evidence of morphological impact caused by the former method. The leaf sections 

were rinsed with distilled water, transferred to crucibles and burnt in a furnace at 

500°C for 6 h. The burnt residue was treated with 10%HCl and centrifuged (@ 2500 

rpm for 5 minutes), re-suspended in distilled water and centrifuged again. The 

supernatant was discarded and the silica residue placed on microslides, mounted in 

silicon oil for rotation and finally in a rigid medium (DPX Mountant) for permanent 

storage. Photographs were taken at X400 and X1000 magnification with a digital 

camera mounted on a 50i Nikon polarizing light microscope. GSSC-phytoliths are 

presented as composites of several photomicrographs. Scale bar = 10 micron. 
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List of subfamilies and genera illustrated in Appendix 1. 
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Appendix 2: Atlas of 227 grass leaf epidermis slide 
vouchers. 

The collection consists of prepared slide vouchers of fully articulated grass leaf 

epidermis sections from the Roger Ellis collection housed at the National Herbarium 

of Pretoria. Photographs were taken with a digital camera mounted on a polarizing 

light microscope (x160 and x400 magnification). The photomicrographs are listed in 

alphabetical order with the species name, followed by the name of the collector, 

collection number, reference number in parenthesis and details regarding habitat-

requirements of each species.  
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Appendix 3: Indicator matrix of GSSC-morphotypes 
recorded in 309 grass species. 
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Appendix 4: Spearman's rank-order correlation 
between association through rate of recurrence of 
morphotypes and relative abundance of 
morphotypes.  
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 Appendix 5: Basic statistics of the number of GSSC-
morphotypes counted for each GSSC-morphotype 
subcategory. 
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Appendix 6: GSSC-phytolith abundance as a 
proportion of all morphotypes per category. 
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 Appendix 7: Basic statistics of the number of GSSC-
morphotypes counted for each subfamily 
subcategory. 
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 Appendix 8: Subfamily: Tukey's HSD test for 
unequal sample sizes. 
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 Appendix 9: Basic statistics of the number of GSSC-
morphotypes counted for each photosynthetic 
pathway subcategory, including C4 subtypes. 
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 Appendix 10: Tukey's HSD test for unequal sample 
sizes in the Photosynthetic pathway -category 
(including C3 and C4). 
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 Appendix 11: Tukey's HSD test for unequal sample 
sizes in the photosynthetic pathway - category (C4 

only). 
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 Appendix 12: Basic statistics of the number of 
GSSC-morphotypes counted for each Rainfall 
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Appendix 13: Tukey's HSD test for unequal sample 
sizes in the Rainfall-category 
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 Appendix 14: Basic statistics of the number of 
GSSC-morphotypes counted for each habitat 
subcategory. 
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 Appendix 15: Tukey's HSD test for unequal sample 
sizes in the Habitat-category. 
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Appendix 16: Comparison of GSSC-phytoliths 
against three Palaeoenvironmental Scenarios. 

Introduction 
GSSC-phytolith morphotypes demonstrated their likely ability to predict a range of 

ecological and climatic conditions within the South African environment. The potential 

strength of the method was evaluated against several palaeoenvironmental 

interpretations provided by three fossil faunal assemblages located in the Grassland 

Biome (Figure 1). The faunal assemblages reflect palaeoenvironmental conditions at 

important stages of mammalian evolution in the central interior of southern Africa 

(Figure 2). The aim of this exercise was to compare these palaeoenvironmental 

interpretations with the results of analyses done on fossil phytolith samples, by using 

the Habitat- and Rainfall-categories as frameworks for interpretation.   

Two assemblages are derived from Cornelia-Uitzoek and Florisbad, which are 

respectively the type localities of the Cornelian and Florisian Land Mammal Ages Age 

(vide Hendey 1974; Brink 1987, 1988; Brink and Rossouw 2000).  A Land Mammal 

Age (LMA) is a period of geological time defined by its distinguishing faunal character 

(Hendey 1974).  

The site of Cornelia-Uitzoek consists of fossil-bearing clays and fluvial gravels that 

are exposed along erosional gullies next to the Schoonspruit River on the Uitzoek 

farm near the town of Cornelia (Figure 3; Butzer 1974; Bender and Brink 1992) The 

vertebrate fauna from Cornelia-Uitzoek is an important representative sample of the 

southern African Middle Pleistocene (Cooke 1974; Bender and Brink 1992) and 
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considered to be coeval with the upper Beds of Olduvai, which suggests an age of 

between 800 000 and 1 million years ago for the site (Brink and Rossouw 2000). 

Latest excavations at the site suggest that carnivores may have been the primary 

collecting agent of the fossil accumulation (Brink and Rossouw 2000). The 

occurrence is rich in medium-sized ungulates with the extinct bovids, Antidorcas 

bondi, Damaliscus niro and Connochaetes gnou laticornutus representing the 

dominant taxonomic component (Brink and Rossouw 2000). These species, along 

with other extinct ungulates including the bovids, Megalotragus eucornutus, Pelorovis 

antiquus, and three equid species are regarded as indicator taxa for the incipient 

development of an open grassland ecosystem in the central interior of southern 

Africa (Brink and Rossouw 2000).  

Florisbad, situated forty-five kilometers northwest of Bloemfontein, is the type locality 

of the Florisian Land Mammal Age (Hendey 1974) and consists of a fossil-bearing 

and archaeologically rich spring mound that has produced two distinct faunal 

assemblages, a Middle Stone Age land surface assemblage with evidence of human 

habitation and an older spring assemblage (Brink 1987, 1988). The Florisbad spring 

assemblage is between 100 000 and 400 000 years old and has produced hominid 

remains that yielded an ESR–date of 259 000 ± 35 000 yrs BP (Grün et al. 1996). 

Fossils from this occurrence are primarily derived from a carnivore- accumulated 

assemblage, excavated from intrusive spring vent structures that continually 

reworked and included fresh faunal material from around the spring and associated 

waterholes (Figure 4). Despite the temporal range of ESR age estimates, the spring 

assemblage is regarded as a homogeneous taphonomic entity (Brink 1988). 
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Classification of taxa according to habitat types, reflect a local spring environment 

indicated by the occurrence of hippopotamus and lechwe, as well as an open 

regional environment, indicated by a number of extinct grazers, including Equus 

capensis, Pelorovis antiquus, Damaliscus niro, Megalotragus priscus and Antidorcas 

bondi, The faunal composition reflect productive grassland conditions and a grazing 

system that is analogous to the grazing succession described for the modern sub-

Saharan savannas in East Africa (Bell 1971; Brink 1987, 1988; Brink and Lee Thorp 

1992).  In addition, a study on the feeding niche of the extinct springbok A. bondi also 

established the existence of C4 grasslands in the region (Brink & Lee Thorp 1992). 

The third faunal assemblage is derived from a recent discovery of fossiliferous fluvial 

sediments at Erfkroon, sixty kilometers southwest of Florisbad, which in part 

represent the terminal period of the Florisian LMA in the central interior of southern 

Africa (Figure 5).  The site covers several hectares of river channel and overbank 

silts and clays flanking the modern Modder River (Churchill et al. 2000). New 

excavations are currently in progress and preliminary luminescence dating indicates 

that the overbank sediments span the last 160 000 years with several distinctive 

pedostratigraphic units dating to just before the start of the Last Glacial Maximum 

(Figure 3C; Churchill et al. 2000; J.S. Brink pers. com.). The site preserves vertebrate 

fossils that are typically Florisian in character, as well as birds, amphibians, small 

reptiles, fish and micromammals, which is also representative of a more complex 

riverine environment (Churchill et al. 2000; J.S. Brink pers. com.). Geologically, the 

exposed sediments reflect the evolution of the Modder River system during the Late 

Pleistocene, and it has been suggested that the extensive channel sedimentation and 
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overbank deposits developed under changing palaeoclimates that ranged from 

semiarid to arid (Churchill et al. 2000).  

Materials and Methods 
 Materials 

Four sediment samples, were collected from the temporally homogenous, fossil 

bearing yellow clay unit at the Cornelia-Uitzoek type site (Figure 3). Each sample was 

removed from the fossil-bearing unit in the form of consolidate blocks. Three hyaena 

coprolites were sampled from the Florisbad spring assemblage collection stored at 

the Florisbad Quaternary Research Station. Two of those (FLO1050 and FLO1051) 

were previously sampled for the extraction of pollen (Scott and Brink 1992) while the 

third had been analysed for phytoliths as part of a preliminary study (Scott and 

Rossouw 2005). The coprolites were analysed with consideration that the context of 

the spring assemblage was disturbed as a result of vertical displacement and post-

depositional modification of bone by ancient intrusive spring vent structures (Figure 

2B; Brink 1988). Although direct proof is difficult to establish at present, the possibility 

exist that the fossil coprolites may be temporally and taphonomically linked to the 

dated hominid remains due to their direct association with hyaena activity at the 

spring. Six sediment samples were collected from a pedostratigraphic sequence 

dated to between 25 600 ± 1200 years and 42 000 ± 2000 years BP by luminescence 

dating (Figure 5; J.S. Brink pers. com.). The samples were extracted with a small 

corer after initial cleaning of the section facies. 

 Phytolith extraction and assemblage analysis 

The procedure for recovering phytoliths from coprolite and soil samples is based on 

published techniques (Piperno, 1988; Lentfer and Boyd, 1998, 1999; Albert and 
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Weiner, 2001; Horrocks, 2005). Only half of each fossil coprolite sample was used for 

the extraction of phytoliths. To avoid potential contamination, the outer layer of each 

sample was removed by submerging the coprolites in a solution of HCl (10%) for five  

minutes where after it was rinsed at treated the same as the sediment samples. The 

sediment samples were collected in consolidated blocks to minimize potential 

contamination. Ten different modern soil samples were collected in the vicinity of 

each fossil locality. Each set was then mixed up and analysed as one representative 

sample per site. Twenty grams of soil for each sample was used for each phytolith 

extraction. Essential steps included deflocculation, removal of clays by means of 

sedimentation and the elimination of carbonates using HCl in low concentration 

(10%).  Phytolith extraction involved mineral separation with a heavy liquid solution of 

sodium polytungstate (specific gravity = 2.3). Fractions were mounted on microscope 

slides in glycerin jelly or DPX mountant. The phytolith counts are based on 

systematic scanning following standardized transects for each slide and identification 

at X400 magnification (Table 1).  

Phytolith counts were normalized as percentages of the short-cell sum for each 

sample (Figure 6), based on the total count of the eleven GSSC-morphotypes 

(acknowledged in Chapter 2, Table 2), and incorporated into the modern dataset of 

GSSC-profiles that were created for the Habitat- and Rainfall-category in Chapter 2, 

Table 6 (Table 2). The combined dataset was analyzed using CA by applying the 

GSSC-morphotypes that were found to be significant for the Habitat- and Rainfall-

categories (see Chapter 5, Table 22).  The CA for the Rainfall-category was carried 

out in order to substantiate the trends observed in the CA conducted for the Habitat-
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category.  

Results  

The first CA carried out for the Habitat-category resulted in two dimensions 

explaining a cumulative 90.2% of inertia, with a total of three dimensions extracted 

(Table3, Figure 7). While there is some overlap amongst habitat-subcategories, the 

CA did show that the inertia created by the matrix apparently distributed the fossil 

samples across the plot according to a climatic gradient. The first dimension 

accounted for 65.7% of the inertia and was clearly driven by growing temperature, 

with predominantly C4, warm growing-temperature environments represented by the 

Savanna grassland-subcategory (highest contribution to total relative inertia = 

0.051476), and predominantly C3, cool growing-temperature environments marked 

by the High altitude grassland- category on the other end of the graph (highest 

contribution to total relative inertia = 0.214589). Dimension 2, accounting for 26% of 

the inertia, indicated a moisture gradient, with wetter habitats marked by the High 

altitude grassland- category and drier habitats marked by the Succulent Karoo-

subcategory at the bottom of the graph (Figure 7).  

The second CA conducted for the Rainfall-category confirmed the trends observed in 

the first CA. It resulted in two dimensions explaining a cumulative 77.8% with a total 

of five dimensions extracted. Dimension 1 accounted for 53.4% of the inertia and 

clearly showed a seasonal grade marked by the >500mm Summer Rainfall- and 

>40% Winter Rainfall-subcategory, while the second dimension accounted for 24.4% 

of the inertia and reflected a wetness gradient (Table 4, Figure 8). 
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The Cornelia specimens indicated their affiliation with the Savanna grassland- and 

Nama-Karoo grasses – subcategories in the first CA and the <500mm Summer 

Rainfall-subcategory in the second CA.  The Florisbad spring assemblage material 

demonstrated more diverse trends. COR59 did not plot closely to any subcategory, 

but was more inclined towards the Fynbos grasses-, and Swamps/Vleis-

subcategories in the first CA and the >40% Winter Rainfall subcategory in the second 

CA. FLO1050 and FLO1051 fell closer to the Nama-Karoo grasses and >500mm 

Summer Rainfall subcategories. Alliances amongst the Erfkroon samples were 

mainly with the Desert grasses-subcategory in the first CA, except for ERF5 and 

ERF7a, which respectively associated closer to the Fynbos grasses- and Nama-

Karoo grasses-subcategories. The second CA indicated that the Erfkroon samples 

associated closely with the >40 Winter Rainfall-subcategory. 

Discussion and Conclusion 
The fossil phytolith data from Cornelia-Uitzoek suggests that relatively warm and dry 

C4 grassland conditions, analogous to Savanna grassland or Nama-Karoo 

environments, prevailed during the time of bone accumulation at the site. The plots 

indicated a wooded grassland component, represented by the Savanna grassland-

subcategory, but also warmer and drier than present summer rainfall environments, 

as represented by the Nama-Karoo grasses subcategory. The Nama-Karoo Biome 

today is a complex of extensive plains dominated by low shrubs intermixed with 

grasses where small trees occur only along drainage lines or rocky outcrops (Mucina 

et al. 2006b) Nama-Karoo-type conditions could be indicative of incipient treeless 

grassland development. However, the data also implies that open grasslands were 
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probably not as established as previously inferred from the faunal record (Brink and 

Rossouw 2000).  

Phytolith data from Florisbad samples, FLO1050 and FLO1051 affiliated closely with 

the Nama-Karoo grasses-subcategory in the first CA and more generally with the 

>500mm Summer Rainfall-subcategory in the second CA. The Nama-Karoo Biome 

forms a dry ecotone between the winter-rainfall Fynbos Biome in the south and the 

summer rainfall Savanna Biome in the north, with summer rainfall occurring mostly in 

late summer (Mucina et al. 2006c). This trend concurs partly with pollen results of 

FLO1050 and FLO1051 from the Scott and Brink (1992) study, which showed dry 

pan floor elements like Chenopodiaceae pollen, and relatively high proportions of 

Asteraceae pollen, which is a dominant plant family in the Nama-Karoo Biome. The 

Asteraceae pollen was associated with low rainfall, but with a seasonality-shift away 

from summer rains (Scott & Nyakale 2002; Scott & Lee-Thorp 2004; Scott and 

Rossouw 2005). However, the absence and comparatively low amount of Stoebe-

type pollen in FLO1050 and FLO1051 respectively, is probably related to a mesic C4, 

summer rainfall environment (Scott and Rossouw 2005), which is also indicated by 

the plots in the second CA.  The position of FLO59 in the two-dimensional matrix of 

the first CA was more representative of swampy conditions at the local spring 

environment than of the wider regional grassland, while its position in the second CA 

also corresponded to a mesic C4, summer rainfall environment. An indication of 

swampy conditions was pointed out by the comparatively high proportions of 

Trapeziform morphotypes in the sample (Figure 6), which appear to be generally 

good indicators of swampy conditions and permanently damp soils (Table 22).  

 302

 



 

The phytolith data from the spring assemblage coprolites demonstrated the presence 

of a C4 grassland ecosystem with a local aquatic component at Florisbad, which is in 

accordance with the faunal evidence (Brink 1988; Brink and Lee Thorp 1992). 

However, there were no association between the phytolith data and the modern 

Grassland Biome-subcategory. Although the results are in line with the pollen data 

from FLO1050 and 1051, reconciling summer rainfall and Nama-Karoo-type 

conditions with a productive grassland ecosystem in the spring assemblage most 

likely suggest that a unique grassland ecosystem with no modern analogue existed at 

the time. 

Phytolith data from Erfkroon indicated cool and dry Desert- to Fynbos-like conditions 

between 42 000 years and 26 000 years ago. The results are supported by pollen 

evidence from the Tswaing Crater sequence in the current Savanna Biome about five 

hundred kilometers north of Erfkroon, that indicate aridification of grasslands between 

33 000 and 40 000 thousand years ago, and cool dry grassland with fynbos elements 

at around 33 000 years ago (Scott 1999), while grass phytoliths from the same 

sequence suggest that C3 grasses increased in the region between 29 000 and 8000 

years ago (McLean and Scott 1999). The evidence support the hypothesis that the 

fluvial overbank deposits at Erfkroon developed under conditions that ranged from 

semiarid to arid (Churchill et al. 2000). 
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Figure 1. Map of fossil localities. 
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Figure 2.  Temporal distribution of fossil localities. 
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Figure 3. General view of Cornelia-Uitzoek with section diagram showing where 

samples were taken (after Butzer 1974).  
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Figure 4. Aerial view of Florisbad with section diagram of the fossil-bearing 

sediments. 
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Figure 5. The section profile at Erfkroon where phytolith samples were collected. 
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Table 1. Number of phytoliths counted (raw counts). 

 

 312

 



 

Table 2. Phytolith counts normalized as percentages of the short-cell sum for each 

sample and incorporated into the modern dataset of GSSC-profiles created for the 

Habitat- and Rainfall-category. 
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Figure 6. GSSC-phytolith diagram of the fossil samples.  
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Table 3. Dimension contributions to inertia in CA for Habitat-category. 
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Figure 7. First CA. Two-dimensional matrix of data generated by the CA for the 

Habitat-category. 
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Table 4. Dimension contributions to inertia in CA for Rainfall-category. 
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Figure 8. Second CA. Two-dimensional matrix of data generated by the CA for the 

Rainfall-category. 
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