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ABSTRACT 

The mycorrhizal status of plants of three lowland evergreen shrublands of the Cape Floristic 

Region, South Africa, was investigated, and levels of vesicular-arbuscular mycorrhizal 

(V AM) infection among VAM plants determined. Most plant species are V AM, and no 

indigenous ectomycorrhizal species were found. In lowland fynbos, 23 % of the species 

form no mycorrhizas, while mycorrhizas are absent from 18 % and 27 % of the species in 

renosterveld and strandveld respectively. In renosterveld and strandveld, non-mycorrhizal 

plants are ruderal species with low cover. In contrast, non-mycorrhizal species in fynbos 

include members of the woody Proteaceae and reed-like Restionaceae, which make up more 

than half the above ground biomass in older vegetation. Average V AM infection levels 

among V AM plant species are lowest in strandveld, intermediate in fynbos, and highest in 

renosterveld ~ong perennials and geophytes. It is concluded that edaphic features, in 

particular, soil phosphorus levels, control infection levels and the mycorrhizal profile of the 
r' 

vegetation. Despite structural similarities among the lowland vegetation types, functional 

attributes, as they relate to mycorrhizas and nutrient acquisition, are very different and it is 

expected that the factors controlling community development differ among these three 

vegetation types. A high proportion of potentially VAM plant species in fynbos were non­

mycorrhizal in· the field, especially in the first two growing seasons following fire, 

suggesting that inoculum was patchily distributed, possibly as a result of dominance by non­

mycorrhizal species. 

Representatives of evergreen, sclerophyllous fynbos shrubs were grown in pot culture, in 

low nutrient soil with or without V AM inoculum, for several months in order to investigate 

aspects of their growth and development in response to mycorrhizas. Growth of these 

plants when non-mycorrhizal was controlled by seed phosphorus reserves and most of these 

plants were unable to extract phosphorus under low nutrient conditions in the absence of 

mycorrhizas. Addition of soluble phosphorus increa5ed growth of non-mycorrhizal plants 

and phosphorus concentrations, but not growth, of VAM plants. Vesicular-arbuscular 

mycorrhizas are essential for successful establishment of slow growing, evergreen shrubs. 



Those species which do not rely on V AM infection for phosphorus uptake exhibit root 

morphological adaptations for nutrient uptake. 

Mycorrhizal responses in terms of mass and phosphorus content of VAM plants were 

negatively related to the log of seed phosphorus reserves for a group of 15 evergreen 

indigenous VAM species. Seed size among these plants is seen as a compromise between 

establishment and dispersal in an environment where V AM inoculum may be patchily 

distributed. In response to mycorrhizas, biomass and phosphorus allocation was shifted 

towards the shoots for these sclerophyllous species under well watered conditions and 

growth rates were correlated with dry mass root:shoot ratios. Growth responses to 

mycorrhizas may be a result of changing allocation patterns favouring the production of 

photosynthetic tissue. However, under less well watered conditions of cyclical drying, 

seedlings of one of these species, Phylica cephalantha, increased root:shoot ratios when 

VAM. Among these slow growing evergreen species, changes in allocation patterns in 

response to environmental conditions may be facilitated when the seedlings are V AM. Host 

plant physiology is influenced by mycorrhizas as was shown by an increase in leaf 

conductance accompanying VAM infection of Phylica cephalantha plants. 

The effect of V AM infection on growth of seedlings of two evergreen indigenous species, 

growing at different densities in pot culture, was investigated. The species represented the 

extremes of mycorrhizal dependence among V AM plants. Growth depressions brought 

about by resource depletion at higher densities are greater for V AM than for non­

mycorrhizal plants and there was no indication that mycorrhizas ameliorated the competitive 

effects of larger individuals on smaller ones. It is concluded that the cost-benefit 

equilibrium of being V AM changes with density, and that this has profound effects on 

population development. 

By integrating the results of these studies, the significance of mycorrhizas in plant 

population and community processes, and ecosystem functioning in the Cape Floristic 

Region, is discussed. 
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CHAPTER 1 

Introduction 



Vesicular-arbuscular mycorrhizas 

The roots of representatives of most plant taxa form vesicular-arbuscular 01 A) mycorrhizas 

with fungi from the family Endogonaceae (frappe 1987). VA mycorrhizas are a mutualistic 

relationship formed by a fungal partner, an obligate biotroph, which produces many 

branched haustoria, the arbuscules, in the inner cortical cells of plant roots {Harley & Smith 

1983). Arbuscules develop from intercellular hyphae, while extraradical hyphae grow out 

into the surrounding soil environment and in some genera, lipid-rich vesicles are formed 

intercellularly. Large, asexual spores are produced in the soil or within the root, and have 

been the basis for delineating species among vesicular-arbuscular mycorrhizal 01 AM) fungi, 

as sexual reproduction appears to be absent (Morton 1988). Spore morphological features 

are conservative and may not reflect physiological diversity among clones (Morton 1990). 

Fungal structures typical of VA mycorrhizas have been found among fossils of the earliest 

land plants leading to the hypothesis that the colonization of a land environment by plants 

was facilitated by mycorrhizas (Pirozynski & Malloch 1975). However arbuscules, which 

are regarded as indicative of the biotrophic nature of the symbiosis, have only been seen in 

fossils from the Triassic (Stubblefield, Taylor & Trappe 1987). An important consequence 

of the great age of the vesicular-arbuscular mycorrhizal relationship is that it is probably 

ancestral to other mycorrhizal associations and to the non-mycorrhizal roots typical of some 

taxa (frappe 1987). 

VAM fungi have limited saprotrophic abilities and rely on host plants for photosynthate to 

satisfy their carbohydrate needs. A dual transport of phosphorus into the host plant 

accompanies the efflux of carbohydrate at the interface between the arbuscule and the plant 

plasma membrane (Schwab, Menge & Tinker 1991) and increased phosphorus content of 

VAM plants is the most common effect of the mutualism on plants {Harley & Smith 1983). 

Phosphorus levels in many soils are low and phosphorus depletion zones develop around 

plant roots which are not rapidly replenished due to the slow rate of diffusion through the 

soil (Bieleski 1973). Under low soil nutrient conditions, and in competitive situations, the 
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hyphae of V AM fungi are responsible for phosphorus uptake for most plants. Although 

both V AM fungi and plant roots probably acquire phosphorus from the same soil fraction 

(Smith & Gianinazzi-Pearson 1988, Bolan 1991), the plants benefit as the cost of supporting 

the fungal hyphae is less than that of producing roots to grow beyond the depletion zone 

(Harley 1989). Unlike ectomycorrhizas and ericoid mycorrhizas there is no evidence that 

extracellular enzymes are produced in quantities that affect the availability of soil nutrients 

(Smith & Gianinazzi-Pearson 1988). 

The usual response to the enhanced phosphorus nutrition of V AM plants is enhanced 

growth, but VA mycorrhizas influence other aspects of mycorrhizal plant physiology, 

including drought resistance and water relations (Nelsen 1987), disease resistance (Graham 

1988), uptake of several other soil nutrients (Saif 1987), resistance to toxic soil conditions 

(Gildon & Tinker 1983) and plant hormone levels (Allen, Moore & Christensen 1980). In 

most cases these effects can be ascribed to the improved phosphorus nutrition of the 

mycorrhizal plant rather than to direct intervention by the mycorrhizas in the physiology of 

the plant (Read 1986, Smith & Gianinazzi-Pearson 1988). However, the maintenance of 

mycorrhizal fungi requires an energy input from the plant, and thus physiological effects of 

the mycorrhizal state will not be identical to those induced by an identical influx of 

phosphorus from a non-mycorrhizal source. 

While the relationship is obligate for the fungal partner of the mutualism, plant dependency 

is more variable and depends upon interactions between plant root morphological and 

architectural features and soil characteristics, which determine the availability of 

phosphorus (St John 1980, Hetrick 1991, Koide 1991a). Specificity among susceptible 

plant and vesicular-arbuscular mycorrhizal fungal species is absent, although the outcome of 

interactions between the fungi and plants may differ according to which species or clones 

are interacting. VAM fungal species or clones have differing capacities to infect plant roots 

(Dhillion 1992) and the amount of extracellular hyphae produced (Abbott & Robson 1985) 

and the quantity of phosphorus transported along the hyphae (Jakobsen, Abbott & Robson 

1992) varies between species. Numerous studies indicate that the magnitude of plant 
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responses to VAM infection are highly variable (Harley & Smith 1983, Abbott & Robson 

1884, McGonigle 1988). 

The significance of VA mycorrhizas extends beyond their effects on individual plant 

nutrition. Non-nutritional effects of VA mycorrhizas include the contribution of the 

extraradical mycorrhizal hyphae to soil structure by increasing the size of soil aggregates 

(Miller & Jastrow 1991). Enhanced aggregation improves soil stability and water 

percolation, thus decreasing runoff volumes, which may be important to plant survival in 

arid environments where precipitation events are rare. Water transport along the 

extraradical hyphae of densely infected roots may not be as insignificant as previously 

thought and hyphae, by virtue of their small diameter and closer contact with soil particles, 

may have access to soil water that is unavailable to plant roots under dry soil conditions 

(Fitter 1985, Read 1991). 

The mycorrhizal hyphal network in the soil is an important source of infectivity for plants 

establishing themselves (Read, Koucheki & Hodgson 1976). In communities with wide age 

structures, young plants may rapidly become mycorrhizal without having to bear the full 

carbon cost if the infecting hyphae are already attached to the root systems of other plants. 

V AM spores, which can be reintroduced by wind or animal vectors, may be important for 

re-establishing mycorrhizal infection in highly disturbed ecosystems (Allen 1988a). 

Experimental evidence indicates that resources such as carbon and phosphorus pass along 

the V AM hyphal network from one plant to another (Chiariello, Hickman & Mooney 1982, 

Francis & Read 1984). This leads to the possibility of larger plants acting as nurse plants to 

smaller ones, thus facilitating their establishment (Grime et al. 1987); however it is not 

clear whether ecologically significant quantities of resources pass from large source plants 

to smaller sink plants (Newman 1988). Whether transfer is mediated by a common hyphal 

network or by less direct means is not unequivocal (Newman & Ritz 1986, Haystead, 

Malajczuk & Grove 1988). As the hyphal network established by V AM fungi is relatively 

stable compared to those of other fungal populations in the soil, V AM mycelium may be 
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largely responsible for maintaining tight nutrient cycles (Newman 1988, Pankow, Boller & 

Wiemken 1991). 

Natural ecosystems can be characterized by the relative importance of the suite of 

mycorrhizal types present (Read 1991). Edaphic attributes, particularly those associated 

with nutrient cycling, which in turn are influenced by climatic and disturbance regimes, are 

important in determining the types of mycorrhizas that will be favoured in particular 

ecosystems. In nothern temperate and boreal systems the association between mycorrhizas 

and various systems processes is reasonably well understood when compared to the factors 

selecting for various mycorrhizal types in tropical and mediterranean ecosystems. 

Cape Floristic Region 

The Cape Floristic Region lies mostly in the mediterranean climate zone of the S. W. and S. 

Cape Province, South Africa. The evergreen, sclerophyllous shrublands of this region are 

phylogenetically, structurally and functionally distinct from the vegetation to the north 

(Linder, Meadows & Cowling 1992, Stock & Allsopp 1992). Fynbos, the dominant 

vegetation of this region, has evolved in response to the particularly nutrient poor, leached 

soils and frequent, stochastic fires. Tissue turnover is very low in the vegetation, and above 

ground litter is very slow to decompose (Mitchell et al. 1986). Fire is the main mechanism 

for releasing nutrients from above ground plant matter (van Wilgen & le Maitre 1981, 

Brown & Mitchell 1986, Stock & Lewis 1986) and plays a major role in determining 

reproductive strategies among plants in fynbos (le Maitre & Midgley 1992). Structural 

diversity in the shrublands of the Cape Floristic Region is quite low (Campbell 1985), but 

plant species diversity is remarkably high, especially at the beta and gamma levels of scale 

in the landscape (Cowling, Holmes & Rebelo 1992). Over 8500 plant species occur in the 

Cape Floristic Region, of which 68 % are endemic (Bond & Goldblatt 1984). 

Despite the seemingly xerophytic characteristics of the dominant growth forms, sclerophylly 

is an adaptation for improving nutrient use efficiency of plants growing on very low nutrient 
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soils (Loveless 1962, Beadle 1966, Specht & Runde! 1990), and water relations and drought 

resistance of sclerophyllous plants vary (Salleo & Lo Gullo 1990). Photosynthetic capacity 

of sclerophyllous leaves may be relatively low (van der Heyden & Lewis 1989), but their 

longevity ensures that carbon fixation over their lifespan may be high. Much of this carbon 

is not used for vegetative growth, as growth rates are low and inflexible, but may be used to 

construct fire resistant or evading structures, and may be available to support the carbon 

requirements of mycorrhizas. Even when soil nutrient levels are artificially raised, plant 

growth responses are limited, and most of the added nutrients may be stored, raising tissue 

concentrations but not contributing to vegetative growth (Witkowski, Mitchell & Stock 

1990). Indications are that reproductive output is stimulated by enhanced nutritional status 

of the plants (Stock et al. 1989). 

Mycorrhizas in the Cape Floristic Region 

Previous studies on plant root systems in the Cape Floristic Region have shown that 

vesicular-arbuscular mycorrhizas (Low 1980, Hoffman & Mitchell 1986, Mitchell & Read 

1987, Berliner, Mitchell & Allsopp 1989) are common, and ericoid mycorrhizas are formed 

by members of the Ericaceae (Robinson 1973, Straker & Mitchell 1985). In the Cape 

Floristic Region and Australia, members of a number of important plant families are non­

mycorrhizal, in particular the Proteaceae and Restionaceae, . These non-mycorrhizal taxa 

produce morphologically distinct root structures which facilitate nutrient uptake (Lamont 

1982). Species in the Proteaceae, Restionaceae or Ericaceae are dominant in fynbos 

communities (Campbell 1985). 

The aims of this thesis are twofold. Firstly, to establish the types of mycorrhizas present in 

plant communities in the Cape Floristic Region of South Africa {Chapter 2). To do this, the 

occurrence, distribution and intensity of V AM infection is examined in three lowland 

sclerophyllous vegetation types of the western coastal foreland, and factors influencing their 

mycorrhizal characteristics and ecological significance are discussed (Chapter 3). These 

three lowland shrublands, viz. fynbos, renosterveld and strandveld, differ edaphically and 
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floristically, but are geographically close to each other and subject to the same climatic 

regime. The second aim is to investigate, in pot culture, the potential influences that VA 

mycorrhizas may have on the biology of seedlings of the dominant, sclerophyllous, woody 

growth form of the region. 

Most studies of the effects of vesicular-arbuscular mycorrhiza on plants have concentrated 

on changes in growth of crop plants, or herbaceous wild plants~ Typically these are fast 

growing and show variable growth responses to nutrients. The slow growth rates and low 

growth plasticity of woody plants from low nutrient environments has led to the expectation 

that they will not be much affected by mycorrhizas because their growth responses to 

nutrients are low (St John & Coleman 1983, Koide 199la). However, in the low nutrient 

environment of fynbos soils, seedling establishment among most species may be precarious 

if nutrient acquisition is limited by a failure to develop mycorrhizas. The influence of 

mycorrhizas and. phosphorus fertilization on the growth of three sclerophyllous species is 

examined in Chapter 4. Seed size may be critical in determining seedling establishment and 

dependence on mycorrhizas. The precise relationship between these factors is uncertain as 

conflicting evidence concerning the role of seed size and mycorrhizal dependence exists in 

the literature. Among grassland species, small seeded species are the first to show 

mycorrhizal growth responses (Read 1991), and seed size of obligately ericoid and orchid 

rnycorrhizal plants is very small to enhance dispersability (Fenner 1985). Small seed size 

was associated with facultatively V AM tropical forest trees while large seeds were typical of 

later successional species with an absolute need for mycorrhizal infection for establishment 

(Janos 1980a). Among fynbos species a wide range of seed sizes is displayed (le Maitre & 

Midgley 1992) and it is predicted that, among long lived, woody shrub species, those with 

smaller seeds should have a greater reliance on vesicular-arbuscular mycorrhizas for 

establishment (Chapter 5). 

Although improved phosphorus nutrition is the main result of mycorrhizal infection, effects 

other than increased growth may be experienced by mycorrhizal plants. Allocation patterns 

may change in response to increased nutrient uptake which may in turn influence plant 
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growth. Little is known of the flexibility of sclerophyllous plant growth and allocation in 

response to altered nutritional status or water availability. This study examines allocation 

patterns in response to mycorrhizal infection of 15 fynbos shrub species (Chapter 6). The 

effect of the interaction of restricted water availability and mycorrhizal infection on growth 

and water relations of one species is also examined (Chapter 7). 

As plants in natural habitats seldom grow without interacting with neighbouring plants, the 

effect of mycorrhizas on individuals may be modified in the presence of other plants, in 

particular if resource sharing occurs along a hyphal network. However, in numerous plant 

population studies on the effect of density on population dynamics, the influence of 

symbionts such as mycorrhizas are seldom considered (Addicott 1986). The effect of 

mycorrhizas on growth and population size structure of seedlings growing at different 

densities is investigated in this study (Chapter 8, Allsopp & Stock in press a). 

In the Cape Floristic Region with its bewildering numbers of plant species, a functional 

classification of the vegetation is essential if ecosystem processes are to be understood. 

Such an approach has proved valuable in establishing how factors such as alien plant 

invasion, wild flower harvesting and nutrient enrichment may influence vegetation dynamics 

in the Cape Floristic Region (Stock & Allsopp 1992). However, as in other ecosystems, 

little is known of below ground processes involving interactions between plants and micro­

organisms and their effect on community development. In the characteristically nutrient 

poor soils of the Cape Floristic Region, such interactions may be keystone processes. In 

order to answer questions about the ecological significance of below ground processes, and 

mycorrhizas in particular, in the Cape Floristic Region, mycorrhizas are examined at a 

heirarchy of levels, ranging from their occurrence in the field to specific effects on the 

ecophysiology of individual plants. These studies are integrated to produce a process 

functional approach to enhance the current understanding of the factors significant in 

influencing plant community dynamics. An understanding of the role of mycorrhizas in 

plant communities thus facilitates the conservation and reconstruction of natural vegetation 

in the Cape Floristic Region. 
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CHAPI'ER2 

Mycorrhizal Status of Plants Growing in the Cape Floristic Region, South 

Africa 
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Introduction 

It is generally accepted that most terrestrial plants probably form mycorrhizal associations 

between their roots and certain fungi, although the vast majority of plants growing in 

natural ecosystems have not had their mycorrhizal status confirmed (Trappe 1987, Newman 

& Reddell 1987). The mycorrhizal status of plants reflect both their taxonomic affinities 

and their ecology. Investigations on the mycorrhizal status of plants in various parts of the 

world indicate that the major terrestrial biomes can be characterized by specific mycorrhizal 

types (Read 1991). Surveys of mycorrhizas show that trees of forests and woodlands are 

either ectomycorrhizal or V AM; herbaceous plants and shrubs in grasslands and shrublands 

usually form VA mycorrhizas; boreal and temperate heathlands are dominated by ericoid 

mycorrhizal species; and disturbed ecosystems by non-mycorrhizal weed species (see 

Brundrett 1991 for references). While the mycorrhizal status of some floras is well 

documented (e.g. British Isles by Harley & Harley 1987), little is known about both the 

mycorrhizal associations of plants in the Cape Floristic Region and their functional role in 

this low nutrient ecosystem. 

The vegetation of the Cape Floris tic Region contrasts sharply, in terms of taxonomic 

composition and vegetation structure, with the surrounding southern African vegetation. 

The Cape flora has a high species diversity (± 8500 species), around 68 % species 

endemism (Bond & Goldblatt 1984), and high beta and gamma species turnover (Kruger & 

Taylor 1979, Cowling 1990). Agriculture, urbanization and alien plant invasion are a 

severe threat to this flora as a result of the limited range of many plant species, and have led 

to the destruction of much of the lowland vegetation (Hall 1983). Mycorrhizas act as soil 

nutrient absorbing organs for the plants. As such they will influence the physiology of 

individuals and their interactions with other plants growing in the same community (Harley 

1989, Read 1991). Recognizing the patterns of distribution and understanding the 

ecological role of mycorrhizal types in a community may be crucial to understanding the 

dynamics which shape plant communities. 
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This study collates published records of the mycorrhizal status of plants occurring in the 

Cape Floristic Region as defined by Bond & Goldblatt (1984). In addition, the mycorrhizal 

status of plants growing in three lowland vegetation types, west coast strandveld, west coast 

renosterveld and sand plain fynbos, is reported for the first time. The aim of this chapter is 

to provide information on the mycorrhizal status of plant species which may be of 

significance in explaining vegetation patterns and plant functioning in the Cape Floristic 

Region. 

Study Areas 

Three study sites representing west coast strandveld, at Melkbosstrand (31' 45'S 1s:> 27'E), 

west coast renosterveld on the farm Hercules Pillar (31' 46'S 1s:> 46'E), and sand-plain 

lowland fynbos at the fynbos biome intensive study site (31' 31 'S 1 g:> 32 'E) at Pella, in the 

western coastal forelands were chosen to investigate the mycorrhizal status of a broad range 

of plants growing in threatened habitats in the Cape Floristic Region. The classification of 

the vegetation categories follows that of Moll et al. (1984). The strandveld vegetation, 

growing on coarse/medium sandy soil (organic matter 2.2 % , pH of 7 .5, total phosphorus 

422 µg g-1 (Witkowski & Mitchell 1987)) is a broad leaved, sclerophyllous 1 - 2.5 m high 

shrubland with a large succulent component (Boucher 1983). The renosterveld vegetation, 

growing on a fine sand/clayey soil (organic matter 4.9 %, pH 4.1, total phosphorus 

127 µg g-1 (N. Allsopp unpublished)) is an evergreen, cupressoid or microphyllous 

shrubland, 1 - 2 m high, dominated by Elytropappus rhinocerotis with strong lowland 

fynbos affinities (fansley 1982, Boucher 1983). The sand-plain lowland fynbos growing on 

medium textured sandy soil (organic matter 1.4-3.4 %, pH 4.6 - 4.8, total phosphorus 23 -

34 µg g-1 (Mitchell, Brown & Jongens-Roberts 1984)) is an ericoid leaved, sclerophyllous 

vegetation, 0.75 - 1.5 m high with some taller shrubs, characterized by the presence of 

Phylica cephalantha (Boucher 1983). Vegetation surveys at the three sites have recorded 

56, 63 and 215 perennial species at the strandveld (Siegfried 1981), renosterveld (fansley 

1982) and lowland fynbos (Boucher & Shepherd 1988) sites respectively. In addition 
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annuals and bulbous species are numerically important components of all three vegetation 

types (Boucher 1983, Bond & Goldblatt 1984). 

Materials and Methods 

Root collection 

Roots were collected between June and early October while the soil was moist. Two 

collections were made at both the strandveld (during August 1987 and September 1989) and 

renosterveld sites (during October in 1988 and September 1989) . The lowland fynbos site 

was sampled six times over 4 years (June and August 1986, August and September 1987, 

September 1988, August 1989). Two 25 m x 25 m plots were set up at a site on each 

collection day. The plots at the strand veld site were situated 60 - 300 m inland of the high 

water mark. The renosterveld plots were on the N.W. - S.W. facing lower slopes of 

Joostenberg. At the lowland fynbos site, plots were randomly scattered throughout the 

269 ha study site. 

Roots of one or two representatives of each species occurring in the plots were sampled. In 

addition, plant species not in the plots, but encountered in the vicinity, were sampled. 

Smaller plants, including annuals, perennial seedlings and bulbous plants, were excavated 

with entire root systems. Roots of larger shrubs were collected by carefully tracing the root 

system from the main stem until young, unthickened roots were encountered. However for 

some species, including members of the Anacardiaceae and Ebenaceae, few young roots 

could be found despite extensive excavation along roots down to 1 m. At the renosterveld 

site some species were not sampled because they grew only in narrow cracks among rocks 

(e.g. Olea sp.). At the strandveld site the large size of dominant shrubs and density of the 

vegetation at ground level, as well as spininess of some species, precluded collection of 

these species' roots. 
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Young roots were removed from surrounding soil in the field and immediately placed in 

vials containing 10 % KOH for clearing. Wherever possible, 50 cm of root per plant was 

collected. Roots were cleared for 1 week at 20 ° C, and then rinsed under running tap water 

(Smith & Bowen 1979). Where necessary, pigmented roots were decolourized with Hi~ or 

NaCIO. This was followed by acidification in 1 M HCI and staining in 0.05 % Trypan blue 

in a lactic acid solution (Kormanik & McGraw 1982). Root segments were permanently 

mounted in a polyvinyl acid solution and inspected at 100 and 400 times magnification with a 

light microscope for mycorrhizal structures. 

Plants were classified according to Cronquist (1988) and species names follow Gibbs Russell 

et al. (1985, 1987). 

Literature survey 

All known records of the mycorrhizal status of plants in the Cape Floristic Region were 

consulted. Only those records which reported the mycorrhizas of plants actually growing in 

the Cape Floristic Region are listed here. Confirmation of infection status of some species 

was undertaken by examining roots of plants growing in soil from their natural habitats in 

pot culture. 

Results 

VA mycorrhizas were characterized strictly by the presence of arbuscules in the inner 

cortical cells, with or without vesicles, (sensu Harley & Smith 1983) and were the most 

common type of mycorrhiza (61 % of species examined) (Table 2.1). Infections regarded as 

V AM, but morphologically distinct from the above types, were found in Aristea dichotoma, 

which formed intracellular coils similar to those described by Brundrett & Kendrick (1990b) 

in Trillium grandijlorum, while YAM fungi in Orphiumfrutescens and Sebeae exacoides 

formed structures typical of those seen in other members of the Gentianaceae (Jacquelinet­

Jeanmougin & Gianinazzi-Pearson 1983). Infection formed by the "fine endophyte" 
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(Greenan 1963) was occasionally seen, but was never exclusively found on one species. 

Ericoid (ERIC) mycorrhizas were found in the hair roots of all members of the Ericaceae 

examined (Table 2.1 ). They are characterized by the formation of coiled and branched, fine 

hyphae in the cortical cells (Read 1984). Orchid (ORCH) mycorrhizas were seen in the two 

Disa spp. examined (Table 2.1) and consist of characteristic coarse, coiled intracellular 

hyphae (Harley & Smith 1983). No ectomycorrhizal infection was seen in the indigenous 

species examined. Introduced ectomycorrhizal species such as pines, oaks, poplar and 

eucalypts form ectomycorrhizas in the Cape Floristic Region but the ectomycorrhizal fungi 

were in all likelihood introduced with imported saplings (van der Westhuizen & Eicker 

1987). 

Ninety one of the 332 species reported formed no mycorrhizas (Table 2.1). These were 

concentrated in the Caryophyllidae and the families Brassicaceae, Crassulaceae, Proteaceae, 

Santalaceae, Zygophyllaceae, Restionaceae and Cyperaceae. Plant roots which contained 

occasional vesicles, but no arbuscules, were regarded as functionally non-mycorrhizal 

(Hirrel, Mehravaran & Gerdemann 1978). 

Some earlier studies (Laughton 1964, Low 1980) have reported endophytic mycorrhizas 

(ENDO) as being present but descriptions or illustrations do not indicate structures which 

are typical of mycorrhizas as they are presently delimited (Harley & Smith 1983). Non­

mycorrhizal fungi were found frequently in both mycorrhizal and non-mycorrhizal roots 

examined for th is study. Thus reports of fungal infection as "endoph ytic mycorrhizas" 

should be viewed with caution. The most common non-mycorrhizal root inhabiting fungus 

was Olpidium sp., which forms cysts and zoosporangia which may be mistaken for YAM 

vesicles if care is no~ taken. Unidentified hyphal fungi including dark, septate hyphal fungi 

forming microsclerotia (DSH) similar to those described by Haselwandter & Read ( 1980) in 

alpine vegetation, were also present. The non-mycorrhizal roots of members of the 

Proteaceae have been shown to support a fungal flora that is distinctly different from that 

found in the non-rhizosphere soil (Allsopp, Olivier & Mitchell 1987). Infection ,by Olpidium 

sp. and other fungi was particularly heavy in the root systems of members of the Poaceae 

and Scrophulariaceae where they could obscure infection by YAM fungi .(Table 2.1). 
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TABLE 2.2. A summary of the mycorrhizal status of the vegetation growing in sand plain 

lowland fynbos, renosterveld and strandveld communities, and the Cape Floristic Region 

(CFR). VAM =vesicular-arbuscular mycorrhizal, NM =non-mycorrhizal, ERIC= ericoid 

mycorrhizal, ORCH=orchid mycorrhizal. 

VAM NM ERIC ORCH UNKNOWN 
(%) (%) (%) (%) (%) 

Lowland 
Fynbos 72 23 <1 1-2 3 

Renosterveld 77 18 0 ? 5 

Strandveld 64 27 0 ? 9 

CFR 62 23 8 2 4 
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Discussion 

The mycorrhizal status of many _of the taxa recorded here has not previously been reported, 

as can be expected given the high levels of endemism and species radiation in the Cape 

Floristic Region and the paucity of mycorrhizal studies in this region. All the important 

families, as well as the twenty largest genera in the Cape Floristic Region (Bond & 

Goldblatt 1984), have now had some of their members examined for mycorrhizas. The 

endemic Penaeaceae and near endemic Bruniaceae have VAM species. Families which need 

further investigation are the Anacardiaceae, Ebenaceae, Juncaceae, and Celastraceae, as 

well as the endemic families Stilbaceae, Grubbiaceae, Roridulaceae, Retziaceae, Lanariaceae 

and Geissolomataceae. The lowland vegetation types have been well covered and 

generalizations regarding their mycorrhizas can now be made. However the mycorrhizal 

status of the vegetation of habitats such as forests, seasonally waterlogged soils, limestone 

and mountain ecosystems are less well cat~ogued. 

The absence of ectomycorrhizas is a notable feature of this flora. Ectomycorrhizal 

structures are reported in many plants growing in arid regions of Australia which belong to 

families and genera also present in the Cape Floristic Region (Warcup 1980, Warcup & 

McGee 1983, McGee 1986, Bellgard 1991). Ectomycorrhizas are known to occur in the 

low nutrient soils of the Australian mediterranean heathlands (Chilvers & Pryor 1965, 

Brundrett & Abbott 1991). In addition, ectomycorrhizas have been found on trees growing 

in other African ecosystems (Redhead 1968, Hogberg & Piearce 1986). However shrub 

vegetation growing on Kalahari sands adjacent to ectomycorrhizal woodlands was 

exclusively VAM (Hogberg & Piearce 1986). The reasons for the exclusion of 

ectomycorrhizas from the Cape Floristic Region are not clear, although this can possibly be 

ascribed to the absence of an organic surface horizon which is usually associated with the 

presence of ectomycorrhizas (Read 1991), and to frequent disturbance by fire. For instance, 

in Italian mediterranean ecosystems on calcareous soils, canopy cover values for 

ectomycorrhizal plant species 9 years after fire was a quarter of that in unburnt forest 

(Puppi & Tartaglini 1991). However these explanations do not satisfactorily account for 
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their absence in the Cape Floristic Region as ectomycorrhizas occur in fire prone communities 

in Australia, with low soil organic matter (Brundrett & Abbott 1991). 

The explosive speciation that the genus Erica has undergone in the Cape Floristic Region 

(±530 spp.) implies that ericoid mycorrhizas are unusually common in this area. Cowling, 

Straker & Deignan (1990) have suggested that edaphic specialization of the endophyte has 

powered this speciation, but, as yet, supporting evidence is lacking. Distinctions between 

Erica spp. are based on floral features and it seems more realistic to assume that pollinator 

interactions were responsible for this remarkable speciation, although differences between 

endophytes from calcifuge and calcicole habitats (C. J. Straker pers. comm.) may account for 

some edaphic specialization. An interesting feature of ericoid mycorrhizal plants in the 

mediterranean-climate regions of the world is their co-existence with other species, while in 

more temperate regions they usually form almost pure stands in areas where soil degradation 

has produced soil conditions which plant roots and other mycorrhizas cannot tolerate (Leake, 

Shaw & Read 1989). 

All the non-mycorrh~~ plant families in this study have been reported as such before, 

although some have had very few species examined for mycorrhizal colonization (Trappe 

1987). Many of the non-mycorrhizal species in this study fall into the Caryophyllidae which 

is roughly equivalent to the Centrospermae (Cronquist 1988), a subclass regarded as non­

mycorrhizal (Gerdemann 1968). Subsequent studies have shown that many species in this 

group ~re cap~ble of forming mycorrhizas (Tester, Smith & Smith 1987), and that some 

families are tYI?ically qiycorrhizal, eg. Cactaceae (Miller 1979). However despite these 

excepti9ns, 89 % , of tpe species in the Caryophyllidae which have been examined are either 

non-my~orrhizal or fac~ltati".~ly mycorrhizal (Trappe 1987). Mechanisms which enable some 

plant species to remain non-mycorrhizal, when exposed to viable inoculum, are unclear 

(Tester et al. 1987, Koide & Schreiner 1992), although successful mycorrhizal development 

depend.son a.sequ~nce _of recog~ition processes between the symbionts (Gianinazzi-Pearson & 

Gianinazzi 1989). 

In dicotyledonous species, weedy, herbaceous plants often lack mycorrhizas or are weakly 

mycorrhizal (Malloch, Pirozynski & Raven 1980, Trappe 1987) and it has been noted that 

some species are less likely to form mycorrhizas when colonizing disturbed sites than 
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adjacent undisturbed areas (Miller 1979, Reeves et al. 1979). In this study, the annuals in 

the Scrophulariaceae were usually non-mycorrhizal although a few individuals form typical 

VA mycorrhizas. 

Anaerobic conditions in waterlogged soils have been invoked to explain the absence of 

mycorrhizas in some plants (Anderson, Liberta & Dickman 1984), and Tester et al. (1987) 

advance this as an explanation of the absence of mycorrhizas in most of the Cyperaceae. In 

this study the members of the Cyperaceae and the Restionaceae examined were non­

mycorrhizal while growing in well drained soil with other mycorrhizru plants, although both 

families are often associated with waterlogged conditions, and so this does not seem to be 

the only reason for the exclusion of mycorrhizas from these taxa. Although Powell (1975) 

reports mycorrhizal structures in some roots of members of the Cyperaceae, he concludes 

that they are functionally non-mycorrhizal due to the possession of a fine root system. This 

complements Baylis' (1975) proposal that the magnolioid root form with poorly developed 

root hairs would be more strongly mycorrhizal than finer root systems. Two important 

perennial families in the Cape Floristic Region, which do not form mycorrhizas (viz. 

Proteaceae and Restionaceae), are characterized by the formation of cluster roots, the 

rootlets of which are densely covered in long root hairs (Purnell 1960, Lamont 1972a, 

1982). In addition, cluster roots have been observed on members of the Cyperaceae 

(Lamont 1974), the genus Aspalathus (Fabaceae) (N. Allsopp and M. Cocks unpublished 

data), and Australian members of the Fabaceae (Lamont 1972b, Brundrett & Abbott 1991) 

which typically have low VAM infection levels. The absence or low infection levels of 

mycorrhizas in the taxa forming cluster roots supports the proposition that mycorrhizas will 

be less important when root systems are finer or root hair production dense (Baylis 1975). 

The loss of the ability to form mycorrhizas is regarded as an evolutionarily advanced feature 

(Trappe 1987). 

The mycorrhizal status of the species in the Cape Floristic Region seems to be a reflection 

of their taxonomic position, although Newman & Reddell (1987) warn that very few 

families form exclusively one type of mycorrhiza or are consistently without mycorrhizas. 

This can be expected when world-wide the higher taxa of Angiosperms are poorly 
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correlated with their ecological niches (Cronquist 1988). Life form or environmental 

factors do not satisfactorily explain the absence of mycorrhizas in longer lived plants such 

as members of the Proteaceae, Restionaceae and Zygophyllaceae in the Cape Floristic 

Region, and this must be regarded as a taxon-related characteristic for many groups. 

Reports of VAM species among the Proteaceae in New South Wales, Australia (Bellgard 

1991) and ectomycorrhizal Faurea saligna (Proteaceae) in Zambia (Hogberg & Piearce 

1986), indicate that the mycorrhizal status of members of this family should be investigated 

with respect to soil fertility, as mycorrhizas are absent in members of this family growing in 

the low nutrient soils of the Cape Floristic Region and Western Australia (Brundrett & 

Abbott 1991). Members of families such as the Aizoaceae and Mesembryanthemaceae, 

which are commonly found associated with disturbed areas in the Cape Floristic Region, are 

non-mycorrhizal when growing in undisturbed ecosystems. This supports the report that, at 

the ecosystem level, patterns of some mycorrhizal and non-mycorrhizal weedy species 

followed taxonomic divisions irrespective of growth form (Pendleton & Smith 1983). As 

most of the data here are obtained from plants growing in the field and mycorrhizal status 

was usually consistent at the family level, generalizations can be made regarding the 

mycorrhizal status of the Cape Flora provided cognizance is taken that exceptions may 

arise. The mycorrhizal status of the three lowland vegetation types is summarized in Table 

2.2. If the mycorrhizal status of species listed in Bond & Goldblatt (1984) is inferred from 

that of taxonomically related species which have been examined, it is concluded that 62 % 

of the flora of the Cape Floristic Region form VA mycorrhizas, plants without mycorrhizas 

are the next largest group, ericoid and orchid mycorrhizas are found in less than 10 % of 

the flora and the mycorrhizal status of 4 % of the flora is unknown (fable 2.2). 

The proportion of non-mycorrhizal species in the Cape Floristic Region is high when 

compared to many other vegetation types world-wide (Brundrett 1991). As non­

mycorrhizal plants are normally associated with high levels of disturbance, or edaphically 

and climatically extreme conditions, the non-mycorrhizal flora in the Cape Floristic Region 

is atypical in that representatives of two of the families that dominate the vegetation of the 

Cape Floristic Region, the Proteaceae and Restionaceae, are non-mycorrhizal. The 

evolutionary and ecological significance of this needs further exploration. The diversity of 
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mycorrhizal types is possibly an indication that no one type of mycorrhiza nor other nutrient 

acquiring adaptation is pre-eminently suited to the environmental conditions in the Cape 

Floristic Region and that the diversity of nutrient acquisition mechanisms in this region has 

probably promoted plant species co-existence . 
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CHAPTER3 

Patterns of V esicular-arbuscular Mycorrhizal Infection in Relation to 

Vegetation Type in Three Lowland Plant Communities in the South Western 

Cape 
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Introduction 

The occurrence of VA mycorrhizas is widespread in natural vegetation (Brundrett 1991), 

but the intensity of infection can be very variable amongst individuals and species (Fitter 

1989). Low temperatures and short growing season appear to exclude VAM infection at 

high latitudes (Bledsoe, Klein & Bliss 1990) and at very high altitudes (Read & 

Haselwandter 1981). The presence of ectomycorrhizal species may reduce VAM infection 

(Tobiessen & Werner 1980, Kovacic, St John & Dyer 1984) and the highly acid, humic 

soils of temperate and boreal heathlands exclude all plants except those forming ericoid 

mycorrhizas (Read 1991). Waterlogged conditions are also unfavourable for VAM 

infection (Bagyaraj, Manjunath & Patil 1979, Anderson et al. 1984) and soil disturbance 

often favours non-mycorrhizal or facultatively VAM species with low infection (Miller 

1979, Reeves et al. 1979). 

In ecosystems subject to less extreme environmental conditions, however, the factors 

controlling the intensity of infection are less obvious. Differences between species may be 

due to differing reliance on mycorrhizas for phosphorus uptake (Baylis 1975, Janos 1980b), 

or differences in seasonality of VAM formation (Fitter 1989). The amount of infection in 

roots of individual plants may be a function of their chance of encountering V AM inoculum 

in the soil, as well as the developmental stage when inoculum is encountered as this 

determines susceptibility to infection (Brundrett & Kendrick 1990b). VAM infection levels 

in a plant community and V AM fungal populations may be influenced by factors such as 

soil organic matter, soil phosphorus concentrations, percentage cover of V AM plants, and 

age of vegetation since disturbance (Miller, Moorman & Schmidt 1983, Anderson et al. 

1984, Cook, Jastrow & Miller 1988, Johnson et al. 1991). Although simulated fires may 

reduce VAM infectivity of soil (Klopatek, DeBano & Klopatek 1988), it is often not clear in. 

natural vegetation whether infection is reduced by direct effects of fire on V AM fungal 

populations, or if the effect is an indirect response due to changes in plant cover (Gibson & 

Hetrick 1988, Dhillion, Anderson & Liberta 1988). 
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Janos (1980b) proposed a model to describe changes in the mycorrhizal composition of 

plants in different seral stages of community development based on lowland tropical forest 

succession. Early seral stages dominated by non-mycorrhizal species are replaced by 

facultatively mycorrhizal species in mid-succession and then by obligately mycorrhizal 

species in climax vegetation. However, the authors of a study on variously aged vegetation 

in an alpine community concluded that the model did not fit the system (Allen et al. 1987). 

Variations in patterns of community development in response to disturbance should result in 

the model being modified for different vegetation types. 

In this chapter the V AM infection of potentially VAM plants from different lowland 

shrublands of the mediterranean climate region of the Cape Floristic Region is quantified. 

Levels of V AM infection amongst different growth habits in sand-plain lowland fynbos, 

west coast renosterveld and west coast strandveld are compared and related to edaphic and 

vegetation characteristics. The effect of fire on infection levels among plants in fynbos 

vegetation is also examined. Information on the intensity of V AM infection among plants is 

needed to improve our understanding of the functioning of mycorrhizas in natural habitats. 

Study Areas 

V AM infection levels of plants growing in sand-plain lowland fynbos, in west coast 

strandveld and in west coast renosterveld were investigated. Location of the vegetation 

types and edaphic characteristics are described in Chapter 2 and Table 3.1. The climate is 

mediterranean and minimum daily temperatures seldom fall below 3 °c (Jarman & Mustart 

1988). Annual average precipitation is approximately 520 mm (range 300 to 800 mm) and 

falls mainly in the winter months from May to September (Jarman & Mustart 1988). 

Fire is a major disturbance feature at the 269 ha fynbos site (Brownlie & Mustart 1988) and 

prior to 1987, the vegetation was a mosaic of different aged vegetation, ranging from 5 to 

greater than 20 years old. A wild fire in November 1986 destroyed most of the vegetation 

except for a small area of 5 year old fynbos. The strandveld vegetation showed no signs of 
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fire disturbance but disturbance from burrowing mole-rats and human trampling seems to 

have created a mosaic of older and younger vegetation. The renosterveld site was burnt in 

approximately 1978 and is occasionally grazed by domestic stock which has reduced the 

grass cover substantially (fansley 1982). This renosterveld is possibly a mid-successional 

community which may develop into Western Thicket (Campbell 1985) as species 

characteristic of this vegetation type such as Olea, Euclea, Rhus spp. are found protected 

among rocks and may become dominant if the site is not disturbed. 

Vegetation characteristics of these three shrub land types are described in Chapter 2. 

Vegetation cover was estimated to be greater than 70 % at the strandveld and renosterveld 

sites at the time of sampling and was usually above 80 % for 4 year or older vegetation at 

the fynbos site (Boucher & Shepherd 1988). Cover increased rapidly in the burnt area at the 

fynbos site to approximately 70 % in the third year post-fire. No single species dominated 

strandveld and cover of individual species was less than 5 % , while 10 - 20 % of the cover 

is made up of non-mycorrhizal species, mostly members of the Mesembryanthemaceae and 

Crassulaceae. Cover of the asteraceous dominant, Elytropappus rhinocerotis, in 

renosterveld was estimated at 10 - 20 % on the plots sampled and non-mycorrhizal species 

contributed less than 5 % of cover. Cover by individual species seldom exceeds 5 % in 

50 m2 plots in 4 - 20 year old sand-plain lowland fynbos at Pella although in about half of 

these plots either Phylica cephalantha (Rhamnaceae) or 1hamnochonus punctatus 

(Restionaceae), or both, had higher cover values (Boucher & Shepherd 1988). The 

Proteaceae and Restionaceae are the most important plants in the non-mycorrhizal group in 

the older vegetation at the fynbos site and account for a considerable proportion of the 

phytomass and cover (fable 3.2). 
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TABLE 3.1. Edaphic characteristics and vesicular-mycorrhizal spore numbers for west 

coast strandveld, west coast renosterveld and sand plain lowland fynbos. 

Fynbos1 Renosterveld2Strandveld3 

Soil texture 

Sand (%) 98 86 99 

Silt (%) 1 6 1 

Clay (%) <1 8 0 

pH (CaCl2 extract) 4.6 4.1 7.5 

Organic Matter (%) 1.4-3.4 4.9 2.2 

Phosphorus (µg g-1) 

Total 23-34 127 422 

Resin extract 1.4 0.8 40 

VAM spores ((100 g)-1 ) 38 90 94 

1 soil data from Mitchell, Brown & Jongens-Roberts (1984), spore numbers Berliner et al. (1989) 
2 N. Allsopp, unpublished 
3 soil data from Witkowski & Mitchell (1987), spore numbers from Berliner et al. (1989) 
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TABLE 3.2. Composition of above ground vegetation at the fynbos site. Biomass1 made up by 

mycorrhizal (V AM) shrubs and non-mycorrhizal Proteaceae (Proteoid) and Restionaceae (Restioid) 

and percentage cover2 of Proteaceae and Restionaceae in 5 x 10 m plots of various post-fire ages. 

A - indicates that data are not available. 

Percent of Biomass Percent of Cover 

Vegetation 4 9 1 3 5 12 15 19 
Age (years) 

VAM spp. 35 41 

Proteoid 25 38 2 3 17 4 16 10 

Restioid 37 20 3 6 17 32 32 46 

1 Data from Mitchell et al. (1986). Biomass was recorded for the ericoid, proteoid and restioid 
physiognomic groups. However the plants in the ericoid leafed group were predominantly vesicular­
arbuscular mycorrhizal species, rather than members of the ericoid mycorrhizal Ericaceae. The non­
mycorrhizal Proteaceae and Restionaceae were the major components of the proteoid and restioid groups 
respectively. 
2Data from Hoffman et al. (1987) 
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Materials and Methods 

Roots were collected during winter from 25 m x 25 m plots at the three veg~tation sites as 

described in Chapter 2. Four plots were sampled in renosterveld and strandveld and 12 in 

fynbos. In 1986, plants in 5 year old fynbos were sampled, but, following a wild fire at the 

end of that year, root collection in 1987-1989 was confined to the burnt area at the fynbos 

site. Sampling at the strandveld site was biased towards younger vegetation as the climax 

species typically formed dense thickets which were impossible to penetrate non­

destructively in order to trace root systems from the base of individual plants. Phenological 

data on root growth are lacking for the flora of the S. W. Cape, but field observations at the 

three sites sampled in this study indicate that root growth is only to be expected when the 

soil is moist for prolonged periods as in winter and, therefore, roots were only collected 

during the wet winter months. 

The roots of one or two plants of every V AM species occurri~g in the plots were sampled. 

However, among some shrubs and tussocking grasses it was extremely difficult to find 

suitable material. Roots were cleared and stained as described in Chapter 2, cut into 

approximately 1 cm lengths and 50 - 200 root segments per plant were permanently 

mounted. Slides were scanned at 100 times magnification with a light microscope and the 

presence or absence of VA mycorrhizas in root sections crossing the field of view were 

· scored. Confirmation of V AM structures (arbuscules, and associated vesicles and hyphae)' 

was made at 400 times magnification whenever necessary. Percentage V AM infection of 

roots was calculated as that proportion of the total number of sections seen in the 

microscope field of view with either arbuscules or vesicles, provided the latter appeared to 

be typically mycorrhizal. 

For the purpose of this study, data of V AM infection (usually only vesicles and hyphae) 

among individuals in typi<:ally non-mycorrhizal families (Chapter 2) were excluded. On 

average slightly fewer than two plants per species were examined per site. Plants were 

divided into three growth habit categories: annuals, perennials, which are mostly woody 

shrubs but include some herbaceous plants, and geophytes (both monocotyledons and 

dicotyledons, including hemicryptophytes). 
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The wet-sieving and decanting method followed by centrifugation in a 50 % sucrose was 

used to isolate VAM spores from the soil (Tommerup & Kidby 1979). The VAM 

infectivity of soil from adjacent burnt and unburnt vegetation at the fynbos site was 

determined 1 and 2 months after the November 1986 wild fire using the Most Probable 

Numbers (MPN) technique (Porter 1979). Soil was collected from the top 5 cm at points 

every 50 m along a line running parallel and 30 m from the burn boundary. Three soil 

samples were collected from the burnt and unburnt vegetation on each collection date. 

Percentage infection values were arcsine transformed (Zar 1984). The number of plants 

with transformed percentage infection levels falling into each of five even-sized infection 

intensity categories were counted for the different vegetation types, growth habits and four 

plant families from the fynbos site. As the data was not normally distributed, non­

parametric statistical analyses of the data were performed. Kruskal-Wallis one-way analysis 

of variance by ranks was used to compare the average V AM infection between plots, 

vegetation types, growth habit and, in the fynbos vegetation, between families with more 

than six plants sampled. 

Results 

Post-fire age at the fynbos site 

There was a significant difference (p < 0.0001) in the average infection for the plots sampled 

at the fynbos site. Those plots with a post-fire age of less than 2 years had a significantly 

(p < 0.0001) lower average rank of VAM infection compared to those of 3 and 5 years post­

fire but there were no significant differences between plots within these age groups as tested 

by Kruskal-Wallis one-way analysis of variance by ranks. Therefore all the samples from 

the 1 and 2 year post-fire vegetation were combined, as were those from the 3 and 5 year 

old vegetation. Few plants in plots less than 2 years post-fire had high V AM infection 

levels (Fig 3.1). Among the plants on the older plots there was a more even spread of 

plants with infection at all levels, although most plants were moderately to heavily infected 
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(Fig 3.1). Geophytes and perennials on the older plots had significantly higher infection 

levels (p < 0.01, p< 0.001 respectively) than those from the younger plots (Fig. 3.1). 

Growth habit at the fynbos site 

Most of the annuals sampled (n=40) were from the younger plots and all the annual plants 

(n=44) are plotted together (Fig. 3.1). Annuals at the fynbos site had very low levels of 

infection with decreasing numbers in the higher infection classes (Fig 3 .1) and infection 

levels among annuals were significantly lower (p < 0.001) than among perennials and 

geophytes from the younger plots. Although very few geophytes had low infection levels, 

in the older plots quite a few perennial plants had very low levels of V AM infection while 

the rest had moderate to high levels of infection (Fig. 3.1). However, the average infection 

rank for geophytes and perennials were the same within the same age group. 

Family at the fynbos site 

Of those families with six or more plants sampled there was a significant difference in 

average infection rank. In order of increasing infection levels were Scrophulariaceae, 

Poaceae, Fabaceae, Geraniaceae, Asteraceae, Oxalidaceae, Iridaceae, Asphodelaceae and 

Hyacinthaceae from the younger plots (p<0.01) and Fabaceae, Asteraceae, Iridaceae, 

Polygalaceae, Rhamnaceae and Thymelaeaceae from the older plots (p < 0.05). Levels of 

infection of plants in the Scrophulariaceae, Iridaceae, Fabaceae and Asteraceae can be seen 

in Fig. 3.2. Average infection rank in these families was not significantly different for 

plants from the older and younger plots and the data in Fig. 3.2 were pooled. Infection 

levels among the plants in the Scrophulariaceae (annuals) are particularly low, but among 

the Asteraceae (annuals and perennials) and Iridaceae (geophytes) infection levels are fairly 

evenly spread among all classes except that few plants had very high infection (Fig. 3.2). 

Members of the Fabaceae (all perennials) have infection levels ranging from very low to 

very high (Fig. 3.2). 
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Vegetation type 

Only five of the species sampled were common to all three sites, and 19 were common to 

two sites. There were no significant differences in infection between sampling plots at 

either the strandveld or the renosterveld sites. Comparing data from the 3 and 5 year post­

fire fynbos samples or from all the fynbos plots with the strandveld and renosterveld data 

followed the same patterns, so age of the vegetation was not important in comparisons 

between the vegetation types. The average infection of all plants was significantly 

(p < 0. 0001) different between vegetation types with strand veld having the lowest average 

rank and renosterveld the highest (Fig. 3.1). This pattern was repeated for geophytes 

(p<0.001) and perennials (p<0.0001) but infection was lowest among annuals at the 

fynbos site, followed by strandveld, with renosterveld again having the highest infection 

(p<0.0001) (Fig. 3.1). 

Although the levels of infection among annuals, perennials and geophytes are not identical 

at either the strandveld or renosterveld sites (Fig. 3.1), average infection was not 

significantly affected by growth habit at either site. Strandveld vegetation generally had 

decreasing numbers of plants in the higher infection classes while most of the plants at the 

renosterveld site had moderate to high levels of infection (Fig. 3.1). VAM spore numbers 

were similar in strandveld and renosterveld and lowest at the fynbos site (fable 3.2). 

V AM infectivity of fynbos soils 

VAM infective propagules, as determined by the MPN method, were 8, 11, and 79 per 100 

g soil from unburnt vegetation and 79, 170 and 540 propagules per 100 g soil from burnt 

vegetation 1 month after the fire. In the second month, infectivity was 22, 22 and 79 

propagules per 100 g soil from unburnt vegetation and 49, 70 and 140 for burnt vegetation. 

Despite the variation in infectivity of the samples, these values are not significantly different 

using calculated confidence limits (Alexander 1965). Further samples taken in March and 

June became contaminated in the greenhouse. 
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Asteraceae Fabaceae 
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Infection Class Infection Class 

FIGURE 3.2. Numbers of plants in four families from fynbos, with vesicular-arbuscular 

mycorrhizal infection levels falling in five intensity classes. See Fig. 1 for explanation of 

class size. 
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Discussion 

. 
The age of the vegetation after fire seems to be an important factor influencing levels of 

infection among potentially VAM plants in fynbos despite variation in date of sampling 

which may be expected to obscure pattern (Gay, Grubb & Hudson 1982, Sanders & Fitter 

1992a). The low post-fire infection levels are largely a result of the low levels of infectivity 

associated with annuals. Most annual plants had completed their vegetative growth and 

were flowering when collected, and therefore the lack of V AM infection could not be 

ascribed to short exposure to field inoculum. Factors that contribute to low levels of 

infectivity in annuals are that V AM colonization of roots is restricted to a short period of 

their life history (Brundrett & Kendrick 1990a) and, as annuals typically have high growth 

rates, roots may grow faster than the capacity of V AM fungi to infect them (Dodd & 

Jeffries 1986). In addition, the ruderal lifestyle of annuals is often associated with lowered 

mycorrhizal dependence and infection (Trappe 1987). Annuals dominate very early post­

fire fynbos environments probably by exploiting the temporarily enhanced nutrient status of 

the soil (Brown & Mitchell 1986, Stock & Lewis 1986), and by reducing the carbon drain 

of maintaining mycorrhizal fungi. 

The lower average V AM infection among perennials and geophytes sampled in the first and 

second growing season after fire suggests that fire may reduce soil infectivity, although 

results of the MPN measure of soil infectivity suggest otherwise. This is not a particularly 

reliable technique for measuring soil infectivity (Wilson & Trinick 1982), as disruption of 

the VAM hyphal network during soil dilution reduces infection from this source (Jasper, 

Robson & Abbott 1989, Evans & Miller 1990). The MPN method possibly only measures 

potential infectivity contributed by V AM fungal spores in the soil. However networks of 

V AM fungal hyphae, supported by established root systems, are thought to be the most 

important source of rapid V AM infection of new roots (Read et al. 1976, Newman 1988, 

Read & Birch 1988, Jasper et al. 1989). Destruction of above ground phytomass in the fire 

results in death of rootstocks from which the V AM hyphae would proliferate and many new 

roots may, therefore, remain non-mycorrhizal after a fire through a failure to encounter 
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hyphal inoculum. In addition, V AM plant species, regenerating in patches dominated by 

non-mycorrhizal species in the pre-fire vegetation, may remain uninfected unless V AM 

inoculum is reintroduced. 

The intensity of infection among perennials from the three vegetation types, with fairly 

large numbers of plants with very low infection levels, very few with moderately low, and 

most with moderate to high levels of infection supports St John & Hunt's (1983) proposal 

that infection is a random process, but that the spread of infection along roots is 

exponential. This pattern also suggests that as in other ecosystems, VAM inoculum is 

patchily distributed in these vegetation types (Koske 1981, Walker, Mize & McNabb 1982, 

Allen & Allen 1990). More information on the spatial and temporal distribution of VAM 

fungi in the soil is needed as this will affect the establishment of individuals and, therefore 

the pattern of succession. The high percentage cover of non-mycorrhizal species in fynbos 

may increase the patchiness of V AM inoculum which in turn may affect vegetation 

dynamics. At the renosterveld site the higher levels of infection are probably related to the 

high cover of VAM plants (Miller et al. 1983, Benjamin, Anderson & Liberta 1989). 

Edaphic characteristics, which largely determine the vegetation types in the lowland 

shrublands of the Cape Floristic Region, may be responsible for the different intensities of 

infection among fynbos, strandveld and renosterveld vegetation. Expectations that infection 

levels should decrease as soil fertility increases (Read et al. 1986) are supported by the 

results for the strandveld site which has the highest total phosphorus content in its soil of 

the three vegetation types, but the lowest average infection among VAM plants. However, 

VAM infection levels are not invariably correlated with soil phosphorus levels (Abbott & 

Robson 1991), and the renosterveld site has higher infection levels than the fynbos site 

despite higher levels of total phosphorus in its soil. Possibly the higher soil organic matter 

content, which stimulates VAM hyphal growth (St John, Coleman & Reid 1983), may 

contribute towards higher infection levels in renosterveld. 

High levels of plant available phosphorus, as measured by resin extractable phosphorus, at 

the strandveld site indicate that the phosphorus cycle is not very tight, and that phosphorus 
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is not limiting plant growth here. Under such circumstances, V AM may be redundant; 

hence the low levels of infection among many of the YAM plants. However, some plants 

may require mycorrhizas to acquire other soil mineral nutrients which may be in short 

supply. The Mesembryanthemaceae and Crassulaceae and other non-mycorrhizal plants 

(Berliner et al. 1989) may be successful in strandveld due to the reduced advantage of being 

mycorrhizal for phosphorus acquisition in this vegetation. Strong competition among plants 

to acquire phosphorus in renosterveld and fynbos probably accounts for low levels of plant 

available phosphorus at these sites. 

Data from the fynbos site, where members of some families were sampled several times 

suggest that plant characteristics associated with taxonomic position may influence 

infection. Consistent differences in levels of infection of co-occurring species is frequently 

reported (Anderson & Liberta 1987, Brundrett & Kendrick 1988, Sanders & Fitter 1992a), 

but little is known about the mechanisms which enable V AM plants to control levels of 

infection (Smith & Gianinazzi-Pearson 1988, Koide & Schreiner 1992). Root development, 

suberization and arrangement of cells influence V AM formation (Brundrett & Kendrick 

1990b) and, in so far as these characteristics may be influenced by edaphic conditions, may 

account for some of the variation in infection among taxa and vegetation type. Although 

amount of root infection is not directly related to amount of extraradical hyphae (Abbott & 

Robson 1985), to the effectiveness of nutrient uptake of the particular fungal strains 

infecting the root (Sanders et al. 1977) or to the nutritional status of the individual plant 

(McGonigle 1988, Sanders & Fitter 1992b), patterns of infectivity reveal broad patterns of 

mycorrhizal activity in natural vegetation. Absence of mycorrhizal infection among some 

members of a species growing in the field may be interpreted as meaning that the species is 

facultatively mycotrophic (Allen & Allen 1990). While this is probably true for annuals, 

among slow growing perennial plants, from low nutrient environments, such a conclusion 

should be viewed with caution. Most perennial V AM shrubs from fynbos would appear to 

be reliant on mycorrhizas for phosphorus uptake in the low phosphorus soils of fynbos 

{Chapters 4 & 5) and lack of mycorrhizal infection in the field may indicate that the roots 

are growing through a nutrient poor soil patch with low biological activity. 
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Patterns of plant succession in the lowland shrublands of the Cape Floristic Region are 

insufficiently known and much of the vegetation has been transformed by human activities, 

so that comparative studies among different aged communities are difficult. However, it 

seems that renosterveld probably has strong mycotrophic tendencies. In the early post-fire 

stage, non-mycorrhizal or facultatively mycorrhizal annuals are temporarily abundant in 

fynbos, but, contrary to the model of mycorrhizal succession (Janos 1980b), biomass 

contributed by non-mycorrhizal species, made up by members of the Proteaceae and 

Restionaceae, dominate older vegetation in fynbos. Despite this dominance, numbers of 

potentially V AM perennial species in 4 to 20 year old fynbos vegetation at Pella average 30 

(SD± 5) species per 50 m2 plot and do not diminish with vegetation age (calculated from 

Boucher & Shepherd 1988). VA mycorrhizas may be important in maintaining species 

diversity in fynbos, as has been postulated for other low-nutrient environments (Grime et al. 

1987). The importance of mycorrhizas in the phosphorus rich strandveld soils is equivocal, 

as observation suggests that non-mycorrhizal species increase in importance following 

disturbance, as well as along a gradient of increasing aridity up the west coast (cf. the study 

of Berliner et al. (1989) in more arid strandveld). Unfortunately, the present study was 

unable to establish general levels of V AM infection among the thicket forming species of 

climax vegetation. 

Levels of V AM infection are not uniform within or between vegetation types. Factors 

contributing to this are patchy distribution of VAM infectivity in soil, taxonomic position, 

growth form, disturbances such as fire, and stage in community development. Interactions 

between VA mycorrhizas, edaphic features and plant species contribute to the distinct 

characteristics of lowland vegetation types in the Cape Floristic Region. 
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CHAPTER4 

Mycorrhizas Stimulate Growth of Seedlings of Three Slow Growing, 

Sclerophyllous Fynbos Species 

51 



•, 

Introduction 

The fynbos vegetation of the S. W. Cape is dominated by sclerophyllous shrubs associated 

with soils of amongst the lowest nutrient status worldwide (Rundel 1988). Characteristically 

plants from nutrient poor areas have low maximum growth and nutrient turnover rates, and 

low growth responses to nutrient additions, but potential for storage of such nutrients 

(Barrow 1977, Chapin 1980, Witkowski et al. 1990). Physiological demands for nutrients 

among these plants are not different to other plants, and nutrient requirements to maintain 

metabolic function are very similar to those of plants adapted to higher nutrient environments 

(Clarkson 1967, Field & Mooney 1986). Typically, plants have not evolved many 

specialized mechanisms for enhanced extraction of nutrients from low nutrient soils (Chapin 

1980, Marschner 1991). An exception is the cluster roots, produced by members of the 

Proteaceae, a dominant fynbos family, which are particularly efficient at acquiring soil 

nutrients (Lamont 1982, Marschner 1991). The most common response of plants to low 

nutrient supply is to constrain growth within the limits of resource availability. Although 

this results in the production of less metabolically active tissue, nutrient deficiencies are 

avoided (Chapin 1988). 

The perception has arisen, in a few quarters, that mycorrhizas may be of less benefit to slow 

growing wild plants from low nutrient environments than to faster growing, cultivated plants 

(St John & Coleman 1983, Koide et al. 1988a, Koide 199la). The assumption underlying 
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this is that plants with low, inflexible growth rates, high nutrient reallocation, and low tissue ~ 

turnover will make low demands on their environment for nutrients such as phosphorus, 

whose uptake is usually enhanced by mycorrhizas. However, as the availability of soil 

phosphorus is often transitory, a slow uptake mechanism, to complement the low 

requirement over time, would be disadvantageous because wild plants rely on acquiring 

nutrients rapidly, in excess of immediate needs, during periods of availability (luxury 

consumption) (Chapin 1980). These nutrients are stored until required for growth or 

reproduction (Chapin 1980, Chapin, Schulze & Mooney 1990). Seedling establishment 

following wild fires in the fynbos is a period where efficient uptake of nutrients is 

particularly critical and acquisition of nutrients from the soil in competition with other plants 

and microorganisms would best be mediated by mycorrhizas for most plant species. In this 
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chapter the prediction that VA mycorrhizas are essential for the establishment of seedlings of 

woody, sclerophyllous plants is tested by investigating the effects of VA mycorrhizas and 

phosphorus fertilization on the growth and phosphorus nutrition of three species in pot 

culture. 

Materials and Methods 

Three sclerophyllous, woody plant species, indigenous to fynbos in the Cape Floristic 

Region (Bond & Goldblatt 1984), were grown in a low nutrient soil in a factorial experiment 

with mycorrhizal and phosphorus fertilizer treatments. The species, Phylica ericoides L. 

(Rhamnaceae), Agathosma ovata (Thunb.) Pill. (Rutaceae) and Staavia radiata (L.) Dahl 

(Bruniaceae), form shrubs up to a metre high. Seeds of Phylica and Staavia were collected 

from wild populations at Hagelkraal (34°4.0'S 19°30'E) and the fynbos biome intensive 

study site at Pella (33°31 'S t8°32'E), respectively. Seeds of Agathosma were obtained from 

the seed collection of Kirstenbosch Botanical Gardens, Claremont, South Africa. 

Phylica seeds were scarified in concentrated H2S04 for half an hour. Agathosma seeds 

required no treatment other than surface sterilization with dilute NaCIO. Seeds were placed 

in plastic petri dishes on damp sterile filter paper and incubated ( 10 ° C/20 ° C temperature 

cycle) until sufficient of any one species had germinated to establish 30 pots with one plant 

per pot. Staavia seeds were sown in pots of sterile soil in the winter following seed 

colle.ction in the previous spring. The pots were covered and left unwateroo at ambient 

temperatures in the greenhouse until the following autumn, when watering commenced. 

Staavia seedlings emerged and were transplanted to the experimental pots at the same time as 

the other species were being established. 

Seedlings were planted in a sterile field soil:acid washed sand mix (1:1) in 13 cm diameter 

plastic plant pots. The field soil was a sandy soil of low phosphorus and nitrogen status 

collected from the top 20 cm at the fynbos biome intensive study site (Mitchell et al. 1984, 

Stock & Lewis 1986) and sieved through a 2 mm mesh. V AM plants were established in 

half the pots by placing a layer of 35 g V AM inoculum soil containing approximately 1000 
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spores of Acaulospora morrowae Spain & Schenk and infected root fragments of Trifolium 

subterraneum L., 5 cm below the soil surface. The inoculum was provided by INVAM 

(West Virginia University, Morgantown, WV 26506-6057, USA). Local inoculum was not 

used because of difficulties in maintaining indigenous cultures to a consistent quality. Non­

mycorrhizal (NM) controls received a layer of sterilized inoculum soil and a filtrate of non­

sterile inoculum soil containing no V AM fungal spores. Both mycorrhizal treatments also 

received 50 ml of a filtrate of non-sterile freshly collected field soil (500 g soil per litre 

water) at planting and at 8 weeks. 

Five pots of each mycorrhizal treatment received 25 ml of a 11.2 mM solution of KJ:2 PQi. 

at 12 and 20 weeks. This is equivalent in total to about four times the amount of phosphorus 

(0.5 g P m-2) being returned to the soil as ash following fire at the site from which the soil 

was collected (Brown & Mitchell 1986) and represented a total phosphorus input of 17 .3 mg 

per pot. The experimental addition of phosphorus is greater than the highest amount of 

available phosphorus that these species are likely to encounter in their natural range 

(Witkowski & Mitchell 1987), but below the amount likely to be toxic to plant growth 

(Witkowski 1989). The unfertilized plants received two 25 ml aliquots of a solution 

containing an equivalent amount of K in the form of KCI. 

Pots were randomly arranged on benches in a well-ventilated, unheated greenhouse in the 

Botany Department, University of Cape Town, and were randomized every two weeks. 

Plants were watered with deionized water three times a week. The temperature in winter 

was 8 °c - 25 °c and in summer 18 °c -42 °c. Humidity fluctuated between 40 -

100 % RH. The greenhouse received between 4hdaf1 direct sunlight on clear days in 

mid-winter and 8 h day-1 in summer. Photosynthetically active radiation, while the sun was 

shining, ranged from 800- 3500 µmol m-2 s-1. 

Plants were harvested at 44 weeks for Agathosma and 40 weeks for the other species. Plants 

were divided into shoots and roots (separated from the soil using a gentle spray of tap water) 

and dried at 80 °c for 72 h, weighed and stored in brown envelopes. Five plants of each 

mycorrhizal treatment were harvested at 8 weeks for the calculation of relative growth rates 

(RGRs) (Hunt 1978) for the period from 8 weeks until harvesting. Root:shoot ratios were 
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calculated from dry mass. Height of the plant above the cotyledons was measured at 4-

weekl y intervals from the twelfth week and the number of living and dead or abscised leaves 

at the final harvest were counted. 

Before drying, a subsample of root material was collected for assessing V AM infection 

(approximately 50 randomly selected 0.5 - 1 cm pieces of root). Root material was cleared 

in 10 % KOH at 20 °c for seven days, then rinsed with tap water and acidified with 1 M 

HCI. Roots were stained in 0.05 % Trypan blue in lactic acid/glycerol/water (14: 1: 1) 

(Kormanik & McGraw 1982) and destained in an acidified 50 % glycerol solution. 

Percentage infection was calculated by scoring mounted root segments viewed at 100 x 

magnification as V AM or not in randomly chosen fields of view of a compound microscope. 

Phosphorus content of the roots and shoots of all plants from the final harvest was measured 

colorimetrically (Murphy & Riley 1962), following acid digestion (Jackson 1958). 

Comparison of the ,mycorrhizal and phosphorus treatments was by means of two-way 

analysis of variance and 95 % confidence intervals. When the effect of a treatment is 

compared for more than one species, the probability value of the species which has the 

lowest significant difference for that treatment, is given in the text. Student's t tests were 

used to compare the V AM infection data, which were arcsine transformed before statistical 

analysis (Zar 1984). 

Results 

Mycorrhizas (p<0.01) and fertilization (p<0.01) significantly affected the mass of all the 

species with unfertilized NM plants being the smallest (Fig. 4.1). Significant interactions 

between the treatments influenced Phylica (p < 0.05) and Agathosma (p < 0.001) mass. Mass 

of phosphorus fertilized and unfertilized V AM plants of a species were equal in all 
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instances (Fig. 4.1). In the case of Staavia and Agathosma the phosphorus fertilized NM 

plants achieved the same mass as V AM plants but fertilized NM plants of Phylica were 

smaller than the VAM plants (Fig. 4.1). 

Mycorrhizas (p<0.05), fertilization (p<0.001) and interactions (p<0.01) between the two, 

significantly influenced RGRs of all the species although the effects differ between species 

(Table 4.1). RGRs and final mass were related in Staavia and Phylica but similar sized 

Agathosma plants did not have the same RGRs (Table 4.1, Fig. 4.1). 

Root: shoot ratios of dry mass tended to decrease in response to the presence of mycorrhizas 

and the addition of phosphorus (Table 4.1). Root: shoot ratios of Agathosma were highly 

variable and were not significantly affected by the treatments (Table 4.1). Phylica and 

Staavia root:shoot ratios were significantly affected (p < 0.05) by mycorrhizas and 

phosphorus fertilization. 

Height at the final harvest was significantly increased by mycorrhizas (p<0.01) and 

fertilization (p<0.05) (Fig. 4.2). Phylica and Agathosma height followed the same trend as 

mass, but Staavia height differed more than mass among treatment combinations (Fig. 4.1, 

Fig. 4.2). Phosphorus fertilization and mycorrhizal effects on plant height became apparent 

at about the same age (16 - 20 weeks) (Fig. 4.2). Unfertilized, NM plants were always 

shorter and changed little after the twentieth week. 

No NM plants became infected. V AM infection at 8 weeks was less than 10 % of the root 

length of Staavia and Phylica but was 26 % for Agathosma. By the final harvest infection 

levels were much higher but phosphorus fertilization had no significanfeffect (Table 4.1). 

All unfertilized, NM plants of Phylica, Agathosma and Staavia produced fewer leaves than 

the other treatment combinations (Fig. 4.3). Phylica produced most leaves when V AM and 

fertilized, while Agathosma and Staavia produced equal numbers if fertilized or VAM (Fig. 

4.3). Leaf sizes of all the species was noticeably smaller for NM, unfertilized plants, 
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although this was not measured. The proportion of dead leaves were significantly higher · 

, (p < 0.05) for the unfertilized, NM plants of Phylica and Staavia (Fig. 4.3). 

Mycorrhizas (p<0.01) and fertilization (p<0.001) significantly influenced the total 

phosphorus content and phosphorus concentration of all the species. Unfertilized, NM 

plants had very low phosphorus contents and phosphorus concentrations while fertilized, 

V AM plants had the highest total phosphorus contents and phosphorus concentrations (Fig. 

4.4, Table 4.1). VAM and NM Staavia acquired most phosphorus when fertilized, while 

fertilized NM Phylica and Agathosma plants acquired as much as unfertilized V AM plants 

(Fig. 4.4). Phosphorus concentrations in fertilized, NM plants were higher than in 

unfertilized, VAM plants (Table 4.1). 

Distribution patterns of phosphorus between roots and shoots of Agathosma wer~ very 

variable but not significantly different across treatments (Table 4.1). Mycorrhizas 

significantly decreased (p < 0.05) the proportion of phosphorus allocated to roots in Phylica 

(Table 4.1). Significant mycorrhizal and fertilizer treatment effects (p < 0.01) ensured that 

fertilized, NM Staavia plants had higher proportions of phosphorus in their roots (Table 

4.1). 
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TABLE 4.1. The effect of vesicular-arbuscular mycorrhizas (M) and phosphorus fertilization 

(P) on the relative growth rates, root:shoot (R:S) ratios, P concentrations, P allocation and 

mycorrhizal (V AM) infection of seedlings of Phylica ericoides, Agathosma ovata and Staavia 

radiata (mean± 1 standard error).· Values followed by different letters imply that a treatment 

combination was significantly different (p < 0.05) for that species. 

Treatment 

M p RGR R:S p R:S VAM 
mass concen- p infection 
ratio tration ratio 

(g g -1 wk-1 ) (µg g-1) ( % ) 

Phylica 
0.06la 0.82a 188a 0.9la 0 

±0.007 ±0.10 ±7 ±0.10 

,- + 0.130b o.~6a 1734b 0.95a 0 
±0.003 ±0.03 ±98 ±0.20 

+ 0.142bc 0.55a 770c 0.55b 74.2a 
±0.003 ±0.06 ±92 ±0.02 ±4.8 

+ + 0.145c 0.39b 2600d 0.63b 78.4a 
±0.001 ±0.04 ±108 ±0.06 ±8.2 

Agathosma 
o.055a l.42a 215a 2.05a 0 

±0.004 ±0.36 ±11 ±0.82 

+ 0.107b 0.90<! 1183bc l.9la 0 
±0.003 ±0.11 ±365 ±0.51 

+ 0.087c 0. ?la 626c l.06a 77 .Oa 
±0.003 ±0.07 ±54 ±0.16 ±5.5 

.+ + 0.090bc 0.8la 2472b 0.76a 70.2a 
±0.002 ±0.07 ±378 ±0.05 ±5.0 

Staavia 
0.070a 0.5la 180a 0.66a 0 

±0.005 ±0.04 ±15 ±0.04 

+ 0.120b 0.48b 2128b 2.25b 0 
±0.003 ±0.08 ±139 ±0.38 

+ O. ll 7b 0.36b 92lc 0.45a 63.5a 
±0.008 ±0.04 ±6 ±0.07 ±2.8 

+ + 0.126b 0.33b 2083b 0.78a 57.8a 
±0.006 ±0.02 ±144 ±0.10 ±3.9 
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FIGURE 4.1. Mass of seedlings of sclerophyllous shrubs, Phylica ericoides, Agathosma 

ovata and Staavia radiata, grown with vesicular-arbuscular mycorrhizal and phosphorus 

fertilization treatments. Mass of plants which are significantly different (p < 0.05) from 

those of other treatment combinations for a species are indicated by a different letter, 

vertical line represents + 1 standard error. Treatment combinations: ISZ3non-mycorrhizal 

without P fertilization, iZ]non-mycorrhizal plus P fertilization,~ mycorrhizal ~ithout P 

fertilization, rs:s:Jmycorrhizal plus P fertilization. 
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FIGURE 4.2. Height of (a.) Phylica ericoides, (b.) Agathosma ovata, and (c.) Staavia 

radiata with vesicular-arbuscular mycorrhizal and phosphorus fertilization treatments. 

Height of plants which are significantly different (p < 0.05) from those of other treatment 

combinations for a species are indicated by a different letter. Treatment combinations: • 

non-mycorrhizal without P fertilization, • non-mycorrhizal plus P fertilization, .A 

mycorrhizal without P fertilization, o mycorrhizal plus P fertilization. 
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FIGURE 4.3. Total leaves, including dead leaves indicated by the black shaded region, 

produced by seedlings of sclerophyllous shrubs, Phylica ericoides, Agathosma ovata and 

Staavia radiata, grown with vesicular-arbuscular mycorrhizal and phosphorus fertilization 

treatments. Total number of leaves which are significantly different (p < 0.05) from those 

of other treatment combinations for a species are indicated by a different letter. Treatment 

combinations: 12S:anon-mycorrhizal without P fertilization, (Z]non-mycorrhizal plus P 

fertilization,~ycorrhizal without P fertilization, E;SS'Jmycorrhizal plus P fertilization. 
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FIGURE 4.4. Total phosphorus content of seedlings of sclerophyllous shrubs, Phylica 
ericoides, Agathosma ovata and Staavia radiata, grown with vesicular-arbuscular 

mycorrhizal and phosphorus fertilization treatments. P contents of plants which are 

significantly different (p < 0.05) from those of other treatment combinations for a species 

are indicated by a different letter, vertical line represents + 1 standard error. Treatment 

combinations:ES2]non-mycorrhizal without P fertilization, [Z]non-mycorrhizal plus P 

fertilization,~mycorrhizal without P fertilization, ~mycorrhizal plus P fertilization. 
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Discussion 

The expectation that slow growing, perennial plants from a low nutrient environment are 

less likely to respond to mycorrhizas than faster growing plants with more plastic nutrient 

responses is not supported by this study. Mass of the three representatives of· 

sclerophyllous, woody, fynbos species showed increases over the NM controls of 5 - 14 

times when V AM. Growth responses to mycorrhizas of this magnitude are among the 

higher values recorded for a range of both wild and cultivated annual and perennial 

herbaceous species (Mosse, Hayman & Arnold 1973, Crush 1974, Azc6n & Ocampo 1981, 

Plenchette, Fortin & Furlan 1983, Saif 1987, Hetrick, Kitt & Wilson 1988, Koide & Li 

1991) and woody species (Baylis 1967, Hall 1975, Menge, Johnson & Platt 1978, Janos 

1980a, Pope et al. 1983, Borges & Chaney 1988, Michelsen & Rosendahl 1990) from many 

different habitats. 

While NM plants in the unfertilized treatment acquired little phosphorus other than that 

supplied by the seeds (Chapter 5), phosphorus content of V AM plants was very much 

higher. Higher phosphorus content of fertilized, NM plants was paralleled by an increase in 

growth of these plants. It seems probable, therefore, that the main effect of mycorrhizas in 

increasing growth of V AM plants of Phylica, Agathosma and Staavia was by means of 

improved phosphorus nutrition. Enhanced phosphorus nutrition is the most common reason 

for improved growth of VAM plants (e.g. Baylis 1967, Mosse et al. 1973, Crush 1974, 

Hall 1975, Koucheki & Read 1976). Growth of VAM and fertilized NM plants was equal 

except for Phylica which did not grow to the same extent when NM despite similar total 

phosphorus contents. Phylica may be dependent on mycorrhizas for the uptake of other 

nutrients as well as phosphorus. For example, zinc and copper uptake of apple cuttings is 

enhanced by mycorrhizas when phosphorus nutrition is adequate (Gnekow & Marschner 

1989). The accumulation of phosphorus in the roots of Phylica when NM may also have 

reduced the growth response (Chapter 6). 

As phosphorus depletion zones are likely to develop around absorbing roots and the rate of 

phosphorus diffusion in soil is low, mycorrhizas are important for ensuring an adequate 
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phosphorus supply to most plants, in competition with other plants, under most soil 

conditions (Plenchette et al. 1983, Gianinazzi-Pearson & Gianinazzi 1983, Krikun et al. 

1990, Bolan 1991). However, they will be particularly important under conditions, such as 

the experimental ones, where unfertilized soil phosphorus levels are below a threshold that 

NM roots can exploit. 

Generally the NM seedlings showed a remarkable ability to survive despite the lack of 

phosphorus acquisition. The ability of slow growing species to maintain metabolic activity 

under conditions of nutrient stress is regarded as a key adaptive feature of plants from low 

nutrient environments (Clarkson 1967, Chapin 1980) and may explain the persistence of the 

NM controls. Nutrient translocation from older leaves, to support the continued growth of 

meristems and young leaves when nutrient supplies from the soil are inadequate (Chapin 

1980), may account for the higher proportion of leaves lost by unfertilized NM plants. 

Koucheki & Read (1976) also reported a higher proportion of leaves lost by NM plants 

under low nutrient conditions. The lack of mortality or toxicity symptoms among the 

phosphorus fertilized plants indicates that phosphorus levels were not reaching toxic levels 

due to imbalances with other nutrients in the experimental plants (Groves & Keraitis 1976). 

Allocation patterns of carbon and phosphorus were affected by mycorrhizas and phosphorus 

additions. While there is an expectation that root:shoot ratios should decrease in response 

to nutrient sufficiency (Wilson 1988, Levin, Mooney & Field 1989) and this has been seen 

in herbaceous plants (Atkinson 1973), as well as for slow growing heathland plants (Aerts, 

Boot & van der Aart 1989) and VAM woody species (Hall 1975, Michelsen & Rosendahl 

1990), this is not an invariable response to mycorrhizas (Saif 1987, Miller, Jarstfer & Pillai 

1987, Hetrick 1991). Among the experimental plants there was a trend towards reducing 

carbon allocation to roots in response to the enhanced phosphorus nutrition of V AM or 

fertilized plants. In addition, phosphorus translocation to shoots was enhanced by 

mycorrhizas while phosphorus accumulated in the roots of some NM treatments. Thus, 

these species are showing some plasticity in growth response, and the effect of mycorrhizas 

on growth may work indirectly through altering allocation patterns (Chapter 6). 
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While changes in mycorrhizal infection might have been expected, as the proportion of root 

length infected with V AM fungi often drops with increasing phosphorus fertilization, no 

such changes were recorded. Usually, only applications of phosphorus higher than that 

applied in the present study will result in a drop in VAM infection (Menge et al. 1978b, 

Thomson, Robson & Abbott 1986). The lack of change in VAM infection supports the 

prediction that plants will tend to retain a constant level of infection over a wide range of 

phosphorus availability, as increases in phosphorus supply are likely to be transitory in 

natural environments (Fitter 1991). The translocation of phosphorus to shoots will also 

maintain root phosphorus concentrations below those that may prove inhibitory to V AM 

infection (Menge et al. 1978b). 

The growth rates of the unfertilized, V AM plants are typical of those for other slow 

growing, woody species (Jarvis & Jarvis 1964, Grime & Hunt 1975). The lack of growth 

response to additional phosphorus is consistent with the behaviour of such plants, but there 

is no indication that slow uptake of nutrients is responsible for the slow growth rate of the 

V AM or phosphorus fertilized seedlings. Low growth rates are associated with phosphorus 

storage in low nutrient environments because this allows the plant to take advantage of 

pulsed or unpredictable nutrient flushes, thus ensuring an adequate supply of phosphorus to 

support growth during periods when nutrients are unavailable (Chapin 1988, Chapin et al. 

1990). The acquisition of phosphorus by seedlings in excess of requirements for growth in 

this study can be seen as taking advantage of such nutrient availability for storage. 

It has been suggested that there are periods during the life of plants adapted to low nutrient 

environments when the mycorrhizal symbiosis is unnecessary and potentially expensive (St 

John & Coleman 1983, Fitter 1991). The importance of mycorrhizas may be reduced when 

plants rely on stored reserves for growth, but luxury consumption is probably impossible 

without mycorrhizas. While the requirement for nutrients for seedling growth are obvious, 

the requirement may be very low for mature plants due to internal cycling and slow tissue 

turnover. However reproduction is likely to have a high nutrient requirement and therefore 

dependency on mycorrhizas extends beyond the seedling stage. Studies of the costs of 

maintaining mycorrhizas for more mature plants are required if we are to interpret the 
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effects of mycorrhizas on community dynamics. Biomass production is not the only 

indication of the ecological significance of mycorrhizas to wild plants (Allen & Allen 1986, 

Miller et al. 1987), and other plant attributes which are affected by VAM, such as height, 

leaf mortality, phosphorus allocation and luxury consumption among the experimental 

species, may influence their ecology. 

Despite low growth rates and, therefore, low phosphorus requirement, the dependency of 

these sclerophyllous species on mycorrhizas for acquiring phosphorus from a low nutrient 

soil in pot culture indicates that these species are obligately V AM during seedling 

establishment in their natural environments. In the low nutrient soils of the fynbos with 

plant available phosphorus at levels of 0.2 - 2 µg g- 1 (Mitchell et al. 1984, Witkowski & 

Mitchell 1987), these species are unlikely to encounter phosphorus concentrations of the 

magnitude of the phosphorus amendment in this experiment and will rely on mycorrhizas 

for acquiring phosphorus for growth and storage. In assessing the responses of slow 

growing species to mycorrhizas, it is essential to consider the biology of such plants in the 

context of their natural environment, and particularly to recognize the low nutrient 

conditions under which they grow. The results of this study refute the suggestions that 

plants from low nutrient environments are less reliant on mycorrhizas for nutrient 

acquisition than plants from more nutrient rich regions. 
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CHAYfERS 

Seed Reserves Influence Seedling Growth and Mycorrhizal Responses among 

Evergreen Shrubs from a Low Nutrient Environment 

66 



Introduction 

Seed size is seen as an important ecological attribute of plants, because it reflects 

interactions between past environmental pressures and the evolutionary history of taxonomic 

groups (Hodgson & Mackey 1986). The allocation of resources to seeds is subject to the 

conflicting demands of effective dispersal and provisioning of the seedling for successful 

establishment (Fenner 1985, Howe & Westley 1986). Seed phosphorus reserves are very 

important for determining early seedling growth (Atkinson 1973, Fenner & Lee 1989) as 

the low mobility of phosphorus in the soil makes it one of the most difficult nutrients for a 

seedling to acquire. It might be expected, therefore, that among a group of ecologically 

similar species, the seedlings of poorly provisioned seeds will be highly dependent on 

mycorrhizas for establishment, while those of larger seeds would be more independent. 

Large seeds are associated with large plants (Thompson & Rabinowitz 1989), dry habitats 

(Baker 1972) and later successional stages (Salisbury 1942). Hall (1975) and Janos (1980a) 

suggest that selection for large seeds among obligate mycorrhizal forest species is a means 

of ensuring establishment when the prospect of mycorrhizal infection is uncertain. 

Alternatively, seedlings from large seeds in shaded environments may have an advantage in 

supporting the carbon demands of a mycorrhizal symbiont until such a stage that the plant 

can photosynthesize. Seedling establishment in the fynbos is in a high light environment 

during mild, rainy winters following disturbance by fire, and seedling recruitment in 

established vegetation is not a major factor in determining community composition. 

Therefore, it is expected that interactions between the environment and mycorrhizas which 

may influence seed size and mycorrhizal response will be different to those in more shaded 

environments. 

Members of the dominant, evergreen, shrubby vegetation of the Cape fynbos produce a 

wide range of seed sizes (le Maitre & Midgley 1992, Allsopp & Stock in press b) and most 

of these species form VA mycorrhizas (Chapter 2). As phosphorus is particularly low in 

these soils, it is expected that the smallest-seeded species will show the greatest mycorrhizal 

response while large seededness may be linked to independence from mycorrhizas for 
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establishment. The significance of seed size to dispersal and establishment in this low 

nutrient environment will be discussed in the context of the mycorrhizal responses of 

seedlings of a range of fynbos shrubs. 

Materials and Methods 

Germinated seeds of 15 species of evergreen, perennial woody plants, indigenous to the 

Cape Floristic Region (Bond & Goldblatt 1984) were planted in an autoclaved, infertile 

soil:acid washed sand mix (1:1) in 13 cm diameter plastic plant pots. Seeds were treated as 

set out in Table 5.1, and incubated (12 h dark/12 h light and 10° C/20° C temperature 

cycle) in plastic petri dishes on sterile damp filter paper until sufficient of any one species 

had germinated to establish 20 replicate pots of each treatment with one plant per pot. 

Dates of planting varied as germination rates were very variable but all plants were 

established over a two month period during the winter. Species, source of seeds, and weeks 

grown to final harvest are detailed in Table 5 .1. Ten V AM and 10 NM plants were 

established for each species. Details of the soil used, the establishment of V AM and NM 

treatments and the growing conditions are described in Chapter 4. As it was not possible to 

obtain seed for a range of plant species growing in the same community, on the same soil, 

the use of an indigenous V AM inoculum cocktail was unlikely to reflect the fungal species 

composition of the soils from the natural habitats of all the species. As species specific 

interactions and competition between the mycorrhizal fungi (Wilson 1984) may influence 

the results, a V AM fungus, Acaulospora morrowae Spain & Schenck from INV AM 

(University of West Virginia, Morgantown, WV 26506-6057, USA), which has not had the 

opportunity to interact with any of the experimental species was chosen as a neutral 

compromise. 

Five plants per treatment were harvested after 8 weeks of growth. Age of plants at final 

harvest ranged from 40 - 50 weeks (Table 5.1). Plant parts were dried at 80° C for 72 h, 

weighed and stored in brown paper envelopes. Seed mass and phosphorus content were 

determined for a minimum of 20 seeds per species with their seed coats removed, except for 
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three of the smaller seeded species, viz. Staavia radiata, Passerina paleaceae and Petalacte 

coronata. Thus, seed weight is overestimated for these species, but Fenner (1983) points 

out that the seed coat usually accounts for proportionately less of the total mass when seeds 

are small, presumably because the seed coats are thinner. 

Before drying a subsample of root material was collected for V AM infection assessment as 

described in Chapter 4. At the 8 week harvest roots of a species for a particular treatment 

were bulked to measure V AM infection. Diameters of 15 of the last order roots of NM 

plants of all species from the final harvest, except Polygala virgata, were determined at the 

same time as VAM infection was measured. 

Nodule numbers on the root systems of the legumes and numbers of cluster roots formed by 

Aspalathus linearis and Aspalathus spinescens were counted. Nitrogen content of legumes 

was determined by Kjeldahl digestion followed by colorimetric analysis (Smith 1980). 

Insufficient material of NM plants precluded nitrogen analysis of the non-legume plants. 

Phosphorus contents of seeds and all plants from the final harvest was measured 

colorimetrically (Murphy & Riley 1962) following acid digestion (Jackson 1958). 

RGRs for the period 8 weeks to harvest were calculated according to Hunt (1978). 

Responses to mycorrhizas were calculated from the equation: V AM response = (Vy AM -

VNM)/VNM where Vis a variable such as plant mass, phosphorus content or RGR, and V 

is the mean of those variables for a particular treatment (Bryla & Koide 1990). 

Student's t tests were used for comparisons between treatments for individual species. 

Differences in V AM responses, V AM infection and root diameter between species were 

made with one-way analysis of variance (ANOVA). Percentage data were arcsine 

transformed before statistical analysis (Zar 1984). Seed mass and phosphorus content were 

log transformed before testing the linear relationship between these variables and growth 

and mycorrhizal response. 
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Results 

Differences in mass of V AM and NM plants were not significant (p > O.OS) at the 8 week 

harvest except for Agathosma ovata and Passerina paleacae which produced larger plants 

when VAM (Table S.2). By the final harvest VAM plants were heavier for all species 

except Aspalathus linearis and Aspalathus spinescens. 

VAM infection at 8 weeks was extremely variable among the species. Infection of the 

bulked roots of VAM Aspalathus spinescens, Aspalathus linearis, Phylica cephalantha and 

Staavia radiata was less than 10 % . Ten to SO % of root length of Agathosma spp., Phylica 

ericoides, Polygala virgata and Petalacte coronata was infected, while over SO % of 

Otholobium spp. and Podalyria sericea roots were infected. VAM infection of the roots at 

the final harvest was less variable but was significantly (p< 0.0001) different between 

species (Table 5.2). None of the NM controls became infected. Root diameter was 

significantly (p< 0.0001) different between species (Table 5.2). 

Nodule numbers on the V AM and NM Aspalathus spp. were equal while the Otholobium 

spp. and Podalyria sericea had significantly more (p < 0.05) nodules on V AM plants 

because the NM plants failed to nodulate (Table S.3). Although VAM Psoralea pinnata 

plants had more nodules, numbers were very variable and there was no significant 

difference between treatments (Table 5.3). The nitrogen content of NM and VAM plants 

exceeded that in the seeds and was highest in VAM plants (Table 5.3). The number of 

cluster roots formed by the Aspalathus spp. were not significantly different between 

treatments (Table 5.3). 

Total phosphorus content of all species, including those unresponsive to mycorrhizas, was 

significantly (p < O.OS) higher in VAM plants (Fig. S.1). NM plants acquired little net 

phosphorus over that supplied by the seeds and only the Aspalathus spp., Psoralea pinnata 

and Petalacte coronata more than doubled their seed phosphorus when NM (Fig. 5.1). 
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Seed mass (excluding the seed coat) and seed phosphorus content (fable 5.2) were 

positively related (r=0.78, p<0.0005). There was a strong positive correlation for both 

log seed mass and log seed phosphorus content with mass of NM and V AM plants at the 8 

week harvest (fable 5.4). By the final harvest only NM mass was positively correlated 

with log seed mass and log seed phosphorus (fable 5.4). 

VAM mass response was highly correlated with VAM phosphorus response (r=0.81, 

p< 0.0005), but VAM RGR response for the period 8 weeks to harvest was not correlated 

with either (vs. mass response r=0.44, p > 0.05; vs. phosphorus response r=0.23, 

p > 0.10). All three VAM responses were significantly different (p < 0.0001) among species 

as tested by one-way ANOV A. Log seed mass and log seed phosphorus were negatively 

correlated with VAM mass response (Fig. 5.2, Table 5.4). Only log seed phosphorus was 

significantly correlated with phosphorus response (Fig. 5.2, Table 5.4) and neither seed 

mass or phosphorus was correlated with the RGR response (fable 5.4). Seed phosphorus 

concentration was not significantly correlated with any VAM response (fable 5.4). Root 

diameter of the last order roots of NM plants and percentage root length infected with V AM 

fungi were not significantly correlated with any VAM responses (fable 5.4). 
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Discussion 

Seedling size at 8 weeks among these woody perennials was highly dependent on seed 

reserves, but as seed mass and seed phosphorus are highly correlated it is difficult to 

determine which of these resources is primarily responsible for growth. Similar 

correlations between seed reserves and seedling size have been reported when plants do not 

have access to other nutrients (Fenner 1983, Stock, Pate & Delfs 1990), or are deprived of 

phosphorus (Atkinson 1973), or when seedlings are growing in highly competitive 

situations (Fenner 1978, Gross 1984). Mycorrhizal effects were generally not important in 

determining growth at 8 weeks. By the final harvest (40 - 50 weeks), NM plant growth was 

still largely determined by seed resources. A similar relationship between seed size and 

height of NM tropical woody species was found by Janos (1980a), and persistence of woody 

NM seedlings on seed reserves alone can exceed one year (Baylis 1967). Seed resources are 

therefore important in determining the size attained by older seedlings unable to obtain 

mineral nutrients from their environment through a failure to become mycorrhizal. 

Under the low nutrient conditions of the current experiment, V AM responses in terms of 

biomass gain and phosphorus acquisition are closely linked to seed size and particularly 

seed phosphorus reserves. Neither root diameter or length of root infected have a direct 

influence on VAM responses. However, with increasing seed resources, VAM mass and 

phosphorus responses decrease. Larger seeds will produce larger seedlings which can 

explore greater volumes of soil and are therefore less dependent on mycorrhizas for 

monopolizing space. The smaller seeded plants are more reliant on becoming V AM rapidly 

under low nutrient conditions in order to be competitive and thus show greater response to 

mycorrhizas. However, the larger seeded species must become mycorrhizal at an early 

stage in life, because they are unable to acquire phosphorus from this low nutrient soil any 

more efficiently than smaller seeded species. 

Among the seeds in this experiment, dispersal of the mainly smooth and rounded seeds is by 

explosive mechanisms, ants or passive. There are no confounding features, such as wings, 

which may enhance the dispersal of large seeds over smaller, smooth seeds. The 
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phylogenetic constraints on seed size and number of seeds (Hodgson & Mackey 1986) are 

fairly similar; all the species, except Petalacte coronata, are from the Rosidae, and produce 

one or two viable seeds per ovary. Allometric considerations that plant size influences seed 

size (Thompson & Rabinowitz 1989) are probably not important as potential plant height 

(Bond & Goldblatt 1984) was not significantly correlated with seed size (r=0.15,p>0.25). 

The species have similar functional and structural attributes and regenerate after fire in the 

low nutrient soils of fynbos. Therefore this group of plants is fairly homogeneous 

concerning factors which may influence seed size. 

The large seeds will disperse very locally, while the smaller seeds have a higher chance of 

more distant distribution. Species with small seeds may be less likely to face extinction 

because some at least will be dispersed to microsites favourable for establishment and thus 

escape localized stresses. Although the small-seeded species must become mycorrhizal to 

succeed, the probability of some seedlings encountering mycorrhizal inoculum early in life 

will also be higher. Large seeds have an establishment advantage in the absence of 

mycorrhizas, but their low dispersability without specialized aerial distribution structures, 

and their attractiveness to predators (Thompson 1987a), are disadvantages. The latter is 

overcome by the fact that larger seeds are more commonly myrmecochorous (ant-dispersed) 

than smaller seeds (Cowling et al. in press). However low dispersal seems to make 

populations derived from large seeds more vulnerable to local stresses, and extinction of 

such poorly dispersed species may contribute to speciation in the Cape flora (Cowling et al. 

in press). Many of the smaller seeded species in this study possess elaiosomes and are 

therefore likely to be myrmecochorous, so ant dispersal per se is not associated with low 

mycorrhizal responses. Evidence suggests that ants do not disperse seeds to nutrient rich 

microsites and, if anything, the reverse prevails (Bond & Stock 1989). Therefore, lower 

V AM dependency among large-seeded, myrmecochorous species is not overcome by 

dispersal to nutrient rich microsites. 

Shade and drought are not important factors in early seedling establishment in fynbos 

heathlands and the main selective pressures for the production of larger seeds are the 

extremely nutrient poor soils and uncertainty in encountering mycorrhizal inoculum. V AM 
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infectivity of lowland fynbos soils is low (Berliner et al. 1989) and appears to be unevenly 

distributed (Chapter 3), possibly because mycorrhizal infectivity may be reduced in patches 

dominated for several years before fire by the non-mycorrhizal Restionaceae or Proteaceae. 

Growth of non-mycorrhizal crops has been shown to reduce mycorrhizal infectivity or 

VAM spore numbers (K.ruckelmann 1975, Black & Tinker 1979). Large seeds allows 

establishment in such patches, independently of mycorrhizas, and in the bare soil situation 

following fire, movement of soil by wind and moles can facilitate recolonisation by 

mycorrhizal propagules (Warner, Allen & MacMahon 1987). Therefore large seeds may 

provide a temporal advantage in encountering mycorrhizal inoculum while the greater 

dispersability of smaller seeds provides a spatial advantage. 

The lack of mycorrhizal response among larger seeded shrubby plants in the Rosidae in this 

study is significant in view of the non-mycorrhizal state of the Proteaceae (Rosidae) which 

is considered to be derived from the ancestral VAM state (Pirozynski & Malloch 1975, 

Trappe 1987). Proteaceae have acquired independence from mycorrhizas by forming cluster 

roots (Lamont 1982) and by the production of the largest seeds among shrub species in the 

fynbos (le Maitre & Midgley 1992, Allsopp & Stock in press b) which enable them to 

establish without external nutrients (Stock et al. 1990). Some large seeded species of the 

Fabaceae may have the potential for becoming non-mycorrhizal in the fynbos as members of 

the Fabaceae have developed cluster roots in both the low nutrient soils of South Africa 

(Chapter 2) and Australia (Lamont 1972b, Brundrett & Abbott 1991). The concurrent 

development of cluster roots and large seeds may be an alternate mechanism allowing for 

the evolution of non-mycorrhizal species among certain taxa in low nutrient environments. 

The non-mycorrhizal state is usually associated with herbaceous, weedy species with widely 

dispersed small seeds that colonize highly disturbed areas (Miller 1979, Reeves et al. 1979, 

Trappe 1987). 

Although seed reserves exert a strong influence on V AM mass and phosphorus responses, 

RGR responses are uncorrelated with seed reserves. Thompson (1987a) proposes that large 

seed size and low growth rates have evolved independently to provide solutions to the 
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problem of seedling establishment in hostile environments. V AM RGR responses may be 

an indication of the growth plasticity of species in response to nutrient additions. 

While most of the species were dependent on mycorrhizas for acquiring soil phosphorus 

from low nutrient soils, increasing seed size was associated with reduced V AM mass and 

phosphorus responses. Seed size is seen as the outcome of the conflict between 

dispersability and provisioning of seedlings among woody species. Mycorrhizal 

dependency of the seedlings is a function of the probability that seeds produced by a plant 

will encounter mycorrhizal inoculum either spatially or temporally during establishment. 
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CHAPTER6 

Growth and Allocation Patterns of Seedlings of Evergreen Shrubs from a Low 

Nutrient Environment in Response to V esicular-arbuscular Mycorrhizas 
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Introduction 

Growth rates of the dominant evergreen, woody vegetation typical of low nutrient environments 

are slow and inflexible, and increased nutrient availability usually results in storage of the 

additional nutrients rather than in increased growth (Chapin 1980, Witkowski et al. 1990). It 

has, however, been shown that seedlings of slow growing, sclerophyllous fynbos shrubs 

respond to mycorrhizas and phosphorus fertilization with enhanced growth, as well as luxury 

consumption, when grown in low nutrient soils (Chapter 4). Biomass production does not 

· reflect the only effect of mycorrhizas on plant growth, as allocation patterns may also change in 

response infection (Miller et al. 1987) and mycorrhizal infection usually, but not invariably, 

lowers the root: shoot ratio of plants (Hetrick 1991). 

Hyphae of mycorrhizal fungi increase the surface area available for nutrient absorption as they 

explore the soil beyond rhizosphere depletion zones for nutrients such as phosphorus (Bolan 

1991). Increased phosphorus uptake by mycorrhizas results in enhanced growth rates which 

have been attributed to three main mechanisms. Firstly, growth may be increased through a 

stimulation of the photosynthetic rate per unit leaf area due to increased leaf phosphorus 

concentrations (Foyer & Spencer 1986, Sivak & Walker 1986); or secondly, by increased 

carbon allocation to photosynthetically active tissues of the shoots relative to roots due to the 

alleviation of nutrient stress (Bloom, Chapin & Mooney 1985, Wilson 1988, Korner 1991); and 

thirdly, because of increases in tissue production which result from the greater availability of a 

growth limiting substrate such as phosphorus. From a study on Plantago, with or without 

mycorrhizas, at different phosphorus levels, it was concluded that the increase in carbon 

assimilation rate due to improved nutrition was offset by the carbon demands of mycorrhizal 

' roots; and that the increased growth of the mycorrhizal plants was due to the shift in carbon 

allocation from root to shoot growth (Baas, van der Werf & Lambers 1989). 

If the alleviation of phosphorus limitations on growth shifts carbon allocation to shoots (Bloom 

et al. 1985, Hunt & Lloyd 1987, Wilson 1988, lngestad & Agren 1991), it may be expected that 

plants which respond to mycorrhizas with the highest proportional allocation of biomass to 

photosynthetically active tissue will have the highest relative growth rates (RGRs) (Tilman 
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1988, Hilbert 1990). Similarly phosphorus translocation to the shoots may stimulate growth, 

although luxury consumption may be expected among slow growing, woody species (Chapin 

1980). 

The effect of mycorrhizas on growth and phosphorus nutrition of seedlings of a range of 

evergreen and sclerophyllous, slow growing plants is examined in this chapter to determine 

whether differences in growth rates among these species can be attributed to changes in biomass 

and phosphorus allocation in response to mycorrhizas. 

Materials and Methods 

Germinated seeds of 15 species of evergreen, perennial woody plants (Table 5.1), indigenous to 

the Cape Floristic Region (Bond & Goldblatt 1984) were planted in a sterilized low nutrient 

soil:acid washed sand mix (1: 1) in 13 cm diameter plastic plant pots with mycorrhizal (V AM) 

and non-mycorrhizal (NM) treatments as described in Chapter 4. 

Five plants per treatment were harvested after 8 weeks of growth and at the final harvest where 

the age of plants ranged from 40 - 50 weeks as described in Chapter 5. Plants were divided into 

shoots and roots which were separated from the soil using a gentle spray of tap water. RGRs 

were calculated (Hunt 1978) for the period from germination to 8 weeks (0 - 8 wk) of growth 

using seed dry mass for time zero, and for the period from 8 weeks to final harvest (8 wk -

harvest). Root:shoot ratios were calculated from plant dry mass at both the 8 week and final 

harvest. Root:shoot ratios were not calculated for 8 week old plants of Petalacte coronata, 

Agathosma gonaquensis and Agathosma collina as only total ma8s was recorded for these 

species. The RGR response to mycorrhizas was calculated from (RGRy AM - RGRNM)/ 

RGRNM for the 8 wk - harvest RGRs (Bryla & Koide 1990) 

Phosphorus contents of roots and shoots from the final harvest were measured as described in 

Chapter 4. Phosphorus allocation to roots and shoots was measured using a root:shoot ratio of 

phosphorus content. 
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Student's t tests were used for comparisons between treatments for each species. Differences 

between the root:shoot ratios and phosphorus allocation patterns for the YAM and NM 

treatments were tested by two-way analysis of variance (ANOY A) for all the species. Dry mass 

root:shoot ratios were used as a covariate for the ANOY A on phosphorus allocation. Linear 

relationships between allocation and growth were tested using correlation analysis. 

Results 

At 8 weeks RGRs of YAM plants were only significantly (p < 0.05) higher for Agathosma ovata 

and Passerina paleacea, and dry mass root:shoot ratios were not significantly different between 

treatments for any species (fable 6.1). 

Mass of YAM plants were significantly (p< 0.05) higher for all species except Aspalathus 

linearis and A. spinescens at the final harvest, while phosphorus concentrations were 

significantly (p < 0.05) greater when plants were YAM except for Aspalathus spinescens and 

Petalacte coronata (Fig. 6.1). Dry mass root:shoot ratios were significantly (p<0.0001) 

smaller for YAM plants, and phosphorus allocation to shoots increased significantly (p < 0.05) 

with root:shoot ratios as a covariate when plants were YAM (Fig. 6.2). RGRs for the period 

from 8 weeks to harvest were significantly (p<0.01) higher for all YAM plants except for 

Aspalathus linearis and A. spinescens (fable 6.1). 

Root: shoot ratios at 8 weeks was positively correlated with 0 - 8 wk RGRs for YAM and NM 

plants (Fig. 6.3) while a negative relationship between root:shoot ratios at the final harvest and 

8 wk - harvest RGRs was found for both YAM and NM plants (Fig. 6.4). A similar 

relationship between phosphorus distribution between roots and shoots and 8 wk - harvest RGRs 

was found for the NM plants; however, the correlation was weak for YAM plants (Fig. 6.5). 

Neither shoot or whole plant phosphorus concentrations were correlated with RGRs at the final 

harvest (r=0.36- 0.38,p>0.05). Allocation of phosphorus in roots relative to shoots was 

positively correlated with root:shoot ratios for NM plants (y=0.809x+0.097, r=0.84, 
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p<0.0005) but not for VAM plants (r=0.23,p>0.10). VAM RGR response (Table 6.1) was 

positively correlated with the NM root:shoot ratio and the ratio of NM root phosphorus:shoot 

phosphorus at the final harvest (y=2.06x-0.79, r=0.64, p < 0.005 and y= 1.88x-0.82, r=0.60, 

p<0.01, respectively). A weak positive relationship was found between RGR response and 

VAM root:shoot (y=5.23x-1.87, r=0.49,p<0.05), but no relationship to VAM root 

phosphorus:shoot phosphorus (r=0.04). There were no relationships between root:shoot ratios 

of plants at 8 weeks and V AM RGR response. 
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TABLE 6.1. Relative growth rates (RGR) for the periods 0 - 8 weeks and 8 weeks to harvest· 
and root:shoot (R:S) ratios at eight weeks for vesicular-arbuscular mycorrhizal (V AM) and non­
mycorrhizal (NM) seedlings of evergreen, perennial shrubs from low nutrient habitats in the 
fynbos ecosystem and their VAM RGR responses ± 1 standard error. A - indicates no data. 

Species RGR RGR R:S VAM RGR 
(0-8wk) (8wk-harvest) ratio response 

(g g-1 wk- 1 ) (g g-1 wk-1 ) (8 week) 

NM VAM NM VAM NM VAM 

Agathosma coll in a 0.23 0.25 0.039 0.096 1.40 
(Rutaceae) ±0.02 ±0.01 ±0.003 ±0.001 ±0.03 

Agathosma gonaquensis 0.25 0.26 0.044 0.095 1.17 
(Rutaceae) ±0.03 ±0.02 ±0.002 ±0.005 ±0.08 

Agathosma ova ta 0.16 0.23 0.056 0.088 0.54 0.58 0.56 
(Rutaceae) ±0.02 ±0.01 ±0.005 ±0.003 ±0.05 ±0.05 ±0.05 

Aspalathus linear is 0.34 0.34 0.047 0.063 0.74 0.67 0.32 
(Fabaceae) ±0.01 ±0.02 ±0.007 ±0.009 ±0.09 ±0.09 ±0.14 

Aspalathus spinescens 0.25 0.27 0.093 0.091 0.61 0.38 -0.02 
(Fabaceae) ±0.01 ±0.05 ±0.004 ±0.005 ±0.06 ±0.08 ±0.04 

Otholobium fruticans 0.31 0.31 0.029 0.089 0.49 0.53 2.02 
(Fabaceae) ±0.01 ±0.01 ±0.004 ±0.003 ±0.05 ±0.02 ±0.09 

Otholobium hirtum 0.31 0.32 0.019 0.071 1.14 0.96 2.71 
(Fabaceae) ±0.02 ±0.01 ±0.003 ±0.003 ±0.25 ±0.08 ±0.14 

Passerina paleacea 0.08 0.19 0.065 0.123 0.33 0.23 0.89 
(Thymelaeaceae) ±0.03 ±0.01 ±0.005 ±0.003 ±0.05 ±0.01 ±0.05 

Petalacte corona ta 0.22 0.24 0.100 0.139 0.39 
(!~steraceae) ±0.06 ±0.03 ±0.003 ±0.002 ±0.02 

Phylica cephalantha 0.15 0.17 0.100 0.139 0.23 0.23 0.36 
(~hamnaceae) ±0.03 ±0.03 ±0.005 ±0.003 ±0.03 ±0.02 ±0.05 

Phylica ericoides 0.11 0.13 0.061 0.142 0.26 0.33 1.33 
(~hamnaceae) ±0.03 ±0.01 ±0.003 ±0.008 ±0.05 ±0.04 ±0.05 

Podalyria sericea 0.29 0.28 0.039 0.055 0.32 0.45 0.41 
(Fabaceae) ±0.01 ±0.01 ±0.004 ±0.003 ±0.02 ±0.05 ±0.07 

Polygala virgata 0.37 0.37 0.008. 0.067 0.69 0.88 6.59 
(Polygalaceae) ±0.06 ±0.03 ±0.001 ±0.001 ±0.09 ±0.11 ±0.12 

Psoralea pinnata 0.35 0.32 0.029 0.060 2.18 1.26 1.09 
(Fabaceae) ±0.02 ±0.01 ±0.002 ±0.002 ±0.17 ±0.43 ±0.07 

Staavia radiata 0.14 0.15 0.074 0.117 0.17 0.19 0.58 
(Bruniaceae) ±0.01 ±0.02 ±0.005 ±0.008 ±0.04 ±0.02 ±0.08 

1v AM RGR response=(RGRv AM-RGRNM)/RGRNM (Bryla & Koide 1990). 
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FIGURE 6.1. Mass and phosphorus concentration of non-mycorrhizal (0) and vesicular­

arbuscular mycorrhizal(•) seedlings of evergreen, slow growing fynbos shrubs. Lines 

connect non-mycorrhizal and mycorrhizal plants of the same species. Acol = Agathosma 
collina, Agon = Agathosma gonaquensis, Aova = Agathosma ovata, Alin = Aspalathus 
linearis, Aspi = Aspalathus spinescens, Ofru = Otholobiumfruticans, Ohir = Otholobium 
hirtum, Ppal = Passerina paleacea, Pcor = Petalacte coronata, Ceph = Phylica 
cephalantha, Eric = Phylica ericoides, Pser = Podalyria sericea, Pvir = Polygala virgata, 
Ppin = Psoralea pinnata, Srad = Staavia radiata. 
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FIGURE 6.2. (a.) Biomass root:shoot (R:S) ratios and (b.) Phosphorus allocation as 

measured by the ratio of P in roots to that in shoots for non-mycorrhizal <•) and vesicular­
arbuscular mycorrhizal ~)seedlings of evergreen, slow growing fynbos shrubs. Asterisks 

(*)mark those species for which the treatments were significantly different as tested by t 

tests. Species as in Fig. 6.1. 
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FIGURE 6.3. Relationship between root:shoot ratios at 8 weeks and the relative growth 

rates for the 0- 8 wk period for (a.) non-mycorrhizal (y=O.llx+0.166, r=0.60,p<0.025) 

and (b.) vesicular-arbuscular mycorrhizal (y=0.18x+0.154, r=0.76,p<0.0025) seedlings 

of evergreen, slow growing fynbos shrubs. Species as in Fig. 6. l. 
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FIGURE 6.4. The relationship between root:shoot ratios and relative growth rates for the 

final harvest for (a.) non-mycorrhizal (y=-0.038x +0.092, r=0.67, p < 0.005) and (b.) 

vesicular-arbuscular mycorrhizal (y=-0.125x+0.172, r=0.64,p<0.01) seedlings of 

evergreen, slow growing fynbos shrubs. Species as in Fig. 6.1. 
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FIGURE 6.5. The relationship between phosphorus allocation as measured by the ratio of 

Pin roots to that in shoots and relative growth rates fqr (a.) non-mycorrhizal (y=-

0.039x +0.098, r=0.72,p<0.0025) and (b.) mycorrhizal (y=-0.020x+0.112, r= 0.43, 

0.05 <p < 0.10) seedlings of evergreen, slow growing fynbos shrubs. Species as in Fig. 

6.1. 
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Discussion 

Although improved phosphorus nutrition of mycorrhizal plants appears to be the main reason 

for improved growth of these plants, phosphorus concentration and plant mass increases were 

not consistent among species. Differences in productivity or nutrient use efficiency of the V AM 

and NM plants and the different species may be ascribed to differences in carbon and 

phosphorus allocation between roots and shoots. Despite the expectation of low plasticity in 

growth responses of slow growing plants, among the experimental plants, the trend is for 

carbon allocation to shift from the roots to shoots when the phosphorus deficiency is alleviated 

by mycorrhizas. Similarly, phosphorus allocation to shoots is increased by VAM infection. 

This supports predictions that plants will adjust allocation so that their growth is equally limited 

by all resources (Bloom et al. 1985, Wilson 1988, Levin et al. 1989, Hilbert 1990, Ingestad & 

Agren 1991). 

The 0 - 8 wk RGRs of the seedlings in this study are very similar to those obtained by Grime & 

Hunt (1975) for maximum RGRs of woody species, including shrubs with microphyllous leaves, 

and may be regarded as close to their maximum potential RGRs. Contrary to predictions (e.g. 

Tilman 1988, Hilbert 1990) that root:shoot ratios should be negatively correlated with 

. maximum RGRs, both V AM and NM root:shoot ratios at the 8 week harvest are positively 

correlated with 0 - 8 wk RGRs for both V AM and NM plants, with the slope being steeper for 

VAM species. A similar trend was found among a group of 68 herbaceous wetland species, 

where a weak positive relationship was found for the period from day 10 to day 30 after 

germination (Shipley & Peters 1990). Moreover, a positive relationship exists between the ratio 

of the RGRs of roots and shoots and RGRs of the 132 species studied by Grime & Hunt (1975) 

(Hunt & Lloyd 1987). There is a tendency for faster growing species in Grime & Hunt's (1975) 

study to allocate more mass to roots during the juvenile stage although the reverse was not true 

for the slow growing species (Hunt & Lloyd 1987). However, a pattern of decreased biomass 

allocation to roots does emerge among the slow growing plants of the present study when they 

are VAM. It would be interesting to test how mycorrhizas affect patterns among potentially 

VAM species in the studies of Shipley & Peters (1990) and Hunt & Lloyd (1987), as the plants 

were apparently grown without mycorrhizas. Seed reserves still had a strong influence on 8 
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week old seedling size (Chapter 5) and ontogenetic effects on root:shoot allocation and RGRs 

must be considered in predicting growth of V AM plants on the basis of allocation models 

among young seedlings. 

However, at the final harvest, root:shoot ratios were negatively correlated with 8 wk - harvest 

RGRs of the plants. The slope for the V AM plants was steeper because the species with the 

highest root:shoot ratios when NM showed the greatest reduction in root:shoot ratios when 

these plants were mycorrhizal. Increased RGRs among these slow growing plants is related to 

changes in biomass allocation in response to mycorrhizas and RGR seems to be a function of 

root: shoot ratio which is controlled by resource availability and plant plasticity. 

The strong correlation between NM 8 wk - harvest RGRs and the ratio of phosphorus in roots 

and shoots indicates that, when phosphorus nutrition is very poor, differences in phosphorus 

allocation to shoots may be influencing photosynthetic rates, which in turn are limiting growth. 

However the relationship becomes much weaker when the plants are V AM and, furthermore, 

there is no correlation between plant or shoot phosphorus concentrations and RGRs among 

either VAM or NM plants or between root:shoot allocation of carbon and phosphorus allocation 

of V AM plants. Lack of correlation between carbon and mineral nutrient allocation patterns 

have been reported among other plants (Abrahamson & Caswell 1982, Korner & Renhardt 

1987). Once phosphorus stress has been alleviated by mycorrhizas, growth responses to 

additional phosphorus in terms of biomass increase may not be obvious among wild plants 

(Miller et al. 1987). Among slow growing plants from low nutrient habitats, RGRs are usually 

rather low and inflexible and phosphorus will accumulate in tissue (luxury consumption) rather 

than stimulate more growth (Chapin 1980). However, mycorrhizas are probably essential for 

building up the nutrient stores required to maintain growth during unfavourable conditions and 

for provisioning seeds during reproduction. Phosphorus requirements for processes other than 

photosynthesis and tissue growth may also explain the lack of correlation between phosphorus 

allocation and growth. For example, legumes sometimes show higher phosphorus allocation to 

·roots than other plants (Pate et al. 1990), presumably because of the phosphorus requirements 

of nitrogen fixation. 
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Although caution must be exercised in extrapolating these results to the field situation where 

plasticity in root:shoot ratios in response to changes in one resource may disadvantage the plant 

in the acquisition of other resources and the survival of stresses such as drought (Chapin 1988), 

the root: shoot ratios of the plants in this study are similar to those of field-grown seedlings of 

sclerophyllous plants from a nutrient-poor environment in Western Australia (Pate et al. 1990). 

However, when Phylica cephalantha was grown with high and low watering treatments with 

cyclical drying, root:shoot ratios increased in response to decreased water availability as well as 

to mycorrhizas (Chapter 7). 

Reduced root:shoot ratios may not reflect a reduction of carbon allocation to roots in real terms, 

because carbon requirements by mycorrhizal fungi will not be insignificant (Baas et al. 1989, 

Fitter 1991) and, among V AM and NM plants of similar size, the higher phosphorus 

concentrations of V AM plants are usually ascribed to the carbon demands of the mycorrhizal 

fungi (Stribley, Tinker & Rayner 1980). However the effects of alleviation of phosphorus 

deficiency in Plantago on growth, root:shoot ratios, and phosphorus concentrations in roots and 

shoots by either mycorrhizas or phosphorus fertilization, were fairly similar (Baas & Kuiper 

1989). Among slow growing plants the costs of maintaining VAM fungi are possibly much 

lower than those of root growth, because these plants are in a position to fix more carbon than 

can be used for tissue production (Baas 1989). This may account for the strong relationship 

between root: shoot ratios and RGRs irrespective of the mycorrhizal status of the plants in this 

study. 

Mycorrhizal RGR response could not be predicted from root:shoot ratios of 8 week old 

seedlings, possibly because ontogenetic considerations, unrelated to mycorrhizas, were 

controlling allocation at this stage. The NM root:shoot allocation patterns for phosphorus and 

mass at the final harvest were positively correlated with V AM RGR responses. The species 

with the highest root:shoot ratios and highest allocation of phosphorus to roots when NM had 

the largest relative changes in these parameters when they were V AM and hence the greatest 

increases in RGRs. However, contradictory reports of relationships between root:shoot ratios 

and mycorrhizal responses are reported in the literature (e.g. Menge et al. 1978a, Azc6n & 

Ocampo 1981, Saif 1987, Hetrick et al. 1988, Koide et al. 1988a). Generally root fineness, 
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root hair number and length, and root architecture may reflect a species' potential to respond to 

mycorrhizas better than root biomass (Hetrick 1991). The ability of Aspalathus linearis and A. 

spinescens to obtain soil phosphorus when NM, and hence the reduced V AM responses of these 

species, is probably due to their possession of cluster roots (Chapter 2 & 5) rather than 

root:shoot biomass allocation. 

Despite species specific characteristics such as shoot and root morphology and architecture 

which may influence plant productivity, the relationship between the allocation of biomass to 

roots and shoots, and growth rates of seedlings of a group of evergreen, slow growing shrubs 

from a low nutrient environment, is strong. This study suggests that the growth and allocation 

responses of these plants, to the alleviation of nutrient stress by mycorrhizas, are qualitatively 

similar to growth responses of faster growing species. Changes in biomass allocation influence 

growth rates, while phosphorus allocation only stimulates growth within the limits imposed by 

slow growing, relatively nutrient-unresponsive woody species, for which phosphorus storage is 

an important adaptation. 
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CHAPTER 7 

Vesicular-arbuscular Mycorrhizas Influence Phosphorus Nutrition, Growth 

and Water Relations of a Sclerophyllous Shrub 
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Introduction 

Investigations on the effects of VA mycorrhizas on plants show that, in addition to 

improving their phosphorus nutrition, their water relations are altered (Nelsen 1987). The 

water relations of different species are not uniformly affected by mycorrhizas but 

mycorrhizal plants often show increased leaf conductance or transpiration (Allen et al. 

1981, Huang, Smith & Yost 1985, Fitter 1988) or drought stress tolerance (Allen & 

Boosalis 1983, Nelsen & Safir 1982, Busse & Ellis 1985). Most studies have related the 

differences in the water relations of mycorrhizal and non-mycorrhizal plants to the improved 

phosphorus nutrition of V AM plants (Nelsen 1987, Fitter 1988, Graham, Syvertsen & 

Smith 1987, Syvertsen & Graham 1990), but some reports indicate that mycorrhizas may 

affect leaf conductance and drought tolerance independently of plant nutritional status (Allen 

& Allen 1986, Auge, Schekel & Wampel 1987). Mechanisms whereby phosphorus 

nutrition may influence plant water relations are not clear. Although phosphorus 

concentrations are not directly involved in controlling stomata (ferry & Ulrich 1973, 

Wong, Cowan & Farquhar 1985a, Jacob & Lawlor 1991), the net rate of photosynthesis 

may be reduced under phosphorus deficient conditions (Machler, Schnyder & Nosberger 

1984, Foyer & Spencer 1986, Sivak & Walker 1986, Hart & Greer 1988, Kirschbaum & 

Tompkins 1990) leading to conditions in the mesophyll which may affect stomatal 

conductance (Wong, Cowan & Farquhar 1985b). 

Investigations on the effects of VA mycorrhizas on plant water relations have been carried 

out predominantly on agricultural crops, although studies on the effects of VA mycorrhizas 

on the growth and water relations of wild plants such as grasses and forbs (Allen et al. 

1981, Allen & Allen 1986, Hetrick, Kitt & Wilson 1986) and woody perennials (Osonubi et 

al. 1991) have been conducted. Crop and wild plants studied so far usually come from 

relatively fertile soils and have rapid growth rates with short life cycles. Perennial plants 

from low nutrient environments such as the mediterranean heathlands of South Africa and 

Australia are evergreen, sclerophyllous shrubs with intrinsically slow growth rates and low 

phosphorus availability is reflected in very low leaf phosphorus concentrations (Rundel 

1988). Although these plants are subjected to seasonal drought, sclerophylly is regarded as 
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an adaptation to low nutrients (Loveless 1962) and is not a modification for drought 

tolerance (Salleo & Lo Gullo 1990). When nutrients are supplied to these plants, growth 

responses are small or absent (Specht 1963, Witkowski et al. 1990). The responses of these 

plants to V AM infection may therefore differ from those of faster growing plants. In this 

study the effects of VA mycorrhizas on the phosphorus nutrition, growth and water 

relations of seedlings of Phylica cephalantha Sonder were investigated. Treatments 

included mycorrhizal infection, high and low watering regimes and fertilizer additions. P. 

cephalantha, an ericoid leaved sclerophyllous shrub, is a common representative of the sub­

canopy shrub layer of lowland fynbos, and regenerates after fire from seed or by 

resprouting (Boucher 1983). 

Materials and Methods 

Plant culture 

Seeds of Phylica cephalantha (Rhamnaceae), collected from plants growing at the fynbos 

biome intensive study site (Jarman & Mustart 1988) at Pella (3'.f> 31' S~ 18' 32' E), South 

Africa, were acid scarified for one hour, rinsed and then germinated on damp filter paper. 

Seedlings were transferred to polystyrene pots, with holes punched in the base, containing a 

sterile soil:acid washed sand mixture (1:1). The soil, collected from the top 20 cm at the 

study site, is a fine sandy soil of low phosphorus and nitrogen status (Mitchell et al. 1984, 

Stock & Lewis 1986). To establish VAM plants in the sterile sand:soil mixture, the pots 

were inoculated with 15 ml soil containing Acaulospora morrowae Spain & Schenk spores 

and root fragments of Cynodon dactylon (L.) Pers. on which the inoculum had been 

increased. The inoculum was obtained from INVAM (West Virginia University, 

Morgantown, WV 26506-6057, USA). Non-mycorrhizal (NM) controls were established 

by adding sterilized inoculum soil with a spore-free wash of the inoculum soil. All plants 
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were initially grown for 3 months in a greenhouse before transfer to controlled environment 

growth chambers. Plants were rotated weekly to avoid positional effects. 

The effects of VA mycorrhizas on P. cephalantha seedlings were tested in two experiments. 

In the first, plants were grown under low nutrient conditions with or without mycorrhizas, 

and in the second, a factorial design with mycorrhizal, watering and phosphorus fertilizer 

treatments was implemented. 

Experiment 1: Effect of VAM under low nutrient conditions 

V AM and NM plants in 175 ml pots containing a sand/soil mixture were grown for a 

further five months in a controlled environment growth chamber (light 16 h, PAR 

335 µmol m-2 s-1, 25 °c110 °c day/night temperatures, daytime relative humidity 50 %). 

Plants were watered every three days with distilled water, the amount determined 

gravimetrically so that gravimetric soil moisture was approximately 2 % on the third day of 

the drying cycle. When the plants were 8 months old, pre-dawn xylem pressure potentials 

of seven plants from each treatment, watered to saturation the previous evening, were 

determined. Transpiration rates of a further 10 plants from each treatment were measured 

over a 3 day drying cycle after which plants were harvested and xylem pressure potentials 

determined. The root systems of the plants used to determine pre-dawn xylem pressure 

potentials were used to confirm the presence of mycorrhizas in inoculated plants. 

Experiment 2: Factorial experiment with VAM, phosphorus and watering treatments 

Mycorrhizal, phosphorus and watering treatments were applied in a 2x2x2 factorial design 

to 3 month old plants growing in a larger soil volume (250 ml pots containing the sterile 

sand/soil mixture) in a growth chamber (light 16 h, PAR 390 µmol m2 s1 , 25° C/15° C, 

day/night temperatures, daytime relative humidity 50 %). There were six replicates per 
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treatment combination. A 20 ml volume of a balanced 1/lOth strength Hoaglands nutrient 

solution (Hewitt 1966) containing micronutrients was administered weekly after transfer to 

the growth chamber. Phosphorus was supplied as KHi,P04 (3.1 µg P mr1 ). Either 30 ml 

or 50 ml of distilled water was provided on the first day of a 4 day drying cycle to simulate 

a low or high watering regime. Transpiration rates were measured daily over the drying 

cycle during the third and eighth week after transfer to the growth chamber. The plants 

were harvested at approximately 5 months old, immediately after the last transpiration 
I 

readings. 

Determination of plant parameters 

Transpiration rates were measured with a Li-Cor steady state porometer (Model LI-1600, 

Li-Cor Inc., Box 4425, Lincoln, Nebraska 68504, USA) by placing the whole shoot in a 

cylindrical chamber. Plants were watered as normal before 09h00 on day one of a drying 

cycle and transpiration rates measured each day between 1 lhOO and 14h00 throughout the 

drying cycle. The order in which the plants were measured changed every day, as did their 

position in the growth chamber. Leaf area was used to calculate transpiration rates per unit 

area. Leaf conductance was calculated from transpiration rate and leaf temperature (Von 

Caemmerer & Farquhar 1981). An average leaf temperature for the whole plant was 

obtained by looking down on the top of the plant with the view finder of the infra-red 

thermometer (lnstatherm model 14-220D-4, supplied by Protea Physical and Nuclear 

Instrumentation (Pty) Ltd., Rondebosch 7700, South Africa). The arrangement of the 

leaves around the stem is such that a high proportion of leaves can be seen through the view 

finder in this manner. Xylem pressure potentials were measured with a Scholander 

pressure bomb (PMS Instruments Co., 2750 N. W. Royal Oaks Drive, Corvallis, Oregon 

97330, USA). 

Leaf area was measured with a Skye leaf area meter, (Skye Instruments Ltd., Unit 5, Ddole 

Industrial Estate, Llandrindod Wells, Powys LDl 6DF, UK), immediately after the last set 
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of transpiration readings. Roots were washed free of soil and all plant parts were dried at 

80 °c and weighed. Leaf specific mass was calculated from dry leaf mass and leaf area. 

The phosphorus content of the roots and shoots (leaves plus stem) was determined by the 

method of Murphy & Riley (1962) following acid digestion (Jackson 1958). In the second 

experiment nitrogen content of the roots and shoots were determined colorimetrically 

following Kjeldahl digestion (Smith 1980). 

Roots were cleared and stained according to the method of Phillips & Hayman (1970), 

omitting phenol from the stain. Roots in the second experiment were subsampled by 

randomly removing 50 segments (0.5 - 1.0 cm long) from the root system and scoring the 

presence or absence of V AM infectivity of segments seen in fields of view of a light 

microscope at 100 times magnification. 

Statistical analysis 

Comparison of VAM and NM plants in the first experiment was by Student's t tests 

whereas, data from the second experiment were analysed by three-way analysis of variance 

(ANOVA). Percentage VAM infection data were arcsine transformed (Zar 1984) before 

two-way ANOV A. 

Results 

Plant biomass and leaf area 

Root mass was significantly higher (p<0.001) for allVAM plants (Table 7.1, Fig. 7.1) but 

the effect of mycorrhizas on shoot mass varied in the two experiments. In the low nutrient 

experiment, shoot mass of VAM plants was less than that of the NM plants (Table 7 .1). 
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Shoot mass was significantly higher (p < 0.05) for V AM plants in the factorial experiment 

(Fig. 7 .1). Watering regime, phosphorus addition and interactions between the treatments 

had no significant effect on root or shoot mass in the factorial experiment. Root:shoot 

ratios were greater for V AM plants (fables 7 .1 & 7 .2) and plants receiving less water had 

higher root:shoot ratios in the factorial experiment (fable 7 .2). 

Leaf area.followed the pattern of shoot mass by being lower for VAM plants in the low 

nutrient experiment (fable 7 .1) and higher for V AM plants in the factorial experiment 

(fable 7.2). Leaf specific mass was not affected by treatments in the first or second 

experiment (fables 7 .1 & 7 .2). Differences in calibrating the leaf area meter due to 

changes in ambient light conditions are thought to be responsible for the differences in leaf 

specific mass of the plants in the first and second experiment. 

Nutrient content and mycorrhizal injection 

All VAM plants had significantly (p<0.001) higher root and shoot phosphorus 

concentrations (fable 7.1, Fig. 7.2). While there was an increase in root phosphorus 

concentration in response to an interaction (p < 0.05) between V AM and phosphorus 

fertilization in the factorial experiment, phosphorus fertilization alone and watering regime 

did not affect phosphorus levels in the factorial experiment. The total phosphorus content 

of NM seedlings in the low nutrient and factorial experiment were 46.8 µg (SD± 11.7) and 

45.9 µg (SD± 15.9) P planf1, respectively. 

The presence of V AM, addition of phosphorus and the high watering regime all increased 

root nitrogen concentrations in the factorial experiment (fable 7 .2), but shoot nitrogen 

concentrations were only increased by the presence of VAM infection. 

In the low nutrient" experiment, V AM infection of the V AM plants appeared to be heavy, 

but was not quantified as the roots did not clear sufficiently. In the factorial experiment, the 

infection levels of the VAM plants that received phosphorus fertilizer were lower than the 

other V AM plants (fable 7 .2). 
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Water relations 

VAM plants had significantly (p < 0.01) higher leaf conductances in both experiments 

(Tables 7 .3 & 7.4, Fig. 7 .3). Conductances tended to decrease more during the drying 

cycle for V AM plants but were fairly constant over the drying cycles of NM plants (Table 

7.3, Fig 7.3). In the factorial experiment, soil moisture was reduced to 0.21 % and 1.36 % 

for the low and high watering levels respectively on day 4 of the drying cycle. V AM plants 

receiving the low watering treatment had the highest leaf conductances (Fig 7 .3). This was 

a frequently significant (p < 0.05) interaction effect between mycorrhizal and watering 

treatments (Table 7.4). 

Pre-dawn xylem pressure potentials of shoots in the low nutrient experiment were not 

significantly different among treatments immediately after watering (Table 7.1). After the 3 

day drying cycle, xylem pressure potentials were significantly lower for V AM plants in this 

experiment (Table 7.1). Xylem pressure potentials were not determined in the factorial 

experiment. 

104 



T
A

B
L

E
 7

.1
. 

P
ho

sp
ho

ru
s 

co
nc

en
tr

at
io

n,
 d

ry
 m

as
s,

 r
oo

t:
sh

oo
t 

(R
:S

) 
ra

ti
os

, 
le

af
 a

re
a,

 l
ea

f 
sp

ec
if

ic
 m

as
s 

(L
SM

) 
an

d 
xy

le
m

 p
re

ss
ur

e 
po

te
nt

ia
l 

(X
PP

) 
o

f 
P

hy
li

ca
 c

ep
ha

la
nt

ha
 s

ee
dl

in
gs

 g
ro

w
n 

un
de

r 
lo

w
 n

ut
ri

en
t 

co
nd

it
io

ns
 ±

 1 
st

an
da

rd
 e

rr
or

. 
Si

gn
if

ic
an

ce
 v

al
ue

s 
fr

om
 t

 t
es

ts
: 
* p

 <
 0.

05
, 

**
 p

<
0

.0
1

, 
**

* p
<

0
.0

0
1

, 
N

S 
no

t 
si

gn
if

ic
an

t. 

p 
C

o
n

c
e
n

tr
a
ti

o
n

 
M

as
s 

R
:S

 
L

e
a
f 

LS
M

 
X

PP
 

R
a
ti

o
 

a
re

a
 

R
o

o
t 

S
h

o
o

t 
R

o
o

t 
S

h
o

o
t 

D
ay

 
1 

D
ay

 
3 

{µ
g

 
g

-1
) 

{m
g)

 
{c

m
2

) 
{g

 
cm

-2
) 

{M
Pa

) 

NM
 

1
5

4
 

1
3

2
 

1
4

4
 

1
8

3
 

0
.8

4
 

7
.5

9
 

1
9

0
 

-0
.2

9
 

-0
.7

4
 

±
9

 
±

9
 

±
1

0
 

±
1

5
 

±
0

.1
1

 
±

0
.6

6
 

±
5

 
±

0
.2

1
 

±
0

.0
7

 

V
A

M
 

3
5

5
 

2
5

7
 

2
1

3
 

1
3

0
 

1
. 

7
5

 
5

.1
4

 
1

9
8

 
-0

.3
8

 
-1

.0
0

 
±

1
6

 
±

1
8

 
±

1
4

 
±

1
0

 
±

0
.1

9
 

±
0

.3
6

 
±

5 
±

0
.3

2
 

±
0

.0
5

 

S
ig

n
if

ic
a
n

c
e
 

**
* 

**
* 

**
* 

**
 

**
* 

**
 

N
S 

N
S 

**
 

.... 0 V
I 



TABLE 7.2. Root:shoot (R:S) ratios, leaf area, leaf specific mass (LSM), percentage VAM 

infection of roots and nitrogen concentration in roots and shoots of Phylica cephalantha 

seedlings grown in a factorial experiment with mycorrhizal (NM=non-mycorrhizal, 

VAM=mycorrhizal), P fertilizer (-P=no P, + P=with P) and water treatments (L=low 

water treatment, H=high water treatment) ± 1 standard error. Variance by two or three 

way analysis of variation,* p<0.05, ** p<0.01, *** p<0.001, NS not significant. 

Values in ANOVA table are F values, d.f. = 1,40, interactions between treatments produced 

no significant effects. 

R:S Leaf LSM VAM Nitrogen 
Ratio Area Infection concentration 

Root Shoot 
(cm2 ) (g cm-2 ) (%) (mg g-1) 

NM -P L 0.49 a.so 223 0 6.69 6.83 
±0.04 ±1.23 ±9 ±0 ±0.26 ±0.29 

NM -P H 0.46 10.19 212 0 6.36 6.26 
±0.04 ±1.23 ±10 ±0 ±0.85 ±0.33 

NM +P L 0.55 8.89 214 1. 7 6.93 7.18 
±0.04 ±0.62 ±7 ±1.1 ±0.46 ±0.25 

NM +P H 0.45 7.63 226 0 9.96 6.86 
±0.05 ±0.78 ±7 ±0 ±0.94 ±0.26 

VAM -P L 0.66 9.69 215 59.8 8.50 6.38 
±0.04 ±0.88 ±8 ±3.8 ±0.21 ±0.16 

VAM -P H 0.49 10.98 231 53.8 9.84 6.09 
±0.03 ±1.29 ±8 ±3.5 ±0.94 ±0.03 

VAM +P L 0.62 10.61 230 38.7 8.93 6.16 
±0.09 ±1.24 ±7 ±5.5 ±0.66 ±0.22 

VAM +P H 0.58 11.95 216 45.7 10.26 5.75 
±0.03 ±0.59 ±6 ±4.9 ±0.98 ±0.21 

----------------------------------------------------------------------· 
AN OVA 3-WAY 3-WAY 3-WAY 2-WAY 3-WA~ 3-WAY 
Main effects 
mycor 6.5 6.4 1.3 11.4 11.6 

*** * NS ** *** 

fert 0.3 0 0.9 8.4 4.3 3.5 
NS NS NS ** * NS 

water 4.9 0.9 0.7 0 5.7 0.8 
* NS NS NS * NS 
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TABLE 7.3. Leaf conductance± 1 standard error of non-mycorrhizal (NM) and mycorrhizal (V AM) 

Phylica cephalantha seedlings growing under low nutrient conditions through a 3 day drying cycle. 

Significance values from ttests: * p<0.05, ** p<0.01, *** p<0.001, NS not significant. 

Leaf conductance (mmol m -2 s-1) 

Day 1 Day 2 Day 3 

NM 91 83 72 
±13 ±13 ±13 

VAM 437 299 254 
±89 ±32 ±45 

Significance ** *** *** 
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TABLE 7 .4. Three way analysis of variance of leaf conductance of Phylica cephalantha seedlings in 

response to a factorial experiment with mycorrhizal, phosphorus fertilizer and water treatments, over drying 

cycles in weeks 3 and 8 of the water treatment. Values are F values, d.f.=1,40, * p<0.05, ** p<O.Ol, 

*** p<0.001, NS not significant. 

Week 3 Week 8 

Day 1 Day 2 Day 3 Day 4 Day 1 Day 3 Day 4 

Main effects 

A mycorrhizas 22.2 18.6 15.8 18.9 26.8 22.7 22.9 
*** *** *** *** *** *** *** 

B fertilizer 0.7 0 0.2 0.5 0 0.1 0 
NS NS NS NS NS NS NS 

C water 4.7 1. 7 0.3 0.2 3.5 1. 7 1. 7 
* NS NS NS NS NS NS 

Interactions 

AxB 2.2 1. 7 1.8 1.8 0 0.1 0 
NS NS NS NS NS NS NS 

AxC 6.7 4.2 3.1 2.3 4.3 4.4 2.5 

* * NS NS * * NS 

BxC 4.6 2.5 3.8 1.6 0.9 4.7 2.4 
* NS NS NS NS NS NS 

AxBxC 2.1 0.1 0.2 0.2 0 0.1 0.3 
NS NS NS NS NS NS NS 
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FIGURE 7 .1. Mass of roots and shoots of Phylica cephalantha seedlings in response to 

mycorrhizal, phosphorus (with or without P) and water treatments (high or low water 

treatments) in a factorial experiment. Vertical line represents + 1 standard error. C2j = 
non-mycorrhizal root, ~ = non-mycorrhizal shoot, D = mycorrhizal root, ltfil = 
mycorrhizal shoot. 
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FIGURE 7 .2. Phosphorus concentration in roots and shoots of Phylica cephalantha 

seedlings in response to mycorrhizal, phosphorus fertilizer (with or without P) and water 

treatments (high or low water treatments) in a factorial experiment. Vertical line represents 

+ 1 standard error. (23 = non-mycorrhizal root, ~ = non-mycorrhizal shoot, D = 
mycorrhizal root, mill = mycorrhizal shoot. 
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FIGURE 7 .3. Leaf conductance of Phylica cephalantha seedlings over a four day drying 
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fertilizer and water treatments. - = mycorrhizal plants, - - = non-mycorrhizal plants, o 

= no P + low water regime, o = P + low water regime, • = no P + high water 
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Discussion 

The results of this study show that P. cephalantha seedlings react in a manner similar to 

many other plants, with different growth rates and life forms, by increasing their tissue 

phosphorus concentrations in response to mycorrhizas. Plant growth in the factorial 

experiment responded positively to V AM infection, but the plants in the low nutrient 

experiment showed reduced shoot growth in response to V AM infection. The shoot growth 

depression in these plants may be due to competition between the plant and the fungus for 

carbon under generally low nutrient conditions brought about by the small soil volume and 

dilution of the soil with sand. Growth depressions in non-sclerophyllous plants in response 

to VAM infection have been reported (Buwalda & Goh 1982, Koide 1985a, Osonubi et al. 

1991). 

Average seed phosphorus content in P. cephalantha is 36.1 µg P (SD± 15.5), and the NM 

seedlings show a less than 28 % increase in total phosphorus. Phosphorus concentrations in 

the soil, even with phosphorus supplied in a soluble form, were below those that these roots 

can exploit (Fohse, Claassen & Jungk 1988) when non-mycorrhizal. Similarly Mosse et al. 

(1973) reported that roots of two of three tropical fodder species studied were incapable of 

taking up phosphorus when non-mycorrhizal. It appears that P. cephalantha is an obligate 

V AM species with respect to phosphorus nutrition, even under conditions of moderate 

phosphorus supplementation. Seed phosphorus is sufficient to support early seedling 

establishment and survival but subsequent development and success of P. cephalantha, as in 

other sclerophyllous shrubs (Chapter 5), is dependent on the plant becoming mycorrhizal. 

The role of mycorrhizas in acquiring nitrogen did not appear as critical as phosphorus 

uptake to the seedlings, although mycorrhizas were responsible for increasing nitrogen 

content. 

The reduction in V AM colonization of roots of the plants receiving the phosphorus 

supplement may be a consequence of the higher phosphorus concentration in these roots, a 

factor which has been shown to control V AM infection in other plants (Menge et al. 1978b, 

Stribley et al. 1980) although VAM infection was not reduced among other sclerophyllous 
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species by phosphorus fertilization (Chapter 4). Slow growing, sclerophyllous shrubs, such 

as the study species, usually respond to additional nutrients by luxury consumption (Chapin 

1980, Witkowski et al. 1990) which can however lead to nutrient toxicity and tissue death 

(Groves & Keraitis 1976). A feedback mechanism which controls phosphorus uptake by 

reducing mycorrhizal infection may be desirable under such conditions, although evidence 

for such a mechanism from these studies is equivocal. 

Carbon allocation patterns as indicated by root:shoot ratios show that V AM plants allocated 

more carbon to roots than NM plants. This is the reverse of the trend observed for the same 

species in another study (Chapter 6) but was similar to root:shoot ratios reported for NM 

and VAM citrus seedlings under drought conditions (Graham et al. 1987). In the low 

nutrient experiment, in the present study, the overall higher root: shoot ratios, irrespective 

of mycorrhizal status, is possibly caused by the low nutrient conditions induced by the 

smaller pot size, but in the factorial experiment, root:shoot ratios are of similar magnitude 

to those in Chapter 6. All plants in the current study were subjected to repeated drying 

cycles, whereas in the previous study (Chapter 6), plants were well watered and the soil was 

never allowed to dry out. Thus, under conditions of restricted water availability, 

mycorrhizal plants may be able to allocate more carbon to root growth compared to non­

mycorrhizal plants, which may enhance their water capturing capacity. However, all plants 

receiving less water had higher root:shoot ratios in the factorial experiment, so plasticity in 

allocation is not confined to the V AM plants. 

Leaf conductance of P. cephalantha reacts to V AM infection in a similar manner as in many 

other plants (Allen & Boosalis 1983, Koide 1985b, Huang et al. 1985, Nelsen 1987, Fitter 

1988), although VA mycorrhizas do not enhance the conductance of Citrus sp. compared to 

NM plants of similar nutritional status (Syvertsen & Graham 1990). This indicates that 

while morphological and life history features of P. cephalantha are very different to these 

plants, physiological processes associated with plant water relations are probably similar. 

The presence or absence of mycorrhizas was the main factor affecting leaf conductance 

which was consistently higher in V AM plants. Probably the most important reason 

contributing to increased leaf conductance in P. cephalantha was phosphorus availability, as 
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phosphorus concentrations were always higher in VAM plants. Although, the relative 

increase in root biomass among V AM plants may have increased their water uptake 

capacity, there was no correlation between the root: shoot ratios of NM or V AM plants and 

their leaf conductances in either experiment. Other plant parameters such as leaf area did 

not change consistently in response to VAM infection, and leaf specific mass was unaffected 

by mycorrhizas in the two experiments. Therefore, neither can be responsible for the 

differences in leaf conductance. If increased leaf conductance is related to the stimulation of 

photosynthesis through improved phosphorus nutrition, it can be assumed that carbon 

assimilation is greater for the mycorrhizal plants. This may allow mycorrhizal plants 

greater flexibility in carbon allocation in response to environmental conditions. 

The xylem pressure potentials of the experimental plants, after a drying cycle, were higher 

than those associated with drought stressed sclerophyllous plants in the field (Miller, Miller 

& Miller 1983) and they may never have been severely water stressed. These experiments 

are inconclusive about the role of V AM in enhancing drought stress tolerance of P. 

cephalantha. Leaf conductance was not lowered by the low watering regime; on the 

contrary, interactions between V AM infection and the low water treatment tended to 

increase conductance. Field data from a number of studies on fynbos plants indicate that 

they continue transpiring and fixing carbon throughout most of the year, despite the summer 

drought period (Miller et al. 1983, van der Heyden & Lewis 1989, Richardson & Kruger 

1990, Smith & Richardson 1990). This is usually ascribed to the deep taproots of most of 

these plants reaching water. The higher root:shoot ratios of VAMP. cephalantha may well 

be an advantage in this environment as a large root system may help it survive the summer 

drought period, while continuing to transpire, adopting a water spending strategy coupled 

with drought avoidance. 

This study on P. cephalantha indicates that the biology of this sclerophyllous plant is 

intimately linked to its mycorrhizal symbiont. As a seedling it is an obligate mycorrhizal 

plant as, in the absence of mycorrhizas, it is unable to extract phosphorus from the soil. 

Leaf conductance is lowered and its capacity to fix carbon may be compromised and 

therefore, 'its ability to develop suitable morphological responses to enhance its survival in 
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its natural environment may be reduced. In particular carbon allocation to roots in V AM P. 

cephalantha seedlings, when subjected to cyclical drying, may be a strategy that will 

enhance long term survival under dry conditions. 
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·CHAPTERS 

Density Dependent Interactions between V esicular-arbuscular Mycorrhizal Fungi 

and Even-aged Seedlings of Two Perennial Fabaceae Species 
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Introduction 

Many studies have examined the effect of density on plant growth, but the effect of plant 

mutualists such as mycorrhizas on the outcome of these experiments is seldom explicitly 

addressed. Most terrestrial plants form mycorrhizas, and while the effect of the mutual ism on 

individuals is fairly well established (Harley & Smith 1983), the effect on populations is less 

clear. Evidence that individual level mutualism affects population dynamics is difficult to 

obtain (Addicott 1986). If plants grow at densities less than those which result in rapid overlap 

of resource depletion zones then the influence of mycorrhizas on population growth may be the 

sum of the effects of mycorrhizas on the individual plants making up that community. Thus the 

mutualism may exist at the individual level, and may influence population growth rates, without 

affecting equilibrium population densities. However, at some stage resource depletion zones 

are likely to overlap and then the effect of mycorrhizas on the individual are unlikely to be the 

same at different densities. The influence of a mutualist may depend on which part of the host's 

life cycle it affects and whether that part of the life cycle influences population dynamics. 

Addicott (1986) predicts that the more ways a mutualist benefits another species the more likely 

it is to affect the density of that species. Since mycorrhizas impose a carbon cost on host plants 

which affects the growth of very young seedlings, and because plants have differing 

dependencies on mycorrhizas, their effect on population dynamics may be considerable, 

although mycorrhizal benefit to the individual plant may not be obvious in the field. 

Reduction in plant growth with increasing density is a commonly observed phenomenon (Clark 

1990, Firbank & Watkinson 1990) and competition for scarce resources is usually responsible. 

In two experiments comparing the growth and phosphorus nutrition of mycorrhizal and non­

mycorrhizal plants at different densities, response to mycorrhizal infection was greatest at the 

lowest density and was ascribed to the more efficient uptake of phosphorus by mycorrhizal 

roots (BMth & Hayman 1984, Koide 1991b). At higher plant densities, fewer differences were 

observed between mycorrhizal and non-mycorrhizal plants as the phosphorus depletion zones of 

their roots overlapped. While these experiments observed the reduction in benefit of a 

mutualism at higher densities they did not explore the consequences on population size 

structure. 
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When_ investigating the effect of density on populations the range of experimental plant sizes is 

probably a more ecologically meaningful measure than the mean plant sizes. Studies which 

look only at the effect of density on mean plant size have been criticized as they fail to 

appreciate the effect of the range of differences in size on the dynamics of a population 

(Benjamin & Hardwick 1986, Hara 1988). Various measures of plant size distributions exist 

(Hara 1988). Weiner & Solbrig (1984) recommend that measures of plant size variability are 

best portrayed through measures of inequality such as the Gini Coefficient or the coefficient of 

variation which are closely correlated in most cases (Weiner & Thomas 1986). 

In a survey of 16 experiments, inequalities in shoot size increased with increasing density in 14 

cases (Weiner & Thomas 1986). They concluded that in most cases competitive interference 

does not act in the same manner as reduction in resources caused by abiotic factors and suggest 

that the inequality in size is due to preemption of resources by larger plants. This will result in 

one sided competition with the larger plants suppressing the growth of smaller plants relatively 

more than the smaller plants can influence the larger plants and will produce greater inequality 

in growth at higher d_ensities. 

One consequence of mycorrhizal plants growing at high density is that they will be linked 

together by a hyphal network and that resources may pass along this network from source to 

sink plants (Chiariello et al. 1982, Francis, Finlay & Read 1986). If this is the case, size 

inequality may decrease with increasing density. If resource sharing along hyphal links does 

not occur, increasing density will result in increasing size variability. As density increases, the 

cost of being mycorrhizal will probably increase. It is therefore expected that mean plant size 

will decrease more rapidly with increasing density when the plants are mycorrhizal. So while 

the benefit of being mycorrhizal may decrease for the individual as density rises the effect of 

mycorrhizas on population development may not be insignificant. 

In this chapter, the interactive effects of mycorrhizas and density on the mineral nutrition, 

growth and size distribution of seedlings of two perennial species, Aspalathus linearis (Burm. 

f) Dahlgren and Otholobium hinum (L.) C. H. Stirton in a pot experiment, is investigated. 
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These species were chosen for testing the individual mycorrhizal, plant density and interactive 

effects of mycorrhizas and plant density as they show different responsiveness to mycorrhizas 

(Chapters 5 & 6). 

Materials and Methods 

Otholobium hinum and Aspalathus linearis are endemic to the fynbos region of South Africa. 

Both species are evergreen members of the Fabaceae. Otholobium has hairy, trifoliate leaves · 

while Aspalathus has needle-like leaves. Recruitment of seedlings in fynbos occurs during 

· winter following wild fires. Members of Otholobium, Aspalathus and other legumes are 

frequently dominant in the first few years following fire, and Aspalathus species may form 

dense stands. The soils on which fynbos grows are of very low nutrient status and competition 

for nutrients and nutrient depletion are probably important community determinants (Stock & 

Allsopp 1992). 
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Otholobium seeds were collected from adult plants at the fynbos biome intensive study site, 

Pella (33°31' S, 18°32' E), and seeds of Aspalathus were obtained from the Rooibos Tea 

Control Board, Clanwilliam, South Africa. Otholobium seeds were immersed in boiling water 

which was allowed to cool, drained off and the seeds were incubated for 12 h at 4° C. 

Aspalathus seeds were acid scarified for 1 hour (Engelbrecht, Smit & Knox-Davies 1983) and 

rinsed in sterile water. Seeds were sown at double the final densities in 13 cm diameter plastic 

pots containing an autoclaved acid washed sand:soil mixture (1:1). The soil, collected from the 

top 20 cm at Pella, is a fine, acid sand with low total and available concentrations of 

phosphorus and nitrogen (Mitchell et al. 1984, Stock & Lewis 1986). Organic matter in the 

sand:soil mix was 0.42 % and pH was 4.54. Mycorrhizal inoculum was supplied as a mixture 

of soil, spores and roots from a culture of Acaulospora morrowae Spain & Schenck (obtained 

from INVAM, West Virginia University, Morgantown, WV 26506-6057, USA) growing on 

Medicago sativa L. lnoculum soil (20 g) was layered 5 cm below the final soil surface. 

Autoclaved inoculum soil and a spore free wash of inoculum soil filtered through Whatman #4 

filter paper was supplied to the non-mycorrhizal pots. All pots received a filtrate of freshly 
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collected rhizosphere soil on the day of sowing and on day 30 to ensure a supply of rhizobia for 

nodulation. 

Germination of both species is synchronous. Aspalathus and Otholobium pots reached the 

required densities 8 and 12 days respectively after sowing and these days were regarded as time 

zero. Plant densities of 1, 4, 8 or 16 plants per pot were maintained by pulling out additional 

seedlings as they emerged. Care was taken not to disturb the remaining plants and most of the 

root systems of weeded plants were removed. Plants were grown in a controlled environment 

growth chamber (RH 50%, day length 16 h, day/night temperatures 10 ° C/25 ° C, PAR 

320 µ.mol m-2 s-1) and watered three times a week with distilled water. 

Eight pots per species were established for each treatment combination (viz. presence or absence 

of mycorrhizas, and four densities). Three pots of each combination were harvested at day 30. 

The rest of the plants (five pots per treatment combination) were harvested on day 120. Roots 

were freed from the soil with a gentle spray of tap water. Dry weights of individual shoots 

were measured. The root systems of individual Otholobium seedlings were successfully 

separated and weighed but those of Aspalathus seedlings were pooled as they were too brittle 

for accurate separation. Height of plants above the position of the cotyledons was measured 

and number of leaves counted. Length of youngest expanded leaf and cluster root numbers 

were also determined for Aspalathus. Nodules were counted and a subsample of roots from 

each pot cleared and stained to determine VAM infection (Phillips & Hayman 1977). Total 

phosphorus and nitrogen of the pooled plant material from each pot was determined by the 

molybdenum-blue method for phosphorus (Murphy & Riley 1962) after digestion in a tri-acid 

mix (Jackson 1958) and nitrogen was determined colorimetrically (Smith 1980) following 

Kjeldahl digestion using a selenium catalyst. 

Relative growth rates (RGR) for the period 0 to 30 days and 31 to 120 days were calculated 

(Hunt 1978). The slopes of the log of the average mass per plant per pot plotted against the log 

of density (Yoda et al. 1963) was determined for the VAM and NM plants of each species and 

compared using the slope comparison in Zar (1984). Root:shoot ratios were calculated on a dry 



mass basis. The coefficient of variation (CV) of plant growth in each pot was calculated using 

the mass of individual shoots of Otholobium and Aspalathus. The significance of the effect of 

mycorrhizal infection and density on plant parameters was determined by means of two-way 

analysis of variance (ANOVA). Percentage values were arcsine square root transformed before 

analysis (Zar 1984). 

Results 

Mortality was very low with deaths occurring in only two pots. One VAM and two NM 

Aspalathus plants died in pots with 16 plants. 

Absence of mycorrhizas and increases in density reduced plant mass of Otholobium but 

differences in size between V AM and NM Otholobium plants diminished with increasing plant 

density (Table 8.1, Fig. 8.la). Aspalathus plants were also smaller at higher densities, and 

VAM plants were smaller than NM plants at all densities (Table 8.2, Fig. 8. lb). Plant mass of 

singly grown VAM Aspalathus was similar to that obtained by naturally infected Aspalathus 

plants (0.209 ± 0.033 g) grown in unsterile field soil and therefore the lack of growth response 

to mycorrhizas cannot be ascribed to incompatibility with the experimental V AM fungus. The 

slope of the log mean mass versus log density plot was significantly steeper (p < 0.05) for V AM 

plants of both species (Figs. 8. la & b). 

V AM Otholobium plants were taller and had more leaves than NM plants while NM and V AM 

Aspalathus plants did not differ in these parameters (Tables 8.1 & 8.2). Increasing density 

resulted in shorter plants with fewer leaves. Leaves of V AM Aspalathus plants were shorter 

than those of NM plants and leaf length decreased with increasing density (Table 8.2). VAM 

infection of the roots was not affected by plant density for either species (Tables 8.1 & 8.2). 

Nodulation was highest for singly grown V AM Otholobium plants, absent in the single NM 

Otholobium plants, with differences between NM and V AM plants decreasing with increasing 

density (Table 8.1). NM Aspalathus plants had more nodules than the VAM plants, and 

nodulation decreased with increasing density (Table 8.2). Number of root clusters were the 
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same for YAM and NM Aspalathus plants but decreased with increasing density (fable 8.2). 

Root:shoot ratios were lower for YAM Otholobium plants but were unaffected by density 

(Table 8.1). Neither mycorrhizal or density treatments affected Aspalathus root:shoot ratios 

(fable 8.2). 

The shoot mass coefficient of variations of YAM Otholobium plants were higher than NM 

plants and YAM Otholobium shoot mass coefficient of variations increased from density one to 

density four but were unaffected by higher densities (fable 8.1). NM Otholobium coefficient of 

variations increased with increasing density. Coefficient of variations of YAM and NM 

Aspalathus shoots were similar and increased with increasing density (fable 8.2). 

By day 30 mycorrhizas, but not density, were affecting RGRs of Otholobium (fable 8.1). 

However increasing density was depressing Aspalathus RGRs at this stage although 

mycorrhizas had no influence (fable 8.2). RGRs for the period 31 to 120 days decreased for 

both species with increasing density but mycorrhizas generally increased RGRs of Otholobium 

and decreased those of Aspalathus (fable 8.1 & 8.2). 

The total phosphorus accumulated by all the plants in a pot increased with increasing density 

but most of this was accounted for by the phosphorus available in the seeds (fable 8.3). 

Similar amounts of soil phosphorus were accumulated at all densities except by NM Otholobium 

plants which acquired very low amounts of soil phosphorus (Table 8.3). 

Phosphorus concentrations were higher in YAM plants. A significant interaction (p < 0.001) of 

mycorrhizal and density treatments is seen in the decrease of phosphorus concentrations of 

V AM Otholobium plants with increasing density, with the opposite trend in NM Otholobium 

(fable 8.1). Phosphorus concentration of YAM Aspalathus plants were higher than NM plants 

and this difference increased at higher densities (fable 8.2) .. Phosphorus content of all 

Aspalathus (Table 8.2) and YAM Otholobium plants decreased with increasing density but 

phosphorus content of NM Otholobium plants remained constant at all densities (fable 8.1). 

YAM Otholobium plants had accumulated almost 14 times more phosphorus than NM plants at 

the lowest density but this dropped to 1.6 times at the highest density (Table 8.1). Differences 
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between V AM and NM Aspalathus phosphorus content were slight and decreased with 

increasing density (Table 8.2). 

Nitrogen concentration of V AM Otholobium was higher than NM plants but did not change 

much with density (Table 8.1). Nitrogen concentration in Aspalathus was unaffected by 

mycorrhizas but decreased with increasing density (Table 8.2). Both increasing density and 

absence of V AM lowered nitrogen content of Otholobium plants but increasing density alone 

lowered the nitrogen content of Aspalathus plants (Tables 8.1 & 8.2). 
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TABLE 8.1. Mean ± 1 standard error of plant parameters of Otholobium hirtum plants grown at 

densities of 1, 4, 8 and 16 plants per pot with (V AM) or without (NM) vesicular-arbuscular mycorrhizal 

inoculum. Significance values as determined by two-way analysis of variance: NS= not significant, * 

p<0.05, ** p<0.01, *** p<0.001. CV=Coefficient of variation. 

TREATMENT AN OVA 

NM 1 NM 4 NM 8 NM 16 VAM 1 VAM 4 VAM 8 VAM 16 MYC DEN MxD 

Plant Mass 0.074 0.052 0.046 0.036 0.249 0.090 0.058 0.040 *** *** *** 
(g) ±0.003 ±0.002 ±0.002 ±0.001 ±0.023 ±0.005 ±0.002 ±0.001 

Height 15.8 15.5 14.8 16.6 86.6 29.3 21.1 18.3 *** *** *** 
(mm) ±0.5 ±0.4 ±0.1 ±0.3± ±5.0 ±1.2 ±0.3 ±0.2 

Leaf number 2.8 3.0 2.9 2.5 9.2 5.1 4.2 3.1 *** * * 
±0.1 ±0.1 ±0.1 ±0.0 ±2.3 ±0.5 ±0.1 ±0.2 

VAM infection 0 0 0 0 47.5 40.7 65.3 72.5 NS 
(%) ±0 ±0 ±0 ±0 ±11.2 ±5.8 ±7.2 ±4.6 

Nodule number 0 2.4 3.7 3.5 12.6 4.8 5.2 2.7 *** ** *** 
±0 ±0.2 ±0.2 ±0.3 ±2.2 ±0.3 ±0.l ±0.1 

R:S ratio 2.66 2.13 1.92 1. 73 1.27 1.43 1.51 1.55 *** NS *** 
±0.22 ±0.11 ±0.04 ±0.11 ±0.15 ±0.10 ±0.05 ±0.05 

CV of shoot mass 15.9 17.4 23.1 43.0 34.3 72 .3 58.5 63.9 *** NS * 
( % ) ±0 ±2.0 ±2.4 ±9.9 ±0 ±11.9 ±5.1 ±8.8 

RGR 0-30 0.067 0.072 0.063 0.068 0.075 0.072 0.075 0.069 * NS NS 
(g g-1 day-1) ±0.000 ±0.001 ±0.003 ±0.002 ±0.004 ±0.000 ±0.003 ±0.000 

RGR 31-120 0.008 0.003 0.004 0.000 0.019 0.009 0.003 0.001 *** *** *** 
(g g-1 day-1) ±0.000 ±0.000 ±0.000 ±0.000 ±0.001 ±0.000 ±0.000 ±0.000 

P concentration 259 356 380 523 1118 838 767 780 *** NS *** 
(µg g-1) ±14 ±10 ±4 ±17 ±111 ±30 ±49 ±36 

P content 19.1 18.9 17.6 18.8 267.4 74.9 44.7 31.2 *** *** *** 
(µg) ±1.4 ±1.1 ±0.6 ±0.7 ±16.1 ±2.7 ±1. 7 ±0.8 

N concentration 19.14 18.03 17.81 16.62 14.01 17.14 17.36 16.86 *** NS *** 
(mg g-1) ±0.51 ±0.61 ±0.28 ±0.38 ±0.78 ±0.26 ±0.51 ±0.23 

N content 1.41 0.95 0.82 0.59 3.52 1.54 1.01 0.68 *** *** *** 
(mg) ±0.07 ±0.05 ±0.03 ±0.01 ±0.45 ±0.08 ±0.02 ±0.02 
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TABLE 8.2. Mean ± 1 standard error of plant parameters of Aspalathus linearis plants grown at densities 

of 1, 4, 8 and 16 plants per pot with (V AM) or without (NM) vesicular-arbuscular mycorrhizal inoculum. 

Significance values as determined by two-way analysis of variance: NS= not significant, * p < 0.05, ** 
p<0.01 *** p<0.001. CV=Coefficient of variation. 

Plant Mass 
( g) 

Height 
(mm) 

Leaf Number 

Leaf Length 
(mm) 

VAM Infection 

(') 

Nodule Number 

Cluster Root 
Number 

R:S ratio 

TREATMENT AN OVA 

NM 1 NM 4 NM 8 NM 16 VAM 1 VAM 4 VAM 8 VAM 16 MYC DEN MxD 

0.346 0.145 0.102 0.095 0.274 0.111 0.061 0.056 * *** NS 
±0.054 ±0.012 ±0.013 ±0.005 ±0.031 ±0.016 ±0.004 ±0.005 

74.2 14.6 13.7 7.5 81.6 6.4 5.2 4.3 NS *** NS 
±27.0 ±5.8 ±3.S ±0.S ±27.8 ±1.8 ±1.1 ±1.2 

22.4 11.6 9.1 10.3 18.6 8.9 6.2 7. 2 NS *** NS 
±5.4 ±1.3 ±0.8 ±0.3 ±2.7 ±0.9 ±0.3 ±0.8 

55.4 43.3 35.7 35.S 49.2 36.0 29.9 28.2 * *** NS 
±5. 4 ±2. 4 ±3. 9 ±0. 3 ±3. 7 ±2. 7 ±1. 3 ±2. 5 

0 0 0 0 33.S 30.8 29.7 18.7 NS 
±0 ±0 ±0 ±0 ±5.6 ±6.7 ±5.3 ±4.6 

30.6 16.3 14.5 11.1 13.2 6.6 2.9 6.8 ** *** NS 
±6.2 ±2.6 ±3.8 ±1.0 ±5.4 ±4.7 ±1.8 ±2.2 

8.8 3.0 1.5 0.9 7.8 2.2 o.s 0.4 NS *** NS 
±1.1 ±0.S ±0.3 ±0.1 ±1.3 ±0.6 ±0.1 ±0.1 

1.03 0.97 1.08 0.96 0.83 1.28 1.34 1.19 NS NS NS 
±0.16 ±0.04 ±0.15 ±0.05 ±0.09 ±0.08 ±0.10 ±0.16 

CV of shoot mass 5.1 36.6 55.8 57.5 30.S 38.6 36.3 58.S NS *** NS 
(') ±0. 0 ±8. 7 ±7. 2 ±2. 6 ±0. 0 ±2. 7 ±4. 6 ±6. 0 

RGR 0-30 0.053 0.034 0.033 0.030 0.044 0.036 0.036 0.030 NS *** * 
(g g-l day-l) ±0.002 ±0.002 ±0.000 ±0.000 ±0.001 ±0.002 ±0.001 ±0.000 

RGR 31-120 0.036 0.032 0.028 0.029 0.036 0.028 0.022 0.023 *** *** NS 
(g g-l day-l) ±0.001 ±0.000 ±0.001 ±0.000 ±0.001 ±0.001 ±0.000 ±0.001 

P concentration 727 
(µg g-1 ) ±72 

723 876 
±35 ±123 

787 1004 1092 1366 1347 *** * 
±38 ±65 ±128 ±34 ±132 

NS 

P content 
(µg) 

239.1 103.2 82.0 74.4 269.7 112.1 83.4 72.1 NS*** NS 
±22.7 ±4.S ±4.7 ±2.1 ±22.1 ±6.4 ±3.8 ±1.3 

N concentration 12. 32 11. 84 12. 06 15. 68 12. 83 13. 95 10. 50 13. 88 NS * NS 
(mg g-l) ±0.53 ±0.61 ±0.58 ±0.12 ±1.78 ±1.39 ±0.51 ±1.19 

N content 
(mg) 

4.34 1.74 1.26 1.50 3.78 1.49 0.65 0.81 NS *** NS 
±0.83 ±0.22 ±0.20 ±0.08 ±1.05 ±0.17 ±0.07 ±0.13 



TABLE 8.3. Sources of phosphorus in Otholobium hinum and Aspalathus linearis grown 

at different densities (1, 4, 8 and 16 plants per pot) in a low phosphorus soil with (VAM) 

and without (NM) vesicular-arbuscular mycorrhizal inoculum. Mean ± 1 standard error, 

percentage values following mean in square brackets. 

Total P accumulated P from seeds P from soil 
in plants 
(µg pot-1 ) (µg pot-1 ) (µg pot-1 ) 

NM VAM NM VAM 

o. hi rt um 

1 19 267 16 3 [ 15%] 251 [94%) 
±1 ±13 ±1 

4 75 299 65 10 [14%) 234 [78%) 
±4 ±11 ±5 

8 141 357 130 11 (8%) 227 [63%) 
±5 ±14 ±10 

16 302 500 260 41 [14%) 239 [48%) 
±12 ±13 ±21 

A. linear is 

1 239 269 55 184 [ 77%] 214 [79%) 
±23 ±22 ±5 

4 413 448 221 191 [46%) 227 [51%] 
±18 ±26 ±22 

8 656 667 442 213 [33%) 225 [34%) 
±38 ±31 ±44 

16 1164 1141 884 279 [24%) 256 (22%) 
±56 ±34 ±88 

125 



a. 
-0.5 • • • • VAM 

•--.&NM 

ft) 
ft) 
ca 
:E 
c:n -1 
.9 L ... -- • --... -----i-_ -1---

... -- --
-1.5 

0 0.3 0.6 0.9 1.2 
Log Density 

b. 0 

... • • VAM 
.._ __ .._NM 

-0.5 
ft) 
ft) 
ca 
:E 
0) ---~ 0 
..I -1 --

• 
-1.5 1---------..---...... ---...... _.. 

0 0.3 0.6 0.9 1.2 
Log Density 

FIGURE 8.1. Effect of final plant density on mean plant mass when (a.) Otholobium 
hinum and, (b.) Aspalathus linearis are grown with (V AM) or without (NM) vesicular­

arbuscular mycorrhizal inoculum. Slopes of VAM and NM plants are significantly different 
(p<0.05). 
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Discussion 

The reduction in individual plant size with increased density is a result of increasing overlap of 

resource depletion zones. Among the resources that become relatively less abundant at higher 

densities are light, water and soil nutrients. Soil nutrients, especially phosphorus, are possibly 

the most important limiting resource in these experiments. Apparently Aspalathus and VAM 

Otholobium plants at the lowest density had taken up almost all available phosphorus and 

phosphorus depletion occurred at a lower density of plants than in another experiment of similar 

design (K.oide 1991b). Nitrogen acquired per pot from non-seed sources was greater at higher 

densities and nitrogen fixation may be contributing to the plants' nitrogen nutrition. 

The effect of mycorrhizas on plant growth is often attributed to the improved phosphorus 

nutrition of VAM plants (Harley & Smith 1983). Increased phosphorus uptake will usually 

result in elevated growth when other factors affecting growth are not limiting. The greater 

growth of V AM Otholobium is accompanied by much greater phosphorus influx into V AM 

plants and V AM plants were able to acquire soil phosphorus even at high densities of plants. 

On the other hand the total phosphorus content of the NM Otholobium plants is almost entirely 

derived from the seed (cf. Chapter 5). It appears therefore that the concentration of soil 

phosphorus must be below the threshold (Fohse et al. 1988) that NM roots of Otholobium can 

exploit. In this soil, phosphorus uptake by Otholobium is mediated by the mycorrhizal fungus 

and Otholobium can be regarded as an obligate mycorrhizal species when growing under these 

experimental conditions. While the advantage of being VAM diminishes with increasing 

density for Otholobium, the effect of being NM is detrimental at all densities in this low 

nutrient soil. The mycorrhizal influence on phosphorus uptake in Otholobium decreases in 

proportion to the decrease in available phosphorus per plant as density increases and is not 

related to changes in intensity of V AM infection with increasing density. The decrease in 

mycorrhizal mediated phosphorus uptake with increasing density is reflected in the decreasing 

differences in-VAM and NM plant mass, height, leaf number and RGR at higher densities. 

In contrast V AM Aspalathus plants acquired very similar quantities. of P as NM plants but had 

higher tissue phosphorus concentrations due to smaller plant mass. Both VAM and NM 
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Aspalathus form cluster roots and these probably play a very similar role to the proteoid roots 

in the Proteaceae which are thought to be responsible for nutrient uptake under low nutrient 

conditions (Lamont 1982). The cluster roots of Aspalathus and the V AM fungus have similar 

efficiencies in acquiring soil phosphorus. Aspalathus can be regarded as a species which has 

Jittle or no mycorrhizal dependency, at least under the experimental conditions. 

As the V AM fungi were not able to confer any nutrient uptake advantage to the Aspalathus 

plants, under these growing conditions, there is a reduction in V AM plant growth which may 

be due to the carbon requirements of the fungus. Similar growth depressions have been 

observed in other V AM plants especially under conditions of adequate mineral nutrition of the 

NM plants (Koide 1985a) or inadequate light (Smith & Gianinazzi-Pearson 1990). 

The prediction that increasing density would affect V AM plants more severely than NM plants 

is borne out for the two species tested, which represent extremes of V AM dependency. This is 

highlighted by the slopes of the log mean mass versus log density which are steeper for the 

VAM plants (Figs. 8. la & b). The carbon requirements of the VAM fungus may be 

responsible for this pattern. If the costs of maintaining the symbiosis were proportional to the 

size of the plant (i.e. the cost-benefit model remained the same at all densities) then the slopes 

for the V AM and NM plants would be the same. As V AM infection did not change with 

density, smaller plants were supporting the same proportion of fungus as larger plants but the 

relative cost of supporting the fungus has risen. At higher densities, carbon input is often lower 

because shading effects and the lower nutrient status of the plants decreases their photosynthetic 

efficiency (Field & Mooney 1986). Hence for mycorrhizal plants the fungal symbiont 

exacerbates the effects of increasing density on plant size possibly by increasing the cost: benefit 

ratio as density increases. Mycorrhizal plant populations may therefore run a greater risk of 

extinction at high density than non-mycorrhizal populations. 

This study does not provide direct evidence that mycorrhizas influence population densities as 

mortality was not a major occurrence during the experiment. However other authors have also 

noted that plants will persist even at very high densities which may be reducing RGRs to 0 or 

below (Smith 1983, Shaw & Antonovics 1986). Shaw & Antonovics (1986) warn that seedlings 
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starting at high densities with low mortality rates are likely to suffer popul~tion extinction and 

populations with low plant size coefficient of variations are more targeted for extinction than 

ones with higher coefficient of variations despite similar average growth. Mechanisms that 

allow variation in plant size may ensure that some plants will have suitable attributes enabling 

them to survive stresses due to changing environmental conditions. 

The high shoot mass coefficient of variations of the denser V AM Otholobium plants and all 

Aspalathus plants indicates that resource sharing among plants sharing the same hyphal network 

may not be a feature of VAM seedling establishment in dense populations. Rather the 

implication is that there is preemption of resources by fitter individuals (Weiner & Thomas 

1986). Those individuals who, due to factors such as larger initial seed size or to slightly 

earlier germination, are able to grow bigger sooner, and in the case of obligate mycorrhizal 

species become V AM quicker, are able to monopolize a greater amount of both the light and 

mineral nutrient resources. They thus depress the growth of smaller plants relatively more than 

their growth is affected by the smaller plants. 

As these experiments were conducted on plants growing in pots in a controlled environment, 

the results cannot be used to predict the quantitative effects of mycorrhizas on population 

processes in regularly disturbed ecosystems where recruitment is most often in response to a 

large scale disturbance such as fire. However simulation experiments of this nature highlight 

areas in population development where mycorrhizas may be of significance, and allow 

preliminary hypothesis testing before attempting to manipulate mycorrhizas in the field. This 

study indicates that when a species has a high mycorrhizal dependency then the mycorrhizal 

population may produce individuals falling in a wider size distribution and a few of these may 

be able to survive a new stress while the NM plants are unlikely to survive. When plants are 

capable of growing adequately without mycorrhizas then indications are that resource 

preemption increases with density irrespective of V AM status, but in this case mycorrhizal 

plants may show lower competitive ability. Irrespective of mycorrhizal dependency, 

mycorrhizas appear to impose a higher cost on the plants at higher densities. Mechanisms that 

reduce high seedling densities may have developed in part as a response to the deleterious 

effects of mycorrhizas on plant growth at high densities. This study indicates that size 
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CHAPTER 9 

General Discussion 



In this chapter the ecological significance of mycorrhizas in the Cape Floristic Region is 

evaluated on the basis of evidence provided by field studies on V AM occurrence, and 

laboratory based experiments to determine the effects of VA mycorrhizas on various aspects 

of growth of sclerophyllous and evergreen shrubs. Attention is focussed on three lowland 

vegetation types which are threatened by human activities and alien plant invasion. 

Members of all the important families and the twenty largest genera in the Cape Floristic 

Region have now been examined for mycorrhizas (Chapter 2). VAM plant species 

dominate, and non-mycorrhizal species make up a substantial proportion of the flora. 

Unlike other mediterranean ecosystems (Puppi & Tartaglini 1991), including those on very 

nutrient poor soils in Australia (Brundrett & Abbott 1991), there is no ectomycorrhizal 

component to the vegetation. The reasons for this are not clear, but extremely low nutrient 

conditions and frequent fires may be partial explanations. This divergence in the 

occurrence of ectomycorrhizal species needs to be examined, not only to determine why 

they are absent in the S. W. Cape, but also to elucidate what allows them to be prevalent in 

a climatically and edaphically similar environment in western Australia. Ericoid 

mycorrhizal species are also common, and in certain mountain fynbos communities 

members of the Ericaceae dominate the vegetation (Campbell 1985). 

Superficially, the mycorrhizal,composition of the three lowland vegetation types are similar 

(Chapter 2). However, the taxonomic and life form composition of the non-mycorrhizal 

portion differs between the vegetation types, as do the levels of mycorrhizal infection 

among V AM plants (Chapter 3). Non-mycorrhizal species are insignificant in renosterveld 

and VAM infection levels are high among most plants, including annual life forms. In the 

high phosphorus strandveld soils, the non-mycorrhizal species are typically members of the 

Mesembryanthemaceae, Crassulaceae and Zygophyllaceae, and levels of infection among 

V AM species are low. Infection levels are slightly higher among V AM species in low 

phosphorus fynbos soils, however, non-mycorrhizal species from the Proteaceae and 

Restionaceae dominate the vegetation. These non-mycorrhizal species are atypical in that 

they are slow growing and long-lived. Members of the Mesembryanthemaceae, 

Crassulaceae and Zygophyllaceae, and similar non-mycorrhizal taxa, are present in fynbos, 
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but are typical of disturbed or extreme (e.g. cracks in rocks) habitats. Evolutionary 

pressures that led to the loss of the mycotrophic state are probably very different for these 

two groups of non-mycorrhizal plants. 

Low levels of plant available phosphorus in the renosterveld soils of intermediate total 

phosphorus status indicate that competition among plants and micro-organisms for this 

nutrient is probably high in this community. In this ecosystem, V AM plants are favoured 

and VA mycorrhizas may ensure a tight phosphorus cycle (Newman 1988, Pankow et al. 

1991). Renosterveld community dynamics are poorly understood and most of the possible 

renosterveld areas have been under cultivation or severely disturbed for several centuries 

(Rebelo 1992). Potential reconstruction and conservation efforts in this ecosystem should 

recognize the highly mycotrophic nature of the natural vegetation, as mycorrhizal infectivity 

may be reduced in transformed landscapes by cultivation and fertilization practices 

(Kruckelmann 1975, Black & Tinker 1979, Thompson 1987b). 

V AM species are not favoured by the high phosphorus soils of strandveld, where nutrient 

cycling, particularly of phosphorus, is not tight (Witkowski 1991), and ruderal species 

without mycorrhizas are successful. VA mycorrhizas are found among strandveld thicket 

forming species, even though their reliance on them for nutrient acquisition may be slight as 

indicated by low levels of infection. 

In fynbos, strong competition among plants to acquire phosphorus may be expected. High 

carbon:nutrient ratios in the litter produced by fynbos result in very slow rates of 

decomposition, and nutrient release from above-ground phytomass is facilitated by fire 

(Mitchell et al. 1986). Ruderals with very low mycorrhizal dependence take advantage of 

the post-fire nutrient flush in this community (Brown & Mitchell 1986, Stock & Lewis 

1986) although geophytes and grasses may dominate in other young post-fire fynbos 

communities (Kruger 1983). The ephemerals are soon replaced by shrubby or reed-like 

species. The former possess VA mycorrhizas, ericoid mycorrhizas or have non-mycorrhizal 

roots while the latter, mainly members of the Restionaceae, are non-mycorrhizal (Chapter 

2). 
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Root modifications associated with the non-mycorrhizal Proteaceae and Restionaceae seem 

particularly effective at acquiring phosphorus. Proteoid roots of members of the Proteaceae 

acidify their rhizosphere soil with organic acids, resulting in the release of plant available 

phosphorus from aluminium and iron phosphates (Marschner 1991). Proteoid roots are 

usually found growing in association with organic matter, where their greatly increased 

surface area facilitates nutrient uptake (Lamont, Brown & Mitchell 1984). Similar cluster 

roots have been developed by members of the Fabaceae in South Africa (Chapters 2 & 5) 

and Australia (Brundrett & Abbott 1991). In the South African genus Aspalathus, the 

results of pot experiments indicate that their cluster roots are as effective as mycorrhizas for 

phosphorus uptake (Chapters 5 & 8). Whilst VAM hyphae may also proliferate in patches 

of high organic matter (St John et al. 1983), their ability to acquire phosphorus, other than 

in a soluble form, is limited (Smith & Gianinazzi-Pearson 1988, Bolan 1991). In contrast, 

ericoid mycorrhizas take up nitrogen in the form of amino acids and produce extracellular 

phosphatases and proteases, enabling them to utilise phosphorus and nitrogen respectively 

from organic matter (Stribley & Read 1980, Straker & Mitchell 1986). In the very low 

nutrient environments of fynbos, niche differentiation in terms of utilizing different soil 

nutrient resources may promote co-existence between VA mycorrhizal, non-mycorrhizal and 

ericoid mycorrhizal species. However, the V AM symbiosis may be at a competitive 

disadvantage to other nutrient acquiring strategies, which may short-circuit the 

decomposition process; and hence members of the non-mycorrhizal Proteaceae and 

Restionaceae and ericoid mycorrhizal Ericaceae or Epacridaceae dominate the low nutrient 

environments of South African fynbos (Campbell 1985) and west Australian kwongan 

(George, Hopkins & Marchant 1979). 

Differences in the types of mycorrhizal and non-mycorrhizal plants making up three lowland 

vegetation types, and in the levels of mycorrhizal infection in plants, indicate that fluxes of 

nutrients and energy through the systems will differ. The nutrient requirements of different 

plants will be satisfied by uptake from different nutrient compartments in the soil depending 

on their root modifications for nutrient capture, and their carbon budgets will be influenced 

by the costs of maintaining mutualisms or root morphological modifications. Thus the 
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potential for mycorrhizas to regulate community processes in these three structurally similar 

shrublands will differ. 

Despite the dominance in terms of biomass or cover of members of the Proteaceae, 

Restionaceae or Ericaceae in both lowland and mountain fynbos, the majority of species 

growing in these communities are potentially V AM (Chapter 3). From the results of 

greenhouse experiments (Chapters 4 & 5), most of these species appear to be obligately 

dependent on mycorrhizas for phosphorus acquisition and establishment under low soil 

phosphorus conditions. Among VAM shrubs in fynbos, the possibility that VA 

mycorrhizas may promote or maintain species diversity should be explored further. High 

species diversity has long been associated with low nutrient soils, but the mechanics 

promoting this are not well understood. It has been suggested that hyphal links between VA 

mycorrhizal plants increase species diversity because carbon and nutrients are shared among 

plants, with larger plants acting as source and smaller plants as sinks (Grime et al. 1987). 

Evidence against this as a mechanism promoting co-existence is that variation of plant size 

of seedlings grown at high densities in pots did not decrease when they were mycorrhizal 

(Chapter 8), so resource sharing along the hyphal network seems unlikely. Other pot 

experiments with VA mycorrhizas concur with this result as larger plants usually suppress 

smaller ones of the same species (Ocampo 1986, Eissenstat & Newman 1990), and 

particular species are favoured when plants are grown in species mixes (Fitter 1977, Hall 

1978, Allen & Allen 1984). A strategy of sharing resources would result in a more even 

sized population, which may be more prone to extinction than one in which individuals 

competed with each other for resources (Shaw & Antonovics 1986). Hence, individuals in 

mycorrhizal plant populations may have a higher chance of survival if reallocation of 

resources from source to sink plants is not an important feature. Both the effects of 

interactions between mycorrhizas and density on population dynamics, and the transfer of 

resources along mycelial networks, must be investigated in the field. 

Patchiness in plant species distribution is a recognized feature of species-rich communities 

(Grubb 1986), and mycorrhizal inoculum distribution may explain some of these patterns. 

Levels ofinfection among plants in fynbos were highly variable, indicating that the hyphal 

134 



network is by no means densely established in fynbos soils, and plant roots may fail to 

encounter inoculum while susceptible to infection (Chapter 3). This occurs after fire, when 

recruitment of plants from seeds and resprouting are important in determining subsequent 

· community development in fynbos. VAM infection is heterogeneously distributed (Chapter 

3), possibly as a result of a mosaic of V AM and non-mycorrhizal species dominating 

localized areas for several years. Irregularity of mycorrhizal inoculum distribution in the 

landscape will have a number of consequences in terms of plant establishment, vegetation 

composition, species diversity and plant interactions. In fynbos, community composition 

and development may be influenced by which species are able to establish themselves from· 

seeds in particular V AM rich or poor patches following fire. 

Patchiness of V AM inoculum in the soil may influence seed size in fynbos. Low nutrient 

soils favour the production of large seeds in order to ensure establishment (Fenner 1985, 

Stock et al. 1990) but large-seeded species may be poorly disseminated, and therefore face 

extinction from localized pressures. Seedlings of many VAM species have an obligate 

requirement for mycorrhizas in order to obtain phosphorus from low nutrient soils in pot 

culture (Chapter 5) and will fail to establish if they germinate in areas with low inoculum 

potential. Widespread dispersal should increase the chances of encountering inoculum and 

hence may favour the production of smaller seeds among V AM species in the fynbos 

environment. 

The size attained by non-mycorrhizal seedlings of VAM plant species is closely correlated 

with seed reserves, and mycorrhizal responses are highest among smaller seeded fynbos 

shrub species grown from seed in pot culture (Chapter 5). As seed size diminishes, the 

ability of seedlings to monopolize space may be increasingly dependent on mycorrhizal 

infection. Large-seeded species may be able to establish a competitive presence in patches 

without becoming mycorrhizal, whereas smaller seeded species would have to become 

mycorrhizal rapidly, in order to be competitive. Eventually VAM infection of the seedlings 

from large seeds is necessary for their continued growth. Seed size among woody species 

in a low nutrient environment represents a trade-off between dispersability and provisioning 

of seedlings, with no single seed size conferring an absolute advantage to V AM plant 
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species. It is postulated that the adoption of the non-mycorrhizal condition in the Proteaceae 

was dependent on the parallel development of cluster roots and large seeds in this taxon. 

Pot culture has proved a valuable method for establishing the effects of mycorrhizas on 

plant growth and physiology, but results should be interpreted with care concerning their 

ecological significance to species in their natural environment. Mycorrhizal growth 

responses of seedlings of slow growing, woody, sclerophyllous species are of the same 

order of magnitude as those of faster growing plants (Chapters 4 & 5), refuting suggestions 

that low nutrient requiring species may not respond to myccirrhizas (St John & Coleman 

1983, Koide 1991a). As with faster growing plants, the main effect of VA mycorrhizas is 

enhanced phosphorus nutrition of the seedlings and mycorrhizas appear essential for their 

establishment in the low nutrient soils of fynbos. However, as growth rates are much 

slower among these wild plants, the effects of mycorrhizas on growth are much slower to 

manifest themselves (Chapters 4 & 6). Unlike the growth of more plastic plants, 

mycorrhizal plants do not respond to additional phosphorus amendments with increased 

growth rates; rather tissue phosphorus concentrations increase (Chapter 4). Low and 

inflexible maximum relative growth rates, and luxury consumption are characteristic of 

woody, sclerophyllous plants (Grime & Hunt 1975, Chapin 1980). Uptake of nutrients 

when transiently available in the soil is a key feature contributing to these plants' survival in 

natural environments (Chapin et al. 1990) and is facilitated by VA mycorrhizas. 

The absence of infection among potentially mycorrhizal geophytes and perennials in the 

field (Chapter 3) may give the impression that these plants are facultatively mycorrhizal in 

fynbos (Allen et al. 1987). This interpretation fails to appreciate that in many natural 

habitats high vegetative productivity is only encountered in the early stages of vegetation re­

establishment following disturbance (Pankow et al. 1991). Among older plants the ability 

to store and recycle nutrients is high, while growth rates are very low (Pate & Dixon 1982, 

Chapin 1988). Nevertheless reproduction may claim a high proportion of a plant's annual 

phosphate uptake (Kuo et al. 1982, Witkowski 1990). In the seasonal environment of most 

of the Cape Floristic Region, plants often have to re-establish mycorrhizal roots every 

winter. Failure to become mycorrhizal at any one time may not severely compromise their 
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survival, but may account for fluctuations in reproductive output. Thus mycorrhizas can 

influence post-fire community composition through their effect on the nutrition of the 

previous generation. 

To a limited extent, field levels of infection reflect the performance of plant species in pot 

culture (Chapters 3 & 5). For example, members of the Thymelaeaceae, Polygalaceae and 

Rhamnaceae had high levels of infection in the field and high mycorrhizal responses in pot 

culture. Members of the Fabaceae had very variable levels of mycorrhizal response, which 

mirror field levels of infection; Aspalathus spp. often had low infection in fynbos, and were 

unresponsive to mycorrhizal infection in pot culture, while the reverse was found for 

Otholobium hirtum. Great variability in response to VA mycorrhizas is a feature of the 

Fabaceae (Crush 1974, Lioi & Giovanetti 1987, Saif 1987), and some members of this 

family are ectomycorrhizal or non-mycorrhizal (Hogberg & Piearce 1986, Brundrett & 

Abbott 1991). 

The influence of mycorrhizas on biomass partitioning is seldom addressed explicitly 

although changes in allocation patterns may affect plant growth and ecology (Miller et al. 

1987, Korner 1991). Allocation patterns among the seedlings responded to the mycorrhizal 

assisted alleviation of phosphorus deficiency by increasing biomass and phosphorus 

partitioning to shoots (Chapter 6), supporting predictions based on the concept of balanced 

growth (Wilson 1988, Hilbert 1990). As mycorrhizal fungi impose their own carbon costs 

on plants (Harley 1989, Fitter 1991), this may be expected to confound patterns of carbon 

allocation, and, under extremely low nutrient conditions, the shift in growth to root 

production, plus the carbon demand of the mycorrhizas resulted in reduced shoot growth of 

mycorrhizal Phylica cephalantha seedlings (Chapter 7). However, plants with better 

nutrition are in a position to fix carbon in excess of growth requirements and this is then 

available for the VAM fungus (Baas 1989). Under well watered conditions, shoot growth is 

enhanced in mycorrhizal plants, and differences in biomass allocation to roots and shoots 

among the species can be used to predict the relative growth rates of older seedlings 

(Chapter 6). It is concluded that increased growth in response to mycorrhizas is a function 

of increased biomass allocation to photosynthetic tissue. However, the results of a later 
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experiment on the effects of mycorrhizas on the growth of one of these species when 

subjected to cyclical drying appears to contradict this conclusion (Chapter 7). Under 

cyclical drying growing conditions, increased biomass was aportioned to the roots of 

mycorrhizal plants as water availability decreased. Nonetheless, leaf conductances were 

higher among mycorrhizal plants, indicating that their potential for carbon fixation was 

increased. Growth of these species in response to mycorrhizas is therefore enhanced by a 

combination of increased allocation to photosynthetic tissue (Baas et al. 1989) and an 

increased carbon fixing capacity of the photosynthetic tissue (Allen et al. 1981, Smith & 

Gianinazzi 1988). 

Allocation patterns among slow growing species are assumed to be genetically fixed in 

order to avoid responses to temporary changes in environmental conditions which may be 

inappropriate for normal functioning (Bloom et al. 1985). However, mycorrhizal 

enhancement of phosphorus nutrition of slow growing species may permit them to alter their 

allocation patterns during the seedling stage. Plasticity in allocation at the seedling stage 

may permit adjustments in growth that enhance survival in their immediate neighbourhood. 

Among mycorrhizal dependent species such adjustments are facilitated by mycorrhizas and 

delays, in becoming mycorrhizal in the field, may reduce their ability to adapt to their 

environment. 

In pot culture, the cost of maintaining the symbiosis increases relative to the benefits, 

irrespective of the mycorrhizal dependency of the plant species, when grown at higher 

densities (Chapter 8, Allsopp & Stock in press a). Among obligate mycorrhizal species, 

mycorrhizal benefit is reduced in dense populations. The effect of mycorrhizas on 

population dynamics depends upon which part of the host's life cycle is affected and what 

effect this has on interactions with other plants (Addicott 1986). Mycorrhizal influences on 

competition and co-existence may only be solved by examining the effect of mycorrhizas on 

interactions between plants in the field although practical considerations of manipulating 

mycorrhizas in plant communities are formidable. Even in annual or herbaceous 
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communities where effects may appear quite rapidly, the results of removing V AM fungi 

have been equivocal (Fitter 1986, Koide et al. 1988, Gange, Brown & Farmer 1991), partly 

because a V AM specific fungicide has not been discovered. In shrublands the microcosm 

approach of Grime et al. (1987) would only be suitable for examining interactions among 

very young plants~ An alternative approach has been to manipulate mycorrhizas while 

reconstructing highly disturbed ecosystems (Miller 1987, Allen 198Sb). Opportunities for 

such studies should increase in South Africa if mining companies and other developers are 

required to reestablish natural vegetation. In the Cape Floristic Region, marginal 

farmlands, dam construction sites, coastal housing developments and areas cleared of alien 

vegetation may all require the reconstruction of the below ground biota to ensure successful 

revegetation of the indigenous biota. 

The integration of the various levels of the study of the influences of mycorrhizas on growth 

of sclerophyllous seedlings and their occurrence in the field has proved valuable in 

explaining aspects ofreproductive biology, vegetation patterns and plant community 

functioning in different natural shrublands in the Cape Floristic Region. This information 

facilitates a greater functional understanding of community processes in these shrublands. 

In order to improve management and conservation of this highly distinctive floral region, 

further attention concerning the impacts of various disturbances on community processes is 

required, in order to develop predictive models. Future mycorrhizal studies should 

concentrate on developing a greater understanding of the ecophysiology of mycorrhizal 

plants and of mycorrhizal mediated processes in the field. Obtaining a clearer picture of the 

dynamics and infectivity of mycorrhizal mycelium in time and space in the soil is a priority, 

as is a quantification of the severity and frequency of ecosystem disturbances on below 

ground processes. Population level studies on the effects of mycorrhizas on individual plant 

species should be combined with process functional studies in order to develop a greater 

understanding of competition and co-existence in communities. Autecological mycorrhizal 

studies may contribute to the preservation of endangered plants and promote the successful 

cultivation of wild flowers. Currently the wild flower industry is heavily reliant.on 

exploiting wild populations, although the sustainability of this resource under present 
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management techniques is doubtful. Progress towards a holistic understanding of 

ecosystems requires a careful evaluation of the significance of mycorrhizas at many levels of 

scientific endeavour in biological sciences. 

140 



REFERENCES 

ABBOTI, L. K. & ROBSON A. D. (1984). The effect of VA mycorrhizae on plant growth. 

In: VA Mycorrhiza (Ed. by C. L. Powell & D. J. Bagyaraj), pp. 114-130. CRC 

Press, Boca Baton, Florida. 

ABBOTI, L. K. & ROBSON, A. D. (1985). Formation of external hyphae in soil by four 

species of vesicular-arbuscular mycorrhizal fungi. New Phytologist 99, 245-255. 

ABBOTI, L. K. & ROBSON, A. D. (1991). Factors influencing the occurrence of vesicular­

arbuscular mycorrhizas. Agriculture, Ecosystems & Environment 35, 121-150. 

ABRAHAMSON, W. G. & CASWELL, H. (1982). On comparing allocation of biomass, 

energy and nutrients in plants. Ecology 63, 982-991. 

ADDICOTI, J. F. (1986). On the population consequences of mutualism. In: Community 

Ecology (Ed. by J. Diamond & T. J. Case), pp. 425-436. Harper & Row, New 

York. 

AERTS, R., BOOT. R. G. A. & VAN DER AART, P. J. M. (1991). The allocation between 

above- and belowground biomass allocation patterns and competitive ability. 

Oecologia 81, 551-559. 

ALEXANDER, M. (1965). Most-probable-number method for microbial populations. In: 

Methods of Soil Analysis - Chemical and Microbial Propenies. Agronomy 9, 1467-

1472, American Society of Agronomy, Wisconsin. 

ALLEN, E. B. & ALLEN, M. F. (1984). Competition between plants of different 

successional stages: Mycorrhizae as regulators. Canadian Journal of Botany 62, 

2625-2629. 

ALLEN, E. B. & ALLEN, M. F. (1986). Water relations of xeric grasses in the field: 

Interactions of mycorrhizas and competition. New Phytologist 104, 559-571. 

ALLEN, E. B. & ALLEN, M. F. (1990). The mediation of competition by mycorrhizae in 

successional and patchy environments. In: Perspectives on Plant Ecology (Ed. by 

J.B. Grace & D. Tilman), pp.367-389. Academic Press, San Diego. 

ALLEN, E. B., CHAMBERS,]. C., CONNOR, K. F., ALLEN, M. F. & BROWN, R. W. 

(1987). Natural reestablishment of mycorrhizae in disturbed alpine ecosystems. 

Arctic & Alpine Research 19, 11-20. 

ALLEN, M. F. (1988a). Re-establishment of VA mycorrhizas following severe disturbance: 

Comaparative patch dynamics of a shrub desert and a subalpine volcano. 

Proceedings of the Royal Society of Edinburgh 94B, 63-71. 

ALLEN, M. F. (1988b). Belowground structure: A key to reconstructing a productive arid 

ecosystem. In: Reconstruction of Disturbed Arid Ecosystems (Ed. by E: B. Allen), 

pp.113-135. Westview Press, Boulder, Colorado. 

141 



ALLEN, M. F. & BOOSALIS, M. G. (1983). Effects of two species of VA mycorrhizal fungi 

on drought tolerance of winter wheat. New Phytologist 93, 67-76. 

ALLEN, M. F., MOORE, T. s., & CHRISTENSEN, M. (1980). Phytohormone changes in 

Bouteloua gracilis infected by vesicular-arbuscular mycorrhizae. I. Cytokinin 

increases in the host plant. Canadian Journal of Botany 58, 371-374. 

ALLEN, M. F., SMITH, w. K., MOORE, T. s & CHRISTENSEN, M. (1981). Comparative 

water relations and photosynthesis of mycorrhizal and non-mycorrhizal Bouteloua 

gracilis (H.B. K.) Lag. ex Steud. New Phytologist 88, 683-693. 

ALLSOPP, N., OLIVIER, D. L. & MITCHELL, D. T. (1987). Fungal populations associated 

with root systems of proteaceous seedlings at a lowland fynbos site in South Africa. 

South African Journal of Botany 53, 365-369. 

ALLSOPP, N. & STOCK, W. D. (in press a). Density dependent interactions between VA 

mycorrhizal fungi and even-aged seedlings of two perennial Fabaceae species. 

Oecologia. 

ALLSOPP, N. & STOCK, W. D. (in press b). Mycorrhizas, seed size and seedling 

establishment in a low nutrient environment. In: Mycorrhizas in Ecosystems (Ed. 

by D. J. Read, D. H. Lewis, A.H. Fitter, & I. J. Alexander), pp.59-64. CAB, 

Wallingford, England. 

ANDERSON, R. C. & LIBERTA, A. E. (1987). Variation in vesicular-arbuscular mycorrhizal 

relationships of two sand prairie species. The American Midland Naturalist 118, 

56-63. 

ANDERSON, R. c., LIBERT A, A. E. & DICKMAN, L. A. (1984). Interaction of vascular 

plants and vesicular-arbuscular mycorrhizal fungi across a soil moisture-nutrient 

gradient. Oecologia 64, 111-117. 

ATKINSON, D. (1973). Some general effects of phosphorus deficiency on growth and 

development. New Phytologist 72, 101-111. 

AUGE, R. M., SCHEKEL, K. A. & W AMPLE, R. L. (1987). Greater leaf conductance of 

well-watered VA mycorrhizal rose plants is not related to phosphorus nutrition. 

New Phytologist 103, 107-116. 

AzcoN, R. & OCAMPO, J. A. (1981). Factors affecting the vesicular-arbuscular infection 

and mycorrhizal dependency of thirteen wheat cultivars. New Phytologist 87, 677-

685. 

BAAS, R. & KUIPER, D. (1989). Effects of vesicular-arbuscular mycorrhizal infection and 

phosphate on Plantago major ssp. pleiosperma in relation to internal cytokinin 

concentrations. Physiologia Plantarum 76, 211-215. 

BAAS, R., VANDERWERF, A. & LAMBERS, H. (1989). Root respiration and growth in 

Plantago major as affected by vesicular-arbuscular mycorrhizal infectiorr. Plant 

Physiology 91, 227-232. 

142 



BAAS, W. J. (1989).· Secondary plant compounds, their ecological significance and 

consequences for the carbon budget; In: Causes and Consequences of Variation in 

Growth Rate and Productivity of Higher Plants (Ed. by H. Lambers, M. L. 

Cambridge, H. Konings & T. L. Pons), pp. 313-340. SPB Academic Publishing, 

The Hague. 

BAATH, E. & HAYMAN, D.S. (1984). Effects of soil volume and plant density on 

mycorrhizal infection and growth response. Plant & Soil 77, 373-376. 

BAGYARAJ, D. J., MANJUNATH, A. & PATIL, R. B. (1979). Occurrence of vesicular­

arbuscular mycorrhizas in some tropical aquatic plants. Transactions of the British 

Mycological Society 72, 164-167. 

BAKER, H. J. (1972). Seed weight in relation to environmental conditions in California. 

Ecology 53, 997-1010. 

BARROW, N. J. (1977). Phosphorus uptake and utilization by tree seedlings. Australian 

Journal of Botany 25, 571-584. 

BAYLIS, G. T. S. (1967). Experiments on the ecological significance of phycomycetous 

mycorrhizas. New Phytologist 66, 231-243. 

BAYLIS, G. T. S. (1975). The magnolioid mycorrhiza and mycotrophy in root systems 

derived from it. In: Endomycorrhizas (Ed. by F. E. Sanders, B. Mosse & P. B. 

Tinker), pp. 373-389. Academic Press. New York. 

BEADLE, N. C. W. (1966). Soil phosphate and its role in molding segments of the 

Australian flora and vegetation with special reference to xeromorphy and 

sclerophylly. Ecology 41, 992-1007. 

BELLGARD, S. E. (1991). Mycorrhizal associations of plant species in Hawksbury 

sandstone vegetation. Australian Journal of Botany 39, 357-364. 

BENJAMIN, L.R. & HARDWICK, R. C. (1986). Sources of variation and measures of 

variability in even-aged stands of plants. Annals of Botany 58, 757-778. 

BENJAMIN, P. K., ANDERSON, R. c. & LIBERTA, A. E. (1989). Vesicular-ar~uscular 

mycorrizal ecology of little bluestem across a prairie-forest gradient. Canadian 

Journal of Botany 61, 2678-2685. 

BERLINER, R. MITCHELL, D. T. & ALLSOPP, N. (1989). The vesicular-arbuscular 

mycorrhizal infectivity of sandy soils in the south-western Cape, South Africa. 

South African Journal of Botany 55, 310-313. 

BIELESKI, R. L. (1973). Phosphate pools, phosphate transport and phosphate availability. 

Annual Review of Plant Physiology 24, 225-252. 

BLACK, R. & TINKER, P. B. (1979). The development of endomycorrhizal root systems. II. 

Effect of agronomic factors and soil conditions on the development of vesicular­

arbuscular mycorhizal infection in barley on the endophyte spore density. New 

Phytologist 83, 401-413. 

143 



BLEDSOE, C. KLEIN, P. & BLISS, L. C. (1990). A survey of mycorrhizal plants on 

Truelove Lowland, Devon Island, N. W. T., Canada. Canadian Journal of Botany 

68, 1848-1856. 

BLOOM, A. J., CHAPIN, F. s. & MOONEY, H. A. (1985). Resource limitation in plants - an 

economic analogy. Annual Review of Ecology & Systematics 16, 363-392. 

BOLAN, N. S. (1991). A critical review of the role of mycorrhizal fungi in the uptake of 

phosphorus by plants. Plant & Soil 134, 189-207. 

BOND, P. & GOLDBLATT, P. (1984). Plants of the Cape flora. Journal of South African 

Botany 13 (suppl.), 1-455. 

BOND, W. J. & STOCK, W. D. (1989). The cost of leaving home: Ants disperse 

myrmecochorous seeds to low nutrient sites. Oecologia 81, 412-417. 

BORGES, R. G. & CHANEY, W.R. (1988). The response of Acacia scleroxyla Tuss. to 

mycorr~izal inoculation. The International Tree Crops Journal 5, 191-201. 

BOUCHER, C. (1983). Floristic and structural features of the coastal foreland vegetation 

south of the Berg River, western Cape Province, South Africa. Bothalia 14, 669-

674. 

BOUCHER, C. & SHEPHERD, P. A. (1988). Plant communities of the Pella site. In: A 

Description of the Fynbos Biome intensive Study Site at Pella (Ed. by M. L. 

Jarman), pp. 38-76. Occasional Report No. 33, CSIR, Pretoria. 

BROWN, G. & MITCHELL, D. T. (1986). Influence of fire on soil phosphorus status in 

sand-plain lowland fynbos, south-western Cape. South African Journal of Botany 

52, 67-72. 

BROWNLIE, S. & MUSTART, P. (1988). History and recent land-use and mangement 

implications. In: A Description of the Fynbos Biome Project Intensive Study Site at 

Pella (Ed. by M. L. Jarman), pp.10-29. Occasional Report No. 33, CSIR, 

Pretoria. 

BRUNDRETT, M. (1991). Mycorrhizas in natural ecosystems. Advances in Ecological 

Research 21, 171-313. 

BRUNDRETT, M. & ABBOTT, L. K. (1991). Roots of Jarrah forest plants. I. Mycorrhizal 

associations of shrubs and herbaceous plants. Australian Journal of Botany 39, 

445-457. 

BRUNDRETT, M. & KENDRICK, B. (1988). The mycorrhizal status, root anatomy, and 

phenology of plants in a sugar maple forest. Canadian Journal of Botany 66, 1153-

1173. 

BRUNDRETT, M. & KENDRICK, B. (1990a). The roots and mycorrhizas of herbaceous 

woodland plants. I. Quantitative aspects of morphology. New Phytologist 114, 

457-468. 

144 



BRUNDRETT, M. & KENDRICK, B. (1990b). The roots and mycorrhizas of herbaceous 

woodland plants. II. Structural aspects of morphology. New Phytologist 114, 469-

479. 

BRYLA, D. R. & KOIDE, R. T. (1990). Role of mycorrhizal infection in the growth and 

reproduction of wild vs. cultivated plants. II. Eight wild accessions and two 

cultivars of Lycopersicon esculentum Mill. Oecologia 84, 82-92. 

BUSSE, M. D. & ELLIS, J. R. (1985). Vesicular-arbuscular mycorrhizal (Glomus 

fasciculatum) influence on soybean drought tolerance in high phosphorus soil. 

Canadian Journal of Botany 63, 2290-2294. 

BUWALDA, J. G. & GoH, K. M. (1982). Host-fungus competition for carbon as a cause of 

growth depressions in vesicular-arbuscular mycorrhizal ryegrass. Soil Biology & 

Biochemistry 14, 103-106. 

CAMPBELL, B. M. (1985). A classification of the mountain vegetation of the fynbos biome. 

Memoirs of the Botanical Survey of South Africa 50, 1-115. 

CHAPIN, F. S. (1980). The mineral nutrition of wild plants. Annual Review of Ecology & 

Systematics 11, 233-260. 

CHAPIN, F. S. (1988). ~cological aspects of plant mineral nutrition. Advances in Mineral 

Nutrition 3, 161-191. 

CHAPIN, F. S., SCHULZE, E. D. & MOONEY, H. A. (1990). The ecology and economics of 

storage in plants. Annual Review of Ecology and Systematics 21, 423-447. 

CHIARIELLO, N., HICKMAN, J.C., & MOONEY, H. A. (1982). Endomycorrhizal role for 

interspecific transfer of phosphorus in a community of annual plants. Science 217, 

941-943. 

CHILVERS, G. A. & PRYOR, L. D. (1965). The structure of eucalypt mycorrhizas. 

Australian Journal of Botany 13, 245-259. 

CLARK, J. S. (1990). Integration of ecological levels: Individual plant growth, population 

mortality and ecosystem processes. Journal of Ecology 18, 275-299. 

CLARKSON, D. T. (1967). Phosphorus supply and growth rate in species of Agrostis L. 

Journal of Ecology 55, 111-118. 

COOK, B. D., JASTROW, J. D. & MILLER, R. M. (1988). Root and mycorrhizal endophyte 

development in a chronosequence of restored tallgrass prairie. New Phytologist 

110, 355-362. 

COWLING, R. M. (1990). Diversity components in a species-rich area of the Cape Floristic 

Region. Journal of Vegegetation Science 1, 699-710. 

COWLING, R. M., HOLMES, P. M. & REBELO, A. G. (1992). Plant diversity and 

endemism. In: The Ecology of Fynbos - Nutrients, Fire and Diversity (Ed. by R. 

M. Cowling), pp. 62-110. Oxford University Press, Cape Town. 

145 



COWLING, R. M., PIERCE, S. M., STOCK, W. D. & COCKS, M. (in press). Why are there 

so many myrmecochorous species in Cape fynbos? Vegetatio. 

COWLING, R. M., STRAKER, C. J. & DEIGNAN, M. T. (1990). Does microsymbiont-host 

specificity determine plant species turnover and speciation in Gondwanan 

shrublands? A hypothesis. South African Journal of Science 86, 118-120. 

CRONQUIST, A. (1988). The Evolution and Classification of Flowering Plants, 2nd Edn. 

The New York Botanical Garden, New York. 

CRUSH, J. R. (1974). Plant growth responses to vesicular-arbuscular mycorrhiza. VII. 

Growth and nodulation of some herbage legumes. New Phytologist 73, 743-749. 

DAFf, M J. & EL-GIAHMI, A. A. (1976). Studies on nodulated and mycorrhizal peanuts. 

Annals of Applied Biology 83, 273-276. 

DHILLION, S. S. (1992). Evidence of host-mycorrhizal preference in native grassland 

species. Mycological Research 95, 359-362. 

DHILLION, s. s., ANDERSON, R. c. & LIBERT A, A. E. (1988). Effect of fire on the 

mycorrhizal ecology of little bluestem (Schizarium scoparium). Canadian Journal 

of Botany 66, 706-713. 

DODD, J. C. & JEFFRIES, P. (1986). Early development of vesicular-arbuscular 

mycorrhizas in autumn-sown cereals. Soil Biology & Biochemistry 18, 149-154. 

EISSENSTAT, D. M. & NEWMAN, E. I. (1990). Seedling establishment near large plants: 

Effects of vesicular-arbuscular mycorrhizas on the intensity of plant competition. 

Functional Ecology 4, 95-99. 

ENGELBRECHT M. C., SMIT w. A., KNOX-DAVIES P. s. (1983). Damping-off of rooibos 

tea, Aspalathus linearis. Phytophylactica 15, 121-124. 

EVANS, D, G. & MILLER, M. H. (1990). The role of the external mycelial network in the 

effect of soil disturbance upon vesicular-arbuscular mycorrhizal colonization of 

maize. New Phytologist 114, 65-71. 

FENNER, M. (1978). A comparison of the ability of colonizers and closed turf species to 

establish from seed in artificial swards. Journal of Ecology 66, 953-963. 

FENNER, M. (1983). Relationships between seed weight, ash content and seedling growth 

in twenty-four species of Compositae. New Phytologist 95, 697-706. 

FENNER, M. (1985). Seed Ecology. Chapman & Hall, London. 

FENNER, M. & Lee, W. G. (1989). Growth of seedlings of pasture grasses and legumes 

deprived of single mineral nutrients. Journal of Applied Ecology 26, 223-232. 

FIELD, C. & MOONEY, H. A. (1986). The photosynthesis-nitrogen relationship in wild 

plants. In: On the Economy of Plant Form and Function (Ed. by T. J. Givnish), pp. 

25-55. Cambridge University Press, Cambridge. 

146 



FIRBANK, L. G. & WATKINSON, A. R. (1990). On the effects of competition: From 

monocultures to mixtures. In: Perspectives on Plant Competition (Ed. by J. B. 

Grace & D. Tilman), pp 165-192. Academic Press, San Diego. 

FITTER, A. H. (1977). Influence of mycorrhizal infection on competition for phosphorus 

and potassium by two grasses. New Phytologist 19, 119-125. 

FITIER, A. H. (1986). Effect of benomyl on leaf phosphorus concentration in alpine 

grasslands: A test of mycorrhizal benefit. New Phytologist 103, 767-776. 

FITTER, A. H. (1988). Water relations of red clover Trifolium pratense L. as affected by 

VA mycorrhizal infection and phosphorus supply before and during drought. 

Journal of Experimental Botany 39, 595-603. 

FITTER, A. H. (1989). The role and ecological significance of vesicular-arbuscular 

mycorrhizas in temperate ecosystems. Agriculture, Ecosystems & Environment 29, 

137-151. 

PITIER, A. H. (1991). Costs and benefits of mycorrhizas: Implications for functioning 

under natural conditions. Experientia 47, 350-355. 

F6HSE, D., CLAASSEN, N. & JUNGK, A. (1988). Phosphorus efficiency of plants. I. 

External and internal P requirement and P uptake efficiency of different plant 

species. Plant & Soil 110, 101-109. 

FOYER, C. & SPENCER, C. (1986). The relationship between phosphate status and 

photosynthesis in leaves. Effects on intracellular orthophosphate distribution and, 

photosynthesis and assimilate partitioning. Planta 167, 369-375. 

FRANCIS, R. & READ, D. J. (1984). Direct transfer of carbon between plants connected by 

vesicular-arbuscular mycorrhizal mycelium. Nature 307, 53-56. 

FRANCIS, R., FINLAY, R. D. & READ, D. J. (1986). Vesicular-arbuscular mycorrhizas in 

natural vegetation systems. IV. Transfer of nutrients in inter- and intra- specific 

combinations of host plants. New Phytologist 102, 103-111. 

GANGE, A. c., BROWN, v. K. & FARMER, L. M. (1991). A test of mycorrhizal benefit in 

an early successional plant community. New Phytologist 115, 85-91. 

GAY, P. E., GRUBB, P. J. & HUDSON, H.J. (1982). Seasonal changes in the 

concentrations of nitrogen, phosphorus and potassium, and in the density of 

mycorrhiza, in biennial and matrix-forming perennial species of closed chalkland 

turf. Journal of Ecology 70, 571-593. 

GEORGE, A. s., HOPKINS, A. J.M. & MARCHANT, N. G. (1979). The heathlands of 

Western Australia. In: Heath/ands and Related Shrub/ands of the World. 9A. 

Descriptive Studies (Ed. by R. L. Specht), pp. 211-230. Elsevier, Netherlands. 

GERDEMANN, J. W. (1968). Vesicular-arbuscular mycorrhiza and plant growth. Annual 

Review of Phytopathology 6, 397-418. 

147 



GIANINAZZI-PEARSON, v. & GIANINAZZI, s. (1983). The physiology of vesicular­

arbuscular mycorrhizal roots. Plant & Soil 11, 197-209. 

GIANINAZZI-PEARSON, v. & GIANINAZZI, s. (1989). Cellular and genetical aspects of 

interactions between hosts and fungal symbionts in mycorrhizae. Genome 31, 336-

341. 

GIBBS-RUSSELL, G. E., REID, c., VAN Roov, J. & SMOOK, L. (1985). List of species of 

South African plants, edn. 2, part 1. Memoirs of the Botanical Survey of South 

Africa 51, 1-152. 

GIBBS-RUSSELL, G. E., WELMAN, W. G., RETIEF, E., IMMELMAN, K. L., 

GERMISHUIZEN, G., PIENAAR, R J., VANWYK, M., NICHOLAS, A., DE WET, C., 

MOGFORD, J. c. & MULVENNA, J. (1987). List of species of South African plants. 

edn. 2, part 2. Memoirs of the Botanical Survey of South Africa 56, 1-270. 

GIBSON, D. J. & HETRICK, B. A. D. (1988) Topographic and fire effects on the 

composition and abundance of VA-mycorrhizal fungi in tallgrass prairie. 

Mycologia 80, 433-441. 

GILDON, A. & TINKER, P. B. (1983). Interactions of vesicular-arbuscular mycorrhizal 

infection and heavy metals in plants. II. The effect of Infection on uptake of 

copper. New Phytologist 95, 263-268. 

GNEKOW, M.A. & MARSCHNER, H. (1989). Role of VA mycorrhiza in growth and 

mineral nutrition of apple (Ma/us pumila var. domestica) rootstock cuttings. Plant 

& Soil 119, 285-293. 

GRAHAM, J. H. (1988). Interactions of mycorrhizal fungi with soilborne plant pathogens 

and other organisms: An introduction. Phytopathology 18, 365-366. 

GRAHAM, J. H., SYVERTSEN, J.P. & SMITH, M. L. (1987). Water relations of 

mycorrhizal and phosphorus-fertilized non-mycorrhizal Citrus under drought stress. 

New Phytologist 105, 411-419. 

GREENALL, J. M. (1963). The mycorrhizal endophytes of Griselinia littoralis (Cornaceae). 

New Zealand Journal of Botany 1, 389-400. 

GRIME, J.P. & HUNT, R. (1975). Relative growth-rate: Its range and adaptive significance 

in a local flora. Journal of Ecology 63, 393-422. 

GRIME, J.P., MACKEY, J.M. L., HILLIER, s. H. & READ, D. J. (1987). Floristic 

diversity in a model system using experimental microcosms. Nature 328, 420-422. 

GROSS, K. L. (1984). Effects of seed size and growth form on seedling establishment of six 

monocarpic perennial plants. Journal of Ecology 72, 369-387. 

GROVES, R. H. & KERAITIS, K. (1976). Survival and growth of seedlings of three 

sclerophyllous species at high levels of phosphorus and nitrogen. Australian 

Journal of Botany 24, 681-690. 

GRUBB, P. J. (1986). Problems posed by sparse and patchily distributed species in species-
• 

rich plant communities. In: Community Ecology (Ed. by J. Diamond & T. J. Case), 

pp. 207-225. Harper & Row, New York. 

148 



HALL, A. V. (1983). Threatened plants of the south-western corner of Africa. Bothalia 

14, 981-984. 

HALL, I. R. (1975). Endomycorrhizas of Metrosideros umbellata and Weinmannia 

racemosa. New 'Zealand Journal of Botany 13, 463-472. 

HALL, I. R. (1978). Effects of endomycorrhizas on the competitive ability of white clover. 

New 'Zealand Journal of Agricultural Research 21, 509-519. 

HARA, T. (1988). Dynamics of size structure in plant populations. Trends in Ecology & 

Evolution 3, 129-133. 

HARLEY, J. L. (1989). The significance of mycorrhizas. Mycological Research 92, 129-

139. 

HARLEY, J. L. & HARLEY, E. L. (1987). A check-list of mycorrhiza in the British flora. 

New Phytologist 105, 1-102. 

HARLEY, J. L. & SMITH, S. E. (1983). Mycorrhizal symbiosis. Academic Press, London. 

HART, A. L. & GREER, D. H. (1988). Photosynthesis and carbon export in white clover 

plants grown at various levels of phosphorus supply. Physiologia Plantarum 73, 

46-51. 

HASELWANDTER, K. & READ, D. J. (1980). Fungal associations of roots of dominant and 

sub-dominant plants in high-alpine vegetation systems with special reference to 

mycorrhiza. Oecologia 45, 57-62. 

HAYSTEAD, A., MALAJCZUK, N. & GROVE, T. s. (1988). Underground transfer of 

nitrogen between pasture plants infected with vesicular-arbuscular mycorrhizal 

fungi. New Phytologist 108, 417-423. 

HETRICK, B. A. D. (1991). Mycorrhizas and root architecture. Experientia 41, 355-362. 

HETRICK, B. A. D., KITT, D. G. & WILSON, G. T. (1986). The influence of phosphorus 

fertilization, drought, fungal species, and nonsterile soil on mycorrhizal growth 

response in tall grass prairie plants. Canadian Journal of Botany 64, 1199-1203. 

HETRICK, B. A. D., KITT, D. G. & WILSON, G. T. (1988). Mycorrhizal dependence and 

growth habit of warm-season and cool-season tallgrass prairie plants. Canadian 

Journal of Botany 66, 1376-1380. 

HEWITT, E. J. (1966). Sand and Water Culture Methods Used in the Study of Plant 

Nutrition. CAB, Farnham Royal, England. 

HILBERT, D. W. (1990). Optimization of root:shoot ratios and internal nitrogen 

concentration. Annals of Botany 66, 91-99. 

HIRREL, M. C., MEHRAVARAN, H. & GERDEMANN, J. w. (1978). Vesicular-arbuscular 

mycorrhizae in the Chenopodiaceae and Cruciferae: Do they occur? Canadian 

Journal of Botany 56, 2813-2817. 

149 



HODGSON, J. G. & MACKEY, J.M. L. (1986). The ecological specialization of 

dicotyledonous families within a local flora: Some factors constraining optimization 

of seed size and their possible evolutionary significance. New Phytologist 104, 497-

515. 

HOFFMAN, M. T. & MITCHELL, D. T. (1986). The root morphology of some legume spp. 

in the south-western Cape and the relationship of vesicular-arbuscular mycorrhizas 

with dry mass and phosphorus content of Acacia saligna seedlings. South African 

Journal of Botany 52, 316-320. 

HOFFMAN, M. T., MOLL, E. J. & BOUCHER, c. (1987). Post-fire succession at Pella, a 

South African lowland fynbos site. South African Journal of Botany 53, 370-374. 

H6GBERG, P. & PIEARCE, G. D. (1986). Mycorrhizas in Zambian trees in relation to host 

taxonomy, vegetation type and successional patterns. Journal of Ecology 74, 775-

785. 

HOWE, H.F. & WESTLEY, L. C. (1986). Ecology of pollination and seed dispersal. In: 

Plant Ecology (Ed. by M. J. Crawley), pp. 185-215. Blackwell, Oxford. 

HUANG, R-S, SMITH, K. S. & YOST, R. (1985). Influence of vesicular-arbuscular 

mycorrhizas on growth, water relations, and leaf orientation in Leucaena 

leucocephala (Lam.) De Wit. New Phytologist 99, 229-243. 

HUNT, R. (1978). Plant Growth Analysis. Edward Arnold, London. 

HUNT, R. & LLOYD, P. S. (1987). Growth and partitioning. New Phytologist 106 (suppl.), 

235-249. 

INGESTAD, T. & AaREN, G. I. (1991). The influence of plant nutrition on biomass 

allocation. Ecological Applications 1, 168-174. 

JACKSON, M. L. (1958). Soil Chemical Analysis. Prentice Hall, New Jersey. 

JACOB, J. & LAWLOR, D. W. (1991). Stomatal and mesophyll limitations of photosynthesis 

in phophate deficient sunflower, maize and wheat plants. Journal of Experimental 

Botany 42, 1003-1011. 

JACQUELINET-JEANMOUGIN, s. & GIANINAZZI-PEARSON, v. (1983). Endomycorrhizas in 

the Gentianaceae. I. The fungi associated with Gentiana lutea L. New Phytologist 

95, 663-666. 

JAKOBSEN, I., ABBOTT, L. K. & ROBSON, A. D. (1992). External hyphae of vesicular­

arbuscular mycorrhizal fungi associated with Trifolium subterraneum L. 2. Hyphal 

transport of 32P over defined distances. New Phytologist 120, 509-516. 

JANOS, D. P. (1980a). Vesicular-arbuscular mycorrhizae affect lowland tropical rain forest 

plant growth. Ecology 61, 151-162. 

JANOS, D. P. (1980b). Mycorrhizae influence tropical succession. Biotropica 12 (suppl.), 

56-64. 

150 



JARMAN, M. L. & MUSTART, P. (1988). Introduction. In:· A Description of the Fynbos 

Biome Intensive Study Site at Pella (Ed. by M. L. Jarman), pp. 1-9. Occassional 

Report No. 33 , CSIR, Pretoria. 

JARVIS, P. G. & JARVIS, M. S. (1964). Growth rates of woody plants. Physiologia 

Plantarum 11, 654-666. 

JASPER, D. A., ABBOTT, L. K. & ROBSON, A. D. (1989). Hyphae of a vesicular­

arbuscular mycorrhizal fungus maintain infectivity in dry soil except when the soil 

is disturbed. New Phytologist 112, 103-107. 

JOHNSON, N. c., ZAK, D.R., TILMAN, D. & PFLEGER, F. L. (1991). Dynamics of 

vesicular-arbuscular mycorrhizae during old field succession. Oecologia 86, 349-

358. 

KIRSCHBAUM, M. u. F. & TOMPKINS, D. (1990). Photosynthetic responses to phosphorus 

nutrition in Eucalyptus grandis seedlings. Australian Journal of Botany 17, 527-

535 . 

.KLOPATEK, c. c., DEBANO, L. F. & KLOPATEK, J. M. (1988). Effects of simulated fire 

on vesicular-arbuscular mycorrhizae in pinyon-juniper woodland soil. Plant & Soil 

109, 245-249. 

KOIDE, R. T. (1985a). The nature of growth depressions caused by vesicular-arbuscular 

mycorrhizal infection. New Phytologist 99, 449-462. 

KoIDE, R. T. (1985b). The effect of VA mycorrhizal infection and phosphorus status on 

sunflower hydraulic and stomatal properties. Journal of Experimental Botany 36, 

1087-1098. 

KOIDE, R. T. (199la). Nutrient supply, nutrient demand and plant response to mycorrhizal 

infection. New Phytologist 117, 365-386. 

KOIDE, R. T. (1991b). Density-dependent response to mycorrhizal infection in Abutilon 

theophrasti Medic. Oecologia 85, 389-395 

KOIDE, R. T., Hl:JENNEKE, L. F., HAMBURG, s. P. & MOONEY, H. A. (1988b).- Effects of 

applicatiqn of fungicide, phosphorus and nitrogen on the structure and productivity 

of an annual serpentine plant community. Functional Ecology 2, 335-344. 

KoIDE, R. T. & LI, M. (1991). Mycorrhizal fungi and the nutrient ecology of three 

oldfield annual plant species. Oecologia 85, 403-412. 

KOIDE, R. T., LI, M., LEWIS, J. & IRBY, C. (1988a) .. Role ofmycorrhizal infection in the 

growth and reproduction of wild vs. cultivated plants. I. Wild vs. cultivated oats. 

Oecologia 77, 537-543. 

KOIDE, R. T. & SCHREINER, R. P. (1992). Regulation of the vesicular-arbuscular 

mycorrhizal symbiosis. Annual Review of Plant Physiology & Plant Molecular 

Biology 43, 557-581. 

151 



>r 

KORMANIK, P. P. & MCGRAW, A. C. (1982). Quantification of vesicular-arbuscular 

mycorrhizae in plant roots. In: Methods and Principles of Mycorrhizal Research 

(Ed. by N. C. Schenck), pp. 37-46. The American Phytopathological Society, 

Minnesota. 

KORNER, CH. (1991). Some often overlooked plant characteristics as determinants of plant 

growth: A reconsideration. Functional Ecology 5, 162-173. 

KORNER, CH. & RENHARDT, U. (1987). Dry matter partitioning and root length/leaf area 

ratios in herbaceous perennial plants with diverse altitudinal distribution. 

Oecologia 74, 411-418. 

KosKE, R. E. (1981 ). A preliminary study of the interactions between species of vesicular­

arbuscular fungi in a sand dune. Transactions of the British Mycological Society 

76, 411-416. 

KoucHEKI, H. K. & READ, D. J. (1976). Vesicular-arbuscular mycorrhiza in natural 

vegetation systems. II. The relationship between infection and gowth in Festuca 

ovina L. New Phytologist 77, 655-666. 

KOVACIC, D. A., ST JOHN, T. v. & DYER, M. I. (1984). Lack of vesicular-arbuscular 

mycorrhizal inoculum in a ponderosa pine forest. Ecology 65, 1755-1759. 

KRIKUN, J., HAAS, J. H., DODD, J. c. & KINSBURSKY, R. (1990). Mycorrhizal 

dependence of four crops in a P-sorbing soil. Plant & Soil 122, 213-217. 

KRUCKELMANN, H. W. (1975). Effects of fertilizers, soils, soil tillage and plant species on 

the frequency of Endogone chlamydospores and mycorrhizal infection in arable 

soils. In: Endomycorrhizas (Ed. by F. E. Sanders, B. Mosse & P. B. Tinker), pp. 

511-525. Academic Press, London. 

KRUGER, F. J. (1983). Plant community diversity and dynamics in relation to fire. In: 

Mediterranean-Type Ecosystems - The Role of Nutrients (Ed. by F. J. Kruger, D. T. 

Mitchell & J. U. M. Jarvis), pp. 446-472. Springer"'-Verlag, Heidelberg. 

KRUGER, F. J. & TAYLOR, H. C. (1979). Plant species diversity in Cape fynbos: Gamma 

and delta diversity. Vegetatio 41, 85-93. 

Kuo, J., HOCKING, P. J. & PATE, J. S. (1982). Nutrient reserves in seeds of selected 

Proteaceous species from south-western Australia. Australian Journal of Botany 

30, 231-249. 

LAMONT, B. (1972a). The morphology and anatomy of proteoid roots in the genus Hakea. 

Australian Journal of Botany 20, 155-174. 

LAMONT, B. (1972b). Proteoid roots in the legume Viminariajuncea. Search 3, 90. 

LAMONT, B. (1974). The biology of dauciform roots in the sedge Cyanthochaete avencea. 

New Phytologist 13, 985-996. 

152 



LAMONT, B. (1982). Mechanisms for enhancing nutrient uptake in plants with particular 

reference to mediterranean South Africa and Western Australia. Botanical Review 

48, 597-689. 

LAMONT, B., BROWN, G. & MITCHELL, D. T. (1984). Structure, environmental effects of 

their formation, and function of proteoid roots in Leucadendron laureolum 

(Proteaceae). New Phytologist 91, 381-390. 

LAUGHTON, E. M. (1964). Occurrence of fungal hyphae in young roots of South African 

Indigenous Plants. Botanical Gazette 125, 38-40. 

LEAKE, J. R., SHAW, C. & READ, D. J. (1989). The role of ericoid mycorrhizas in the 

ecology of ericaceous plants. Agriculture, Ecosystems & Environment 29, 237-250. 

LEMAITRE, D. C. & MIDGLEY, J. J. (1992). Plant reproductive ecology. In: The Ecology 

of Fynbos - Nutrients, Fire and Diversity (Ed. by R. M. Cowling), pp.135-174. 

Oxford Univesity Press, Cape Town. 

LEVIN, S. A., MOONEY, H. A. & FIELD, c. (1989). The dependence of plant root:shoot 

ratios on internal nitrogen concentration. Annals of Botany, 64, 71-75. 

LINDER, H.P., MEADOWS, M. E. & COWLING, R. M. (1992). History of the Cape Flora. 

In: The Ecology of Fynbos - Nutrients, Fire and Diversity (Ed. by R. M. Cowling), 

pp.135-174. Oxford Univesity Press, Cape Town. 

LOVELESS, A. R. (1962). Further evidenee to support a nutritional interpretation of 

sclerophylly. Annals of Botany 104, 551-561. 

Low, A. B. (1980). Preliminary observations on the specialized root morphologies in 

plants of the Western Cape Province. South African Journal of Science 16, 513-

516. 

LIOI, L. & 'G1ov ANETT!, M. (1987). Infection by the VA mycorrhizal fungus Glomus 

caledonium in Hedysarium coronarium as influenced by host plant and P content of 

soil. Plant & Soil 103, 213-219. 

MACHLER, F., SCHNYDER, H. & N6SBERGER, J. (1984). Influence of inorganic phosphate 

on photosynthesis of wheat chloroplasts. I. Photosynthesis and assimilate export at 

5 °c and 25 °c. Journal of Experimental Botany 35, 481-487. 

MALLOCH, D. W., PIROZYNSKI, K. A. & RAVEN, P. H. (1980). Ecological and 

evolutionary significance of mycorrhizal symbiosis in vascular plants (A review). 

Proceedings of the National Academy of Science, USA 11, 2113-2118 .. 

MARSCHNER, H. (1991). Mechanisms of adaptation of plants to acid soils. Plant & Soil 

134, 1-20. 

McGEE, P. (1986). Mycorrhizal associations of plants in a semi-arid community. 

Australian Journal of Botany 34, 385-393. 

MCGONIGLE, T. P. (1988). A numerical analysis of published field trials with vesicular­

arbuscular mycorrhizal fungi. Functional Ecology 2, 473-478. 

153 



MENGE, J. A., JOHNSON, E. L. v. & PLATI, R. G. (1978a). Mycorrhizal dependency of 

several citrus cultivars under three nutrient regimes. New Phytologist 81, 553-559. 

MENGE, J. A., STEIRLE, 0., BAGYARAJ, D. J., JOHNSON, E. L. V. & LEONARD, R. T. 

(1978b). Phosphorus concentrations in plants responsible for inhibition of 

mycorrhizal infection. New Phytologist 80, 575-578. 

MICHELSEN, A. & ROSENDAHL, s. (1990). The effect of VA mycorrhizal fungi, 

phosphorus and drought stress on the growth of Acacia nilotica and Leucaena 

leucocephala seedlings. Plant & Soil 124, 7-13. 

MILLER, P. c., MILLER, J.M. & MILLER, P. M. (1983). Seasonal progression of plant 

water relations in fynbos in the western Cape Province, South Africa. Oecologia 

56, 392-396. 

MILLER, R. M. (1979). Some occurrences of vesicular-arbuscular mycorrhiza in natural 

and disturbed ecosystems of the Red Desert. Canadian Journal of Botany 51, 619-

623. 

MILLER, R. M. (1987). Mycorrhizae and succession. In: Restoration Ecology: A Synthetic 

Approach to Ecological Research (Ed. by W.R. Jordan, M. E. Gilpin & J. D. 

Aber), pp. 205-219. Cambridge University Press, Cambridge. 

MILLER, R. M., MOORMAN, T. B. & SCHMIDT, s. K. (1983). Interspecific plant 

association effects on vesicular-arbuscular mycorrhiza occurrence in Atriplex 

confertifolia. New Phytologist 95, 241-246. 

MILLER, R. M., JARSTFER, A. G. & PILLAI, J. K. (1987). Biomass allocation in an 

Agropyron smithii - Glomus symbiosis. American Journal of Botany 74, 114-122. 

MILLER, R. M. & JASTROW, J. D. (1991). Hierarchy of rot and mycorrhizal fungal 

interactions with soil aggraegation. Soil Biology & Biochemistry 22, 579-584. 

MITCHELL, D. T., BROWN, G. & JONGENS-ROBERTS, S. M. (1984). Variations of forms 

of phosphorus in the sandy soils of coastal fynbos, south-western Cape. Journal of 

Ecology 72, 575-584. 

MITCHELL, D. T., COLEY, P. G. F., WEBB, s. & ALLSOPP, N. (1986). Litterfall and 

decomposition processes in the coastal fynbos vegetation, South-Western Cape, 

South Africa. Journal of Ecology 74, 977-993. 

MITCHELL, D. T. & READ, D. J. (1987). The detection of mycorrhizal associations in 

coastal and mountain fynbos ecosystems. Final Report, Terrestrial Ecosystem 

Programme, CSIR, Pretoria. 

MOLL, E. J., CAMPBELL, B. M., COWLING, R. M., BOSSI, L., JARMAN, M. L. & 

BOUCHER, C. (1984). A description of major vegetation categories in and adjacent 

to the fynbos biome. South African National Scientific Programmes Report 83, 

CSIR, Pretoria. 

154 



MORTON, J.B. (1988). Taxonomy of VA mycorrhizal fungi: Classification, nomenclature, 

and identification. Mycotaxon 32, 267-324. 

MORTON, J.B. (1990). Species and clones of arbuscular mycorrhizal fungi (Glomales, 

Zygomycetes): Their role in macro- and microevolutionary processes. Mycotaxon 

37, 493-515. 

MOSSE, B., HAYMAN, D.S. & ARNOLD, D. J. (1973). Plant growth responses to 

vesicular-arbuscular mycorrhiza. V. Phosphate uptake by three plant species from 

P-deficient soils labelled with 32P. New Phytologist 72, 809-815. 

MURPHY, J. & RILEY, J. P. (1962). A modified single solution method for the 

determination of phosphate in natural waters. Analytica Chimica Acta 21, 31-36. 

NELSEN, C. E. (1987). The water relations of vesicular-arbuscular mycorrhizal systems. 

In: Ecophysiology of VA mycorrhizal plants (Ed. by G. R. Safir), pp. 71-91. CRC 

Press, Boca Raton, Florida. 

NELSEN, C. E. & SAFIR, G. R. (1982). Increased drought tolerance of mycorrhizal onion 

plants caused by improved phosphorus nutrition. Planta 154, 407-413. 

NEWMAN, E. I. (1988). Mycorrhizal links between plants: Their functioning and ecological 

significance. Advances in Ecological Research 18, 243-270. 

NEWMAN, E. I. & RITZ, K. (1986). Evidence on the pathways of phosphorus transfer 

between vesicular-arbuscular mycorrhizal plants. New Phytologist 104, 77-87. 

NEWMAN, E. I. & REDDELL, P. (1987). The distribution of mycorrhizas among families of 

vascular plants. New Phytologist 106, 745-751. 

OCAMPO, J. A. (1986). Vesicular-arbuscular mycorrhizal infection of "host" and "non­

host" plants: Effect on the growth responses of the plants and competition between 

them. Soil Biology & Biochemistry 18, 607-610. 

OsoNUBI, 0., MULONGOY, K., AWOTOYE, M. 0., ATAYESE, M. 0. & OKALI, D. u. U. 

(1991). Effects of ectomycorrhizal and vesicular-arbuscular mycorrhizal fungi on 

drought tolerance of four leguminous woody seedlings. Plant & Soil 136, 407-413. 

PANKOW, w., BOLLER, T. & WIEMKEN, A. (1991). The significance of mycorrhizas for 

protective ecosystems. Experientia 41, 391-394. 

PATE, J. S. & DIXON, K. W. (1982). Tuberous, Cormous and Bulbous Plants. University 

of Western Australia Press, Nedlands. 

PATE, J. s., FROEND, R.H., BOWEN, B. J. & Kuo, J. (1990). Seedling growth and 

storage characteristics of seeders and resprouters of mediterranean-type ecosystems 

of S. W. Australia. Annals of Botany 65, 585-601. 

PENDLETON, R. L. & SMITH, B. N. (1983). Vesicular-arbuscular mycorrhizae of weedy 

and colonizer species at disturbed sites in Utah. Oecologia 59, 296-301. 

155 



PHILLIPS, J.M. & HAYMAN, D.S. (1970). Improved procedures for clearing roots and 

staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of 

infection. Transactions of the British Mycological Society SS, 158-160. 

PIROZYNSKI, K. A. & MALLOCH, D. w. (1975). The origen of land plants: A matter of 

mycotrophism. BioSystems 6, 153-164. 

PLENCHETIE, c., FORTIN, J. A. & FURLAN, v. (1983). Growth responses of several plant 

species to mycorrhizae in a soil of moderate P-fertility. I. Mycorrhizal dependency 

under field conditions. Plant & Soil 70, 199-209. 

POPE, P. E., CHANEY, W.R., RHODES, J. D. & WOODHEAD, S. H. (1983). The 

mycorrhizal dependency of four hardwood tree species. Canadian Journal of 

Botany 61, 412-417. 

PORTER, W. M. (1979). The "Most Probable Number" method for enumerating infective 

propagules of vesicular-arbuscular mycorrhizal fungi in the soil. Australian Journal 

of Soil Research 17, 515-519. 

POWELL, C. L. (1975). Rushes and sedges are non-mycotrophic. Plant & Soil 4, 481-484. 

PUPPI, G. & TARTAGLINI, N. (1991). Mycorrhizal types in three Mediterranean 

communities affected by fire to different extents. Acta Oecologica 12, 295-304. 

PURNELL, H. M. (1960). Studies of the family Proteaceae. I. Anatomy and morphology of 

the roots of some Victorian species. Australian Journal of Botany 8, 38-50. 

READ, D. J. (1984). The structure and function of the vegetative mycelium of mycorrhizal 

roots. In: The Ecology and Physiology of the Fungal Mycelium (Ed. by D. H. 

Jennings and A. D. M. Rayner), pp.215-240. The British Mycological Society, 

Cambridge University Press, Cambridge. 

READ, D. J. (1986). Non-nutritional effects of mycorrhizal infection. In: Physiological 

and Genetical Aspects of Mycorrhizae (Ed. by V. Gianinazzi-Pearson & S. 

Gianinazzi), pp.169-176. INRA, Paris. 

READ, D. J. (1991). Mycorrhizas in ecosystems. Experientia 47, 376-391. 

READ, D. J. & BIRCH, C. P. D. (1988). The effects and implications of disturbance of 

mycorrhizal mycelial systems. Proceedings of the Royal Society of Edinburgh 94B, 

13-24. 

READ, D. J., & HASELWANDTER, K. (1981). Observations on the mycorrhizal status of 

some alpine plant communities. New Phytologist 88, 341-352. 

READ, D. J., KOUCHEKI, H.K. & HODGSON, J. (1976). Vesicular-arouscular mycorrhiza 

in natural vegetation systems. I. The occurrence of infection. New Phytologist 77, 

641-653. 

REBELO, A. G. (1992). Preservation of biotic diversity. In: The Ecology of Fynbos -

Nutrients, Fire and Diversity (Ed. by R. M. Cowling), pp. 309-344. Orlord 

University Press, Cape Town. 

156 



REDHEAD, J. F. (1968). Mycorrhizal associations in some Nigerian forest trees. 

Transactions of the British Mycological Society 51, 377-387. 

REEVES, F. B., WAGNER, D., MOORMAN, T. & KIEL, J. (1979). The role of 

endomycorrhizae in revegetation practices in the semi-arid west. I. A comparison 

of incidence of mycorrhizae in severely disturbed vs. natural environments. 

American Journal of Botany 66, 6-13. 

RICHARDSON, D. M. & KRUGER F. J. (1990). Water relations and photosynthetic 

characteristics of selected trees and shrubs of riparian and hillslope habitats in the 

south-western Cape Province, South Africa. South African Journal of Botany 56, 

214-225. 

ROBINSON, R. K. (1973). Mycorrhiza in certain Ericaceae native to Southern Africa. 

Journal of South African Botany 39, 123-129. 

RUNDEL, P. W. (1988). Vegetation, nutrition and climate - examples of integration. (3) 

Leaf structure and nutrition in mediterranean-climate sclerophylls. In: 

Mediterranean-type Ecosystems (Ed. by R. L. Specht), pp. 157-167, Kluwer 

Academic Publishers, Dordrecht. 

SAIF, S. R. (1987). Growth responses of tropical forage plant species to vesicular­

arbuscular mycorrhizae. I. Growth, mineral uptake and mycorrhizal dependency. 

Plant & Soil 91, 25-35. 

SALISBURY, E. J. (1942). The Reproductive Capacity of Plants. Bell, London. 

SALLEO, S. & Lo GULLO, M. A. (1990). Sclerophylly and plant water relations in three 

mediterranean Quercus species. Annals of Botany 65, 259-270. 

SANDERS, F. E., TINKER, P. B., BLACK, R. L.B. & PALMERLEY, S. M. (1977). The 

development of endomycorrhizal root systems. I. Spread of infection and growth­

promoting effects with four species of vesicular-arbuscular endophyte. New 

Phytologist 18, 257-268. 

SANDERS, I. R. & FITTER, A. H. (1992a). The ecology and functioning of vesicular­

arbuscular mycorhizas in co-existing grassland species. I. Seasonal patterns of 

mycorrhizal occurence and morphology. New Phytologist 120, 517-524. 

SANDERS, I. R. & FITTER, A. H. (1992b). The ecology and functioning of vesicular­

arbuscular mycorhizas in co-existing grassland species. II. Nutrient uptake and 

growth of vesicular-arbuscular mycorrhizal plants in a semi-natural grassland. New 

Phytologist 120, 525-533. 

SCHWAB, S. M., MENGE, J. A. & TINKER, P. B. (1991). Regulation of nutrient transfer 

between host and fungus in vesicular-arbuscular mycorrhizas. New Phytologist 117, 

387-398. 

157 



SHAW, R. G. & ANTONOVICS, J. (1986). Density-dependence in Salvia lyrata, a 

herbaceous perennial: The effects of experimental alteration of seed densities: 

Journa.l of Ecology 74, 797-813. 

SHIPLEY, B. & PETERS, R. H. (1990). A test of the Tilman model of plant strategies: 

Relative growth rate and biomass partitioning. The American Naturalist 136, 139-

153. 

SIEGFRIED, W.R. (1981). Trophic structure of some communities of fynbos birds. In: 

Proceedings of a Symposium on Coastal Lowlands of the Western Cape (Ed. by E. 

J. Moll) pp. 31-51, University of the Western Cape, Bellville, South Africa. 

SIVAK, M. N. & WALKER, D. A. (1986). Photosynthesis in vivo can be limited by 

phosphate supply. New Phytologist 102, 499-512. 

SMITH, B. H. (1983). Demography of Floerkea proserpinacoides, a forest-floor annual. I. 

Density-dependent growth and mortality. Journal of Ecology 71, 391-404. 

SMITH, R. E. & RICHARDSON, D. M. (1990). Comparative post-fire water relations of 

selected reseeding and resprouting fynbos plants in the Jonkershoek Valley, Cape 

Province, South Africa. South African Journal of Botany 56, 683-694. 

SMITH, s. E. & GIANINAZZl-PEARSON, v. (1988). Physiological interactions between 

symbionts in vesicular-arbuscular mycorrhizal plants. Annual Review of Plant 

Physiology & Molecular Biology 39, 221-244. 

SMITH, s. E. & GIANINAZZI-PEARSON, v. (1990). Phosphate uptake and arbuscular 

activity in mycorrhizal Allium cepa L.: Effects of photon irradiance and phosphate 

nutrition. Australian Journal of Plant Physfology 17, 177-188. 

SMITH, S. E. & BOWEN, G. D. (1979). Soil temperature, mycorrhizal infection and 

nodulation of Medicago truncata and Trifolium subterraneum. Soil Biology & 

Biochememistry 11, 469-4 73. 

SMITH, V. R. (1980). A phenol-hyochlorite determination of ammonium-nitrogen in 

Kjeldahl digests of plant tissue. Communications in Soil Science & Plant Analysis 

11, 709-722. 

SPECHT, R. L. (1963). Dark Island heath (Ninety-Mile Plain, South Australia). VII. The 

effects of fertilizers on composition and growth, 1950-1960. Australian Journal of 

Botany 11, 67-94. 

SPECHT, R. L. & RUNDEL, P. w. (1990). Sclerophylly and foliar nutrient status of 

Mediterranean-climate plant communities in Southern Australia. Australian Journal 

of Botany 38, 459-474. 

ST JOHN, T. V. (1980). Root size, root hairs and mycorrhizal infection: A re-examination 

of Baylis's hypothesis with tropical trees. New Phytologist 84, 483-487. 

ST JOHN, T. v. & COLEMAN, D. c. (1983). The role of mycorrhizae in plant eeology. . . 

Canadian Journal of Botany 61, 1005-1014. 

158 



ST JOHN, T. v., COLEMAN, D. c. & REID, c. P. P. (1983). Growth and spatial 

distribution of nutrient-absorbing organs: Selective exploitation of soil 

heterogeneity. Plant & Soil 71, 487-493. 

ST JOHN, T. V. & HUNT, H. W. (1983). Statistical treatment of VAM infection data. 

Plant & Soil 73, 307-313. 

STOCK, W. D. & ALLSOPP, N. (1992). Functional perspectives of ecosystems. In: The 

Ecology of Fynbos -Nutrients, Fire and Diversity (Ed. by R. M. Cowling), pp. 241-

259. Oxford University Press, Cape Town. 

STOCK, W. D. & LEWIS, 0. A. M. (1986). Soil nitrogen and the role of fire as a 

mineralizing agent in a South African coastal fynbos system. Journal of Ecology 

74, 317-328. 

STOCK, w. D., PATE, J. s. & DELFS, J. (1990). Influence of seed size and quality of 

seedling development under low nutrient conditions in five Australian and South 

African members of the Proteaceae. Journal of Ecology 78, 1005-1020. 

STOCK, w. D., PATE, J. S., Kuo, J. & HANSEN, A. P. (1989). Resource control of seed 

set in Banksia laricina C. Gardner (Proteaceae). Functional Ecology 3, 453-460. 

STRAKER, C. J. & MITCHELL, D. T. (1985). The characterization and estimation of 

polyphosphates in endomycorrhizas of the Ericaceae. New Phytologist 99, 431-440. 

STRAKER, C. J. & MITCHELL, D. T. (1986). The activity and characterization of acid 

phosphatases in endomycorrhizal fungi of the Ericaceae. New Phytologist 104, 243-

256. 

STRIBLEY, D. P. & READ, D. J. (1980). The biology of mycorrhiza in the Ericaceae. VII. 

The relationship between mycorrhizal infection and the capacity to utilize simple 

and complex organic nitrogen sources. New Phytologist 86, 365-371. 

STRIBLEY, D. P., TINKER, P. B. & RAYNER, J. H. (1980). Relation of internal phosphorus 

concentration and plant weight in plants infected by vesicular-arbuscular 

mycorrhizas. New Phytologist 86, 261-266. 

STUBBLEFIELD, s. P., TAYLOR, T. N. & TRAPPE, J. M. (1987). Vesicular-arbuscular 

mycorrhizae from the triassic of Antarctica. American Journal of Botany 74, 1904-

1911. 

SYVERTSEN, J.P. & GRAHAM, J. H. (1990). Influence of vesicular-arbuscular mycorrhizae 

and leaf age on net gas exchange of Citrus leaves. Plant Physiology 94, 1424-1428. 

TANSLEY, S. (1982). Koppie Conservation Project. Unpublished report, South African 

Nature Foundation. 

TERRY, N. & ULRICH. A. (1973). Effects of phosphorus deficiency on photosynthesis and 

respiration of leaves of sugar beet. Plant Physiology 51, 43-47. 

TESTER, M., SMITH, s. E. & SMITH, F. A. (1987). The phenomenon of "nonmycorrhizal 

plants". Canadian Journal of Botany 65, 419-431. 

159 



THOMPSON, J.P. (1987b). Decline of vesicular-arbuscular mycorrhizae in long fallow 

disorder of field crop~ and its expression in phosphorus deficiency of sunflower. 

Australian Journal of Agricultural Research 88, 847-867. 

THOMPSON, K. (1987a). ·Seeds and seed banks. New _Phytologist 106 (suppl.), 23-34. 

THOMPSON, K. & RABINOWITZ, D. (1989). Do big plants have big seeds? 1he American 

Naturalist 133, 722-728. 

THOMSON, B. D., ROBSON, A. D. & ABBOTT, L. K. (1986). Effects of phosphorus on the 

formation of mycorrhizas by Gigaspora calospora and Glomus fasciculatum in 

relation to root carbohydrates. New Phytologist 103, 751-765. 

TILMAN, D. (1988). Plant Strategies and the Dynamics and Structure of Plant 

Communities. Princeton University Press, Princeton, New Jersey. 

TOBIESSEN, P. & WERNER, M. B. (1980). Hardwood seedling survival under plantations 

of scotch pine and red pine in central New York. Ecology 61, 25-29. 

ToMMERUP, I. D. & KIDBY, D. K. (1979). Preservation of spores of vesicular-arbuscular 

endophytes by L-drying. Applied & Environmental Microbiology 37, 831-835. 

TRAPPE, J. M. (1987). Phylogenetic and ecologic aspects of mycotrophy in the 

angiosperms from an evolutionary standpoint. In: Ecophysiology of VA' 

Mycorrhizal Plants (Ed. by G. R. Safir), pp. 5-25. CRC Press, Boca Raton, 

Florida. 

VAN DER HEYDEN, F. & LEWIS, 0. A. M. (1989). Seasonal variation in photosynthetic 

capacity with respect to plant water status of five species of the mediterranean 

climate region of South Africa. South African Journal of Botany 55, 509-515. 

VAN DER WESTHUIZEN, G. c. A. & EICKER, A. (1987). Some fungal symbionts of 

ectotrophic mycorrhizae of pines in South Africa. South African Forestry Journal 

143, 20-24. 

v AN WILGEN, B. W. & LEMAITRE, D. (1981). Preliminary estimates of nutrient levels in 

fynbos vegetation and the role of fire in nutrient cycling. South African Forestry 

Journal 119, 21-28. 

VON CAEMMERER, s. & FARQUHAR, G.D. (1981). Some relationships between the 

biochemistry of photosynthesis and the gas exchange of leaves. Planta 153, 376-

387. 

WALKER, C., MIZE, C. W. & McNABB, H. S. (1982). Populations of endogonaceous 

fungi in two locations in central Iowa. Canadian Journal of Botany 60, 2518-2529. 

W ARCUP, J. H. (1980). Ectomycorrhizal associations of Australian indigenous plants. New 

Phytologist 85, 531-535. 
' 

W ARCUP, J. H. & McGEE, P. (1983). The mycorrhizal associations of some Australian 

Asteraceae. New Phytologist 95 667-672. 

160 



WARNER, N. J., ALLEN, M. F. & MACMAHON, J. A. (1987). Dispersal agents of 

vesicular-arbuscular mycorrhizal fungi in disturbed arid ecosytems. Mycologia 79, 

721-730. 

WEINER, J. & SOLBRIG, 0. T. (1984). The meaning and measurement of size hierarchies in 

plant populations. Oecologia 61, 334-336. 

WEINER, J. & THOMAS, S. C. (1986). Size variability and competition in plant 

monocultures. Oikos 47, 211-222. 

WILSON, J. B. (1988). A review of evidence on the control of shoot:root ratio, in relation 

to models. Annals of Botany 61, 433-449. 

WILSON, J. M. (1984). Comparative development of infection by three vesicular-arbuscular 

mycorrhizal fungi. New Phytologist 91, 413-426. 

WILSON, J. M. & TRINICK, M. J. (1982). Factors affecting the estimation of infective 

propagules of mycorrhizal fungi by the most probable number method. Australian 

Journal of Soil Research 21, 73-81. 

WITKOWSKI, E.T. F. (1989). Effect of nutrients on the distribution of dry mass, nitrogen 

and phosphorus in seedlings of Protea repens (L.) L. (Proteaceae). New Phytologist 

112, 481-487. 

WITKOWSKI, E.T. F. (1990). Nutrient limitation of inflorescence and seed production in 

Leucospermum parile (Proteaceae) in the Cape fynbos. Journal of Applied Ecology 

27, 148-158. 

WITKOWSKI, E.T. F. (1991). Effects of invasive alien Acacias on nutrient cycling in the 

coastal lowlands of the Cape fynbos. Journal of Applied Ecology 28, 1-15. 

WITKOWSKI, E.T. F. & MITCHELL, D. T. (1987). Variations in soil phosphorus in the 

fynbos biome, South Africa. Journal of Ecology 15, 1159-1171. 

WITKOWSKI, E.T. F., MITCHELL, D. T. & STOCK, w. D. (1990). Response of a Cape 

ecosystem to nutrient additions: Shoot growth and nutrient contents of a proteoid 

(Leucospermum parile) and an ericoid (Phylica cephalantha) evergreen shrub. Acta 

Oecologica 11, 311-326. 

WONG-,·S-C., COWAN, I. R. & FARQUHAR, G.D. (1985a). Leaf conductance in relation to 

rate of C02 assimilation. I. Influence of nitrogen nutrition, phosphorus nutrition, 

photon flux density and ambient partial pressure of COi during ontogeny. Plant 

Physiology 18, 821-825. 

WONG, S-C., COWAN, I. R. & FARQUHAR, G. D. (1985b). Leaf conductance in relation to 

rate of C02 assimilation. III. Influence of water stress and photon inhibition. Plant 

Physiology 78, 830-834. 

YODA, K., KIRA, T., OGAWA, H. & HOZUMI, K. (1963). Self-thinning in over~rowded 

pure stands under cultivated and natural conditions. (Intraspecific competition 

among higher plants XI). Journal of Biology, Osaka City University 14, 107-129. 

161 



162 

ZAR, J. H. (1984). Biostatistical Analysis. Prentice-Hall, New Jersey. 




