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ABSTRACT

The fire-prone mountain fynbos of the southwestern Cape Province of South
Africa has been severely invaded by introduced trees and shrubs. These
invasions have transformed fynbos shrublands to dense thickets of trees and
shrubs in many parts of the region, thus disrupting various natural ecosystem
processes. The ecology of invasions by species of Pinus and Hakea (the most
successful genera) was studied using a series of natural experiments in
conjunction with autecological studies. The study was divided into main four
parts: (i) case studies to elucidate major patterns and processes of invasion;
(ii) studies of the 1ife history and population ecology of selected invaders;
(iii) studies of the determinants of invasibility; and (iv) assessments of the
consequences of invasion and of control programmes.

The invasions were examined at different‘scales to gain an overall perspective
of the phenomenon: a global review of pine invasions revealed that biotic
interactions, especially competition from vigorous herbs and grasses, were
fundamental in determining the Timits of pines. In mountain fynbos, however,
pine invasions are overwhelmingly mediated by fire and wind patterns; biotic
interactions contribute 1ittle to observed patterns. Invasions of serotinous
trees and shrubs in mountain fynbos are essentially two-phased. First,
isolated colonists establish at great distances from parent populations. The
successfu] invaders have Jjuvenile periods shorter than the average interval
between fires. Most adult plants are killed by fire but prolific recruitment
results from the accumulated seed store. Dense daughter stands are formed,
and progeny from these nascent foci eventually form closed-canopy thickets.

For both pines and hakeas, introduced taxa have shown varying degrees of
success as invaders. The most successful taxa in both genera share a suite of
life history attributes that facilitate rapid migration and explosive
population growth in a fire-prone environment: small seeds, low seed/wing
lToadings, short Jjuvenile periods, Tow crop variability, strong to moderate
levels of serotiny (seed retention in the canopy) and poor fire-survival as
adults. Life history is the most important factor determining the relative
success of different taxa. Dissemination by man is also important, especially
in the case of pines: those species with the longest residency times and the
widest use by man have generally invaded the greatest area. Life history
considerations explain the exceptions to this rule.

*



The perspective gained from the analysis of relative success of different
Pinus and Hakea species was used to develop a general risk assessment model
for evaluating future introductions. As an additional practical application,
a detailed assessment was made of the potential invasiveness of 69 Australian
Banksia species. '

The study sought to explain why mountain fynbos can support forests of
introduced trees (when trees form only a minor component of the native flora),
and also how the introduced species are incorporated into fynbos communities.
It is suggested that resources (especially moisture) are not fully exploited
in fynbos ecosystems (salient features of mountain fynbos are its Tow height
and total biomass/area relative to environmentally analogous areas in other
mediterranean-climate regions). The capacity of mountain fynbos to support
alien trees appears to be a symptom of this marked imbalance in ecosystem-
level resource use. This, and the paucity of vigorous herbs and grasses in
the» regeneration niche, and inherent features of the dynamics of these
communities which include stochastic fluctuations in competitive hierarchies
among native components, make mountain fynbos exceptionally vulnerable to
invasion by fire-resilient trees and shrubs.

The widespread invasion of introduced trees and shrubs has added a major life
form to‘many mountain fynbos communities. The ecosystem-level changes to the
properties of the invaded communities were assessed at biome-, landscape-,
community- and plot-scales. Invasions have caused significant reductions in
the richness of indigenous plant species at the scale of small quadrats and at
the landscape scale. The non-equilibrium status of mountain communities is
disrupted by the incorporation of introduced trees and shrubs which establish
fire-resilient populations. These invasions alter the properties of the
communities and result in new depauperate steady-states. No plant extinctions
can yet be directly attributed to invasions, but a cascade of extinctions is
Tikely as dense stands spread and as the time since the establishment of

thickets increases. - Clearing dense stands can reverse the attrition of
species richness. Mechanical control in conjunction with prescribed burning
is the only practical option for clearing dense stands. Procedures were

developed for reducing the deleterious effects of the exceptionally intense
fires that occur when dense stands are controlled in this way.
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PREFACE

The eleven chapters of the thesis include nine research papers that have
already been published or that have been prepared or submitted for publication
in scientific journals. In some cases, the papers have been edited slightly
to cut down on repetition in the introduction sections. For this reason, some
chapters are not exact copies of the published or submitted papers.

To achieve the major objective of this study (an overall understanding of the-
patterns, processes and consequences of invasion in mountain fynbos) it has
been necessary to collaborate with several other workers in various fields of
ecology. For this reason all but one of papers have one or more co-authors.
Despite this, the ideas expressed and the concepts developed in this thesis
are largely my own. The roles of collaborators are usually masked in
dissertations comprising unpublished work. Publications emanating from such
dissertations are frequently multi-authored. The benefits to be gained from
intensive peer-review in the process of scientific publication while the
thesis is taking shape cannot be overemphasized. They have certainly improved
this thesis. However, the candidate for the Ph.D. degree must convince
examiners that he is capable of independent critical thought. For this
reason, I detail my contributions to the published papers included in the
thesis. '

I was senior author of all the multi-author papers and was principally
responsible for formulating research hypotheses, designing the experiment(s),
carrying out the bulk of field work and literature studies, for data analysis
and for significant parts of interpretation and writing. For chapter 7 my
contribution was approximately equal to that of the co-author. Two published
reviews are included as Appendices I and II. In both cases, although not the
first author, I made substantial contributions at all stages of. their
formulation i.e. planning, research and writing. These reviews, undertaken in
the early stages of the project, formed the basis of much of the subsequent
work, and for completeness they are submitted as part of the dissertation.
The specific contributions of the co-authors of each paper are given below
(see Acknowledgements for details of other assistance).

Chapter 1. General introduction. This was exclusively the work of D.M.

Richardson.



Chapter 2. Invasion of mesic mountain fynbos by Pinus radiata. D.M.
Richardson planned the investigation, participated in all 'the field work,
~analyzed the data and wrote the paper. P.J. Brown assisted substantia]]y

in the analysis of aerial photographs and co-ordinated the field work.

Chapter 3. Age'structure and regeneration after fire in a self-sown Pinus
halepensis forest on the Cape Peninsula, South Africa. This study was
the work of D.M. Richardson. ‘

Chapter 4. Aspects of the reproductive ecology of four Australian Hakea
species (Proteaceae) in South Africa. D.M. Richardson formulated
research questions, planned and conducted all field work, analyzed the
data and was responsible for the bulk of interpretation and writing.
B.W. Van Wilgen provided assistance with field work and interpretation.
D.T. Mitchell determined seed nutrient contents.

Chapter 5. Pine invasions in South African mountain‘fynboé: life hiétory or
extent of cultivation ? D.M. Richardson planned the experiment,
supervised and participated in all field work, did all data analysis and
was principally responsible for interpretation and writing. R.M. Cowling
assisted significantly with theoretical problems, the interpretation of
age'structures and life history strategies. D.C. Le Maitre assisted with
lTiterature studies and the analysis of 1life history strategies in the

genus Pinus.

Chapter 6. Determinants of plant distribution: evidence from pine invasions.
D.M. Richardson proposed that the review be undertaken, formulated
research questions, undertook the literature study and wrote a first
draft of the paper. W.J. Bond assisted with interpretation, introduced
several additional questions and improved the manuscript.

Chapter 7. Why 1is mountain fynbos invasible and which species invade ? This
paper was written in ‘"workshop format" by D.M. Richardson and R.M.
Cowling. Both authors contributed substantially in all phases of its
preparation je. planning, research and writing. ' '
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Xii
Chapter 8. Effects of thirty five years of afforestation wifh Pinus radiata
on the composition of mesic mountain fynbos near Stellenbosch. D.M.
Richardson planned the study, conducted all the field work, did all the
data analysis and wrote most of the paper. B.W. Van Wilgen assisted with
interpretation and assisted in the preparation of the paper.

Chapter 9. The effects of fire in felled Hakea sericea and natural fynbos and
implications for weed control in mountain catchments. D.M. Richardson
planned the experiment, participated in all field work, did all data
analysis and wrote the paper. B.W. Van Wilgen assisted with the
description of fuel models for the two sites and in the fire behaviour

simulation study.

Chapter 10. Reductions in plant species richness under stands of alien trees
and shrubs in the fynbos biome. D.M. Richardson planned the study,
undertook the literature study, coj]ected most of the original data and
did most of the writing. I.A.W. Macdona]d provided additional data and
assisted with interpretation and writing. G.G. Forsyth assisted with
field work. '

Chapter 11. General conclusions. This was exclusively the work of D.M.
Richardson.

Appendix I. Alien species in terrestrial ecosystems of the fynbos biome.
I.A.W. Macdonald and D.M. Richardson contributed approximately equally to
this review. Both authors contributed at all stages ie. planning,

research and writing.

Appendix II. Processes of invasion by alien plants. F.J. Kruger and D.M.
Richardson planned the review, undertook research and wrote the paper,
each contributing substantially in all phases. B.W. Van Wilgen added
additional information and assisted in the preparation of the final

draft.
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CHAPTER 1: GENERAL INTRODUCTION

This thesis considers several important aspects of plant invasions in
mountain fynbos vegetation in the Cape Province of South Africa. Special
attention is given to elucidating the patterns, processes and consequences of
invasion by species of the genera Pinus (Pinaceae) and Hakea (Proteaceae).
The aim of this chapter is to place in a global context the phenomenon of
biological invasions, and to introduce very briefly some important concepts.
I also examine the salient features of invasions in the fynbos biome and
elaborate on the rationale and objectives of the thesis.

1.1. Biological invasions as a qlobal phenomenon

The spread of organisms from sites of introduction in areas remote from their
‘natural ranges is a phenomenon of increasing concern to managers of natural
resources. As the human population has grown -and the means of inter-
continental transport have improved, so the magnitude of transfer of ofganisms
between remote regions has increased. vTo satisfy his needs for food, shelter
and an aesthetically pleasing environment, man has used a select few plants
and animals to replace an array of species with Tess direct value. These
introductions have allowed humans to colonize regions where the 1local
resources did not meet their needs. Many introductions have, however, had
unexpected and sometimes disastrous environmental and economic impacts due to
the alteration they cause to the structure and functioning of natural and
semi-natural communities and ecosystems. ‘

Freed from the regulatory effects of their natural enemies, the introduced
species often show enhanced fecundity in their new ranges. Provided that the
new habitat is suitable for survival and growth of the introduced organism,
enhanced fecundity almost invariably results in population growth which may,
if dispersal is possible, lead to an increase in the range of the population,
ji.e. invasion. Biological invasions of this nature have affected almost all
communities on earth to some extent.

Although natural communities are, on average, highly resistant to invasion,
some organisms have invaded large areas following their introduction by man
and now form important, even dominant, parts of the biota of the invaded
region. The apparent ease with which some introduced organisms become
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naturalized and spread in some communities tends to belie the numerous
obstacles that an invader must overcome in order to secure membership of a new
community (Roughgarden & Diamond 1986; see also Appendix II). ~ Some organisms
have been highly successful invaders of communities in one region but have
failed completely in others, and this has led to different regions containing
different sets of alien species. For example, bulbous plants introduced from
southern Africa feature prominently in the naturalized flora of mediterranean-
climate Australia (Pate & Dixon 1982). Californian grasslands are today
dominated by grasses from the Mediterranean Basin, and few fynbos communities
in South Africa are free of self-sown stands of introduced trees and shrubs
(Kruger et al. 1988). Charles Elton (1958), in his time-honoured book " The
Ecology of Invasions by Animals and Plants", presented a concise review of
some well-known invasions. The recent international SCOPEL programme on the
ecology of biological invasions led to the publication of a number of national
synthesis volumes (Groves & Burdon 1986; Macdonald et al. 1986; Mooney & Drake
~1986; - Kornberg & Williamson 1987) and also a -global synthesis of the
phenomenon (Drake et al. 1988). I will discuss many concepts from these
syntheses in the ensuing chapters.

It is important to realize that invasions induced by the intervention of man
are similar in many respects to the migrations of taxa from glacial refugia in

the Holocene (or any other natural invasions). The composition of any
community is the nett result of recurring invasions, contractions, extinctions
and evolutionary processes. Information from both "natural" and "induced”

invasions contribute to the understanding of the dynamics of colonization
(Mack 1985; Neilson 1987; Richardson, in press). The induced invasions are,
however, different in some important ways. Although sporadic long-distance
dispersal of organisms by natural means (e.g. seeds adhering to migrating
birds or carried by uncommonly strong winds) have probably occurred since the
start of life on earth, propagules have never been transported in greater -
numbers or with such regularity as in the past several hundred years. Even if
a few seeds of a herb from the Mediterranean Basin were carried by a migrating
swallow to the southern tip of Africa, such are the vicissitudes of any
immigrant in a foreign region that the likelihood of a seed thus introduced
germinating and then surviving to found a new population is extremely remote.

1 Scientific Committee on Problems of the Environment, of the
International Council of Scientific Unions. »
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If there is one golden rule for a successful invasion to be.Q]eaned from the
recent syntheses then it must be " Do it in numbers " I; the probability of
succeeding as an invader increases exponentially with an increase in
"inoculum" intensity. Only with repeated introductions, such as initiated by
man, are the dice in the invasion numbers game starting to be loaded in favour
of the immigrants.

1.2. Invasions as a management problem

By definition, the introduction of an organism to a community initially
increases diversity in that community. The introduced organism may fail to
become established in the Jlong-term, in which case the diversity in the
community reverts to its initial Tlevel. If the colonizer can retain its
position in the community, the diversity may remain at a new amplified Tevel
for some time. If local conditions allow for reproduction, any resultant
propagules will also encounter barriers to membership of the community. The
"rules" for'entry to the community may or may not have been altered due to the
presence of the initial colonizer. Many invaders; once established do alter
these rules, thus alleviating conditions for subsequent invaders, both
conspecifics and others. For example, in the case of plants, such alterations
may take the form of changes to the microclimate in regeneration loci [e.qg.
Meeuwig & Bassett (1983) and Everett et a]. (1986) for pinyon pines] or the
attraction of dispersal agents [e.g. Glyphis et al. (1981) for Acacia
cyclops]. Frequently, a colonizer may persist at low densities in the
community for several generations before significant population growth is
accomplished (see Appendix II; I1.3.1.). Once population growth occurs, with
the accompanying spatial expansion, the invader is inevitably brought into
contact with a greater number of resident community members. The outcome of
such encounters may be beneficial, neutral or detrimental to both the invader
and to each native taxon. - The potential results of the sum of all these
encounters, in terms of the effect on the structure and functioning of the
community, are innumerable. For this reason, the nett effects of
introductions and subsequent invasions on community structure and function are
so complex that they are virtually unpredictable.

Why do invasionS present management problems ? In short, invasions become
problematic when they interfere with the activities or interests of humans in
some way. The perception of problems resulting from invasions is closely

]



linked to the land ethic in the region under consideration. _For‘examp]e,‘the
spread of pines from plantations into natural communities in Australia, New
Zealand and southern Africa is usually considered to reduce the "integrity" of
natural communities and this, and the alteration of community functioning that
accompanies it, is perceived as a problem (references in chapter 6; see also
Richardson, in press). In South America, however, these invasions are
sometimes seen in a rather different 1light, and self-sown pine stands are a
welcome supplementary source of fuelwood (E.R. Fuentes, pers. comm. 1989).

Effects of invasions on community structure and function vary considerably in
kind and severity among communities. Invasions may influence community
processes to the extent that the regional hydrology, and erosion and fire
regimes are substantially altered. One of the most common effects of |
invasions is a reduction or elimination of local biota. The degeneration of
the local biota may occur as a result of a number of processes, most commonly
through the invader’s success in competition for resources with the natives,
or through predation. Effects may be direct or indirect. For example,
Minvasions" by introduced bio-control agents may decimate local populations
directly through predation (Moran et al. 1986; Zimmermann et al. 1986).
Alternatively, an invader may so alter the structure of the community that
reduction of native elements occurs indirectly, as a result of the altered
disturbance regime induced by the structural changes. The importance of
indirect effects is clearly illustrated in the case of the purposeful
alteration of community structure in Californian chaparral. Introduced
perennial grasses sown into dense chaparral support fires every two years
which is highly unusual in this vegetation. Seed stocks of the native shrubs
are depleted by post-fire germination and have insufficient time to be
replenished before the next fire, which kills the shrub seedlings before they
reach maturity. This series of events, promoted by the invader, has resulted
in dramatic changes in community structure (Zedler et al. 1983).

The impacts of plant invasions in the fynbos biome on soil erosion rates,
coastal sand movements, hydrology and fire regime, geochemical cycling and
species richness of indigenous plant communities are reviewed in Appendix'I
[see also Breytenbach (1986) and Versfeld & Van Wilgen (1986)].



1.3. The study of invasions: two biq qdestibhs

Studies of invasions, whether directed at developing effective management
strategies or using invasions as natural experiments in biogeography and
community ecology, address two fundamental questions:

1.3.1. >Which spécies invade (and why) ?

In order to manage current invasions‘and to regulate the introductioh of new
invaders, it is important to determine the 1life history attributes of species
known to be aggressivé invaders. Are all species that possess a particular
suite of attributes likely to invade a community that has already been invaded
by species with these features ?

1.3.2. Whith communities are invaded (and ‘why) ?

Some communities are more severely invaded than others. For example, in
southern Africa, the fynbos of the southern and western Cape Province, is the
most severely invaded of all terrestrial biomes in southern Africa (Macdonald
1984). Invaded communities usually require special management and it is
important to ascertain what factors enhance or reduce invasibility of these

communitjes.

1.4. Biological invasions in the fynbos biome

The fynbos biome lies at the southern tip of Africa and includes the Cape Fold
Belt Mountains and the coastal lowlands lying to the west and south of these

mountains. Relevant physical and biological features of the biome and a
detailed account of biological invasions in the region are given in Appendix
I. Here, I describe only those aspects that are necessary to place this

thesis in perspective.
1.4.1. Which species have invaded?
The most important alien invaders, both in terms of the extent of their

infestations and their impacts, are undoubtedly trees and shrubs. However,
the biome has been invaded by species from most taxonomic groups, with



normally only a few species proving to be important 1n-each of - the faunal
groups. '

1.4.2. What are the characteristics of the invasions?

The invasions by woody plant species have been widespread and have often
resulted in dense stands which radically alter biotic and abiotic features of
the invaded landscape (Figure 1.1). These species have been able to invade
relatively undisturbed ecosystems although the regular occurrence of fire in
these ecosystems has tended to favour their spread and proliferation. The
impact of these woody plant invasions on the indigenous flora has been
marked. Most indigenous plants in the biome appear to be intolerant of shade
and decline in vigour or die once overtopped by invading tree species. The
invasions of herbaceous species and alien animals have generally been much
less successful, with many of the alien species being restricted to sites of

human disturbance.
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Figure 1.1. Profile diagrams from 1 m transects through three plant communities. (a)
Mountain fynbos invaded by Acacia saligna, (b) mountain fynbos invaded by Hakea sericea
and (c) uninvaded mountain fynbos (from Van Wilgen & Richardson 1985b).




1.4.3. Do any of these characteristics appear to be unique'to the biome?

The dominance of the biome’s invasive alien f]oré by trees and shrUbs, at
least in terms of the more important species, is possibly one of the features
unique to the biome. Another is the Tlarge reduction in plant species
diversity that follows the invasion of fynbos vegetation by alien woody
plants. The apparent high susceptibility of the biome to invasion by species
from elsewhere in the subcontinent is possibly also unique. That more alien
animal species have been able to establish populations in this biome than
elsewhere in the subcontinent might also be unique. However, this could
simply be the result of the extensive modification to ecosystems and
impoverishment of the fauna that has characterized the biome in recent times.

The apparent occurrence of a ‘vacant’ tree niche in the biome (Campbell et al.
1979), the alleged occurrence of a ‘vacant’ fish niche in the biome’s rivers
(Bruton 1986) and its susceptibility to invasien from elsewhere in the
subcontinent all agree with the hypothesis that this small biome is in several
ways akin to an island. The high levels of endemism in its indigenous biota
strengthen this hypothesis. As in many ‘insular’ environments throughout the
world, alien organisms have wreaked havoc in the fynbos biome and will
probably continue to do so.

1.5. Aims, rationale and study methods

1.5.1.  Selection of study taxa;

Species of the genera Acacia, Hakea and Pinus have been particularly
successful as invaders of mountain fynbos (Macdonald & Jarman 1984; Macdonald
& Richardson 1986). The introduced Acacia species have invaded large parts of
- the biome but only A. longifolia may be considered a major weed in mountain
fynbos; the other species have invaded mainly lowland fynbos and riparian
habitats (Macdonald et al. 1985). Hakea and Pinus species pose by far the
most important weed problems in mountain fynbos (Macdonald & Richardson 1986;

Figure 1.2).

Species of both genera were introduced to the Cape more than 150 years ago.
Some species of both genera have become important weeds, while others have
either failed to invade at all, or invade only small areas. All the invasive

.



species of Pinus and Hakea are from firé-prone environments, énd most species
of both genera that invade fynbos are serotinous (they maintain seed banks in
the canopy). The non-serotinous species have been less successful. The most
successful species of Pinus, and all invasive Hakea species have winged seeds.
that are dispersed by wind. Species of Hakea and Hakea show fundamentally
similar patterns of invasion in fynbos: spread has been from multiple,

d1sgunct foci created by numerous introductions and dissemination by man,.and
from dispersal and repeated establishment of colonizers from founder
populations. Different attributes of Pinus and Hakea species make them
suitable for different kinds of studies and an overall perspective can be"
gained by studying salient features of the two taxa. ’

L Hakea sericea & ] Pinus pinaster
L : f |

Figure 1.2. The distribution of Hakea sericea (Proteaceae) and Pinus pinaster

(Pinaceae) in the fynbos biome of South Africa (after Macdonald et al. 1985). All the
field studies reported on in this thesis were conducted in the southwestern Cape
(ringed area). See Figure 1.3. for location of study sites.

The two pines that have invaded the largest area in mountain fynbos (Pinus
pinaster and P. radiata) also show invasive tendencies on other continents.

Indeed, the "weediness" of pine species has been evident throughout the
Quaternary and numerous invasions (both within and well outside the natural

range of pines) have been documented (Table 1.1.).  These provide useful

references for evaluating invasions in fynbos. The invasive Hakea species are
not major weeds anywhere else in the world, probably because they have limited

commercial value, and have therefore not been planted on a large scale in many
countries. Hakea sericea has established adventive populations in New Zealand
(Burrows et al. 1979:352) and in Portugal (F.M. Catarino, pers. comm. 1987)
but is not a major weed in either of these countries.




Table 1.1.

Pinus species known to be invasive or weedy.

Species Natural range Known sites of invasion [numbers refer to sources]

P. albicaulis Western N America Wyoming, U.S.A. [1]

P. banksiana n.eastern N America Wisconsin, U.S.A. [2,3], New Zealand [4, 5]

P. canariensis Canary Islands South Afr1ca [6]

~P. caribaea Caribbean Caribbean [7]

P. cembra Central Europe Austria [8]

P. clausa s.eastern N. America U.S.A. (2)

P. contorta Western N America U.S.A.: California [9,10,11,12,13,14], Idaho [16] and Wyoming [1].
New Zea]and [4,5,17,18, 19] Wa]es [19a]

P. densiflora Korea / Japan Japan [20], New Zea]and [4]

P. echinata Southern N ‘America S.E. U.S.A. [21] -

P. edulis Western N America Western U.S.A., especially Utah [22, 23,24,25,26]

P. elliottii s.eastern N America U.S.A.[2], South Africa [27]

P. flexilis Western N America Colorado Front Range, U.S.A. [16, 28]

P. halepensis Mediterranean Basin France [29], Israel [30], South Africa [6,31, 32], New Zealand [4,5,33,
34]

P. jeffreyi Western N America U.S.A. [2,9]

P. kesiya South East Asia South East Asia: Burma, India, Philippines, Vietnam [35]

P. lambertiana Western N America U.S.A. [2] .

P. lutchuensis Islands near Japan Bonin Islands, North-west Pacific [36]

P. massoniana South East Asia China [37]

P. merkusii South East Asia South East Asia [38,39]

P. monophylla Western N America Nevada, U.S.A. [22,25,40,41]

P. monticola Western N America. Oregon, U.S.A. [2,9,14]

P. muricata California Australia [42], New Zealand [4] -

P. nigra Southern Europe New Zealand [4,5,43], Wales [19a]

continued on next page .



P. ponderosa

P. pseudostrobus

P. radiata

P. resinosa
P. rigida

P. roxburghii
P. sabiniana
P. serotina
P
P

. _Sstrobus
. sylvestris

©

. _taeda

thunbergii
torreyana
._virginiana
. wallichiana

ReindnIn

Western N America

Mexico
California

Eastern N America
eastern N.America
Nepal, Pakistan

"California

s.eastern N America
Eastern N America
Europe

s.eastern N America

. Japan

California
Eastern N. America

S.E. Asia, Afghanistan

Table 1.1. (continued). Pinus species known to be invasive or weedy.

Species Natural range Known sites of invasion [numbers refer to sources]

P. oocarpa Mexico Mexico [7]

P. palustris s.eastern N America U.S.A. [2,44]

P. patula Mexico South Africa [42,45,46,47,48] New Zealand [4]

P. pinaster Mediterranean Basin Australia [49], Chile [50], South Africa [51,52], New Zealand
: [4,5,33,42]

P. pinea Mediterranean Basin South Africa [6,32] New Zealand [4]

U.S.A.: Colorado [53], S. Dakota [54,55], Nebraska [56], California
[57]. Chile [58], New Zealand [4,5,43]

South Africa [48]

California, U.S.A. [59], Australia [60,61 62],
Zealand [4,5], South Africa [6,32,63]

Wisconsin, U.S.A.[2,3,67]

‘Argentina [58], New

U.S.A. [2]
Nepal [65], South Africa [27, 32]
U.S.A. [2]
U.S.A. [2]

New England, U.S.A. [66], New Zealand [4]

Central Europe [67], N.E. Europe [68], W. Europe [69,70, 71 72,73,74],
U.S.A. [2], New Zealand [4,5,74]

U.S.A.: N. & S. Carolina, Georg1a [66,76,77]; New Zealand [4], South
Africa [27]

Japan [20]

New Zealand [4]

U.S.A. [66]

Nepal [65]

~continued on next page ....



Table 1.1. (continued). Pinus species known to be invasive or weedy.

Sources: 1: Dunwiddie (1977); 2: Holm et al. (1979); 3: Vogl (1970); 4: Sykes (1981); 5: Hunter & Douglas (1984); 6:
Macdonald & Jarman (1984); 7: Kemp (1973); 8: Tranquillini (1979); 9: Heath (1967); 10: Debenedetti & Parsons
(1979); 11: Ratliff (1995); 12: Helms (1987); 13: Helms & Ratliff (1987); 14: Vale 1981; 15: Vankat & Major (1978);
16: Butler (1986); 17: Wardrop (1964); 18: Benecke (1967); 19: Jamieson (1974) in Hunter & Douglas (1984); 19a:
Hodgkin (1984); 20: M. Ohsawa in litt. 1988; 21: Chapman (1944); 22: Woodbury (1974); 23: Aro (1971); 24: Clary
(1971); 25: Everett (1986); 26: Seversen (1986); 27: Wells et al. (1986); 28: Veblen (1986); 29: Acherar et al.
(1984); 30: Naveh (1973); 31: Richardson (1988); 32: Lister (1959); 33: Esler (1987); 34: Esler & Astridge (1987);
35: Turnbull et al. 1980; 36: Shimuzu & Tabata (1985); 37: Ming (1987); 38: Cooling (1967); 39: Cooling 1968; 40:
Blackburn & Tueller (1970); 41: Barney & Frischknecht (1974); 42: Streets (1962); 43: Wills & Begg (1986); 44: Myers
(1985); 45: Wormald (1975); 46: Macdonald & Jarman (1985); 47: Kruger et al. (1986); 48: Knight et al. (1987); 49:
Brown & Hall (1968); 50: C. Gonzalez in litt. 1988; 51: Kruger (1977); 52: Shaughnessy (1980); 53: Veblen & Lorenz
(1986); 54: Thompson & Gartner (1971); 55: Gartner & Thompson (1973); 56: Steinauer & Bragg (1987); 57: Vale (1977);
58: T.T. Veblen in 1itt. 1988; 59: Forde (1966); 60: Dawson et al. 1979; 61: Burdon & Chilvers (1974); 62: Chilvers .
& Burdon (1983); 63: Richardson & Brown (1986); 64: Vogl (1967); 65: Ohsawa et al. 1986; 66: Spurr (1964); 67:
Holzner (1983); 68: Steijlen & Zackrisson (1987); 69: McVean & Ratcliffe (1962); 70: Watt (1971); 71: Crompton
(1972); 72: Duffy et al. (1974); 73: Gimingham & De Smidt (1983); 74: Marrs & Hicks (1986); 75: Bannister (1965);
76: McQuilken (1940); 77: Brender (1974).



Several Pinus species are important forestry crops, and the extent of invasion
of taxa within the genus appears to correspond roughly to the extent of
planting. In contrast, no Hakea species are crops of major importance (some
have been planted extensively as hedge plants or ornamentals), and there is no
correspondence between the magnitude of dissemination and the current status
of the taxa as weeds (see chapter 4). Biological control programmes for Hakea
species show promise for the reduction of the problem. Because of the
economic importance of the Pinus species for forestry, bio-control options
appear very limited and repeated mechanical control is required to curb spread
from plantations (Richardson, in press). There is, therefore, an urgent need
for detailed information on the factors that control invasion.

1.5.2. Research guestions
The five major questions that were addressed in this study are Tisted below.

1.5.2.1. What are the spatial and temporal characteristics of invasions by
“trees and shrubs in mountain fynbos ?

1.5.2.2. What are the biological attributes of successful invaders of
mountain fynbos ? _

1.5.2.3.. To what degree is the current extent of invasion in mountain fynbos
due to dissemination by man ?

1.5.2.4. What community properties of mountain fynbos permit invasion by
introduced trees and shrubs ? | .

1.5.2.5. What are the impacts of invasions on mountain fynbos plant

communities ?

1.5.3. Study methods

The study of invasions by trees and shrubs is complicated to some extent by
their long 1ife spans and large size that preclude certain greenhouse studies
and various manipulative experiments. These characteristics, however, also
have certain advantages for the study of invasions. For example, trees and
shrubs are conspicuous and are relatively well studied, especially where they
dominate communities or are of economic importance. Invasions by trees and
shrubs are frequently well documented or can be reconstructed from historical
sources such as the written accounts of pioneer naturalists, maps and

*
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photographs. Trees such as pines are easy to age, and this'facilitates the
determination of population age structure which is important for
reconstructing the invasion history and for correlating population responses
with environmental factors.

Biological invasions are one of the richest sources of information in
community ecology; they present the imaginative investigator with natural
experiments on temporal and spatial scales and with scope, realism and
generality than can seldom be achieved with Tlaboratory or field experiments
(Diamond 1986). Indeed, natural experiments are probably the only practical
means to study the long-term consequences of introductions and invasions of
long-lived organisms. There are, however, several important Tlimitations of
natural experiments in the study of factors underlying species abundances and
distributions, the main one being the problem of distinguishing causal from
indirect associations (Diamond 1986:16). Despite the limitations, this type
of experiment holds great potential for the study of invasions of trees and
shrubs, as Kruckeberg (1986:408) explains in the following passage:

“Nearly every floristic province of the world that has felt the hand of man has its
share of alien introductions that have spread in ecosystems far beyond their native
homes. In all such invasions, we witness only the later stages or end products of an
initial introduction. There is scarcely an example of an introduction that has been
monitored from its starting time and point-source of its introduction. Such would seem
to be the inevitable consequence of accidental introductions: no one presides over the
birth of the unplanned population.

The intentional plantings of trees for reforestation purposes, for erosion control, for
soil reclamation, etc., can be dated from time zero and planting monitored at intervals
to determine the success of the original transplants of seedlings, and their
spontaneous progeny, if any. Such 1instances, while potentially affording the
population biologist with ready-made experimental populations, are rarely if at all
observed from the demographic standpoint. What exceptional opportunities have been
overlooked in plantations of such tree species as Pinus radiata, P. contorta, P.

sylvestris, Pseudotsuga menziesii and many others ?".

In this thesis I have used various natural experiments in conjunction with
autecological studies to examine the patterns, processes and consequences of
invasijons by Pinus and Hakea species with special reference to the situation
in mountain fynbos. - The study may be divided into four parts: i) case studies
to elucidate major patterns and processes; ii) studies of 1life history and
population ecology of selected invaders; iii) investigations of the

determinants of invasibility; and iv) assessments of the consequences of

+
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invasion, and of control programmes. An outline of the approach used in each
of_these sections is given below.

1.5.3.1. Case studies to elucidate patterns and processes

Two specific invasion events in mountain fynbos were studied. Here, I
examined the population dynamics of invasive pines to establish how the
invaders interact with environmental conditions. These studies may be read on
their own as investigations in plant biogeography and fire ecology, but form
the foundation for the studies on the relationship between life history and
population ecology (see 1.5.3.2.). Chapter 2 details the spread of Pinus
radiata into natural mountain fynbos from a plantation, with special reference
to the spatial and temporal dynamics of the invasion and the response (in
terms of population structure) of the invader to two important environmental
factors in mountain fynbos: fire and wind. In'chapter 3, I examined in more
detail the population response of P. halepensis to one environmental factor
(fire) and attempted to isolate the Tlife history attributes that explain
features of the age structure.

1.5.3.2. Studies of the 1life history _and population ecology of selected

invaders

These studies examined the interaction between life history and poph]atidn
ecology and addressed the question " What makes a good invader ?". A
comparative study of the reproductive ecology of four Hakea species which have
shown different degrees of success as invaders in fynbos 1is described in
chapter 4. The allocation of reproductive energy, germinability, the ability
to survive fires and to germinate in burnt and unburnt areas, and the nutrient
content of seeds were assessed for the four species. The importance of each
of these factors was then assessed and related to invasive success. An
attempt was then made to define a successful invader. In chapter 5, I
assessed the roles of life history attributes and the extent of dissemination
by man as determinants of success for invasive pines in mountain fynbos.
Using an analysis of life history attributes of 60 Pinus species, an attempt
is made to predict which species would be aggressive invaders if introduced.

The question of what makes a good invader in mountain fynbos was also
addressed. in part of Chapter 7. A risk assessment model was derived from

L)
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empirical data and theoretical considerations to distinguish between species
with low and high probabilities of becoming invaders. An._evaluation was also
made of the risk of introducing Australian Banksia species.

1.5.3.3. Studies of the target habitat

Two studies addressed the important question " What makes a community
invasible ? ". The first of these examined a central question in community
ecology: what limits the occurrence of a plant species to a particular site ?
This involved a review of the world literature on pine invasions (both
expansions in and adjacent to natural ranges, and spread from sites of
introduction well outside the contemporary range of pines). The database thus
‘assembled allowed me to explore the relative importance of climatic changes,
disturbance, competition (including competition between seedlings and
herbaceous plants during early estab]ishment), hérbivory, pathogens and other
agents that might influence membership of communities by pines. This study
(chapter 6) also served to place in the phenomenon of pine invasions in

mountain fynbos in a global perspective.

The question of " what makes mountain fynbos vulnerable to invasion by
introduced trees and shrubs, and which species invade ? " is addressed in
Chapter 7. Data from various sources were used to explore the properties of
mountain fynbos community structure and functioning that permit invasion.

1.5.3.4; Assessment of the consequences of invasion, and of control
programmes, on features of invaded habitats

The assessment of the effects of invasion on community structure can be
undertaken in one of two ways. The first approach involves the comparison of
pre- and post-invasion community structure at the same site. Because of the
Tong time intervals involved in the case of tree and shrub invasions, such
studies are seldom feasible. An opportunity to conduct such a study was
presented in the Biesjevlei catchment, where a detailed study of plant
communities had been done prior to afforestation with pines. Chapter 8
describes the results of a resurvey of the area, and an assessment of the

effects of 35 years of afforestation on fynbos structure and composition. An
alternative approach for assessing the effects of invasion (and subsequent
weed control measures) is to compare the invaded site with an adjacent site

*
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which was not invaded. This approach was used in Chapter 9'to compare the
effects of fire in areas where dense stands of Hakea sericea had been felled
and in adjacent uninvaded sites. This study also assessed the implications
for natural communities of the effects of control of invasive trees and shrubs
in mountain fynbos.

Chapter 10 presents a synthesis of published and unpublished data on plant
species richness in mountain fynbos with different Tlevels of invasion and
different histories of control.

1.5.4. Study sites

A1l field studies were carried out in the southwestern Cape Province (Figure
1.3). Details of the study sites are given in the different chapters.

19°
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Figure 1.3. The location of field study sites (indicated by hollow blocks) mentioned
in this thesis.
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PART I

CASE STUDIES TOlELUCIDATE MAJOR
PATTERNS AND PROCESSES



- CHAPTER 2

INVASION OF MESIC MOUNTAIN FYNBOS BY PINUS RADIATA



CHAPTER 2 : INVASION OF MESIC MOUNTAIN FYNBOS BY PINUS RADIATA‘1

2.1. ABSTRACT

Pinus radiata is an important plantation species in South Africa. It also invades
Mountain Fynbos in the southern and soutfwestern Cape Province and is a threat to the
conservation of this vegetation type. Knowledge-of the- invasion process is required to
plan effective control. The pattern of invasion was determined by examining aerial
photographs and the dynamics of a colonizing population. Invasion commenced almost
immediately after the first release of seeds. from an adjacent plantation. Initial
colonizers established at distances of up to 3 km from the seed source. Populations
increased rapidly after a fire and resultant -stands were dominated by cohorts that
established during the immediate post-fire phase. Where fire had been excluded,
population growth was slower, and less dense, uneven-aged stands resulted.

2.2. INTRODUCTION

Pinus radiata D.Don. (Monterey Pine) is native to coastal areas of central
California and Guadalupe Island (Critchfield & Little 1966). The spécies has
been planted in many countries on all continents because of its rapid growth
and desirable lumber and pulpwood quah‘ty. Pinus radiata was introduced to
South Africa in about 1865 (Legat 1930), but was little used for afforestation
before 1910 (Poynton 1960). In recent years, afforestation has been rapid and

by 1984, plantations of this species covered 48 775 ha in the southern and
southwestern Cape Province (Unpublished records, Forestry Branch).

In its native and adopted environments, P. radiata is often subject to fire.
It does not sprout but seeds freely and regenerates profusely after fire.
This is evident both in California (Stebbins 1965, Vogl et al. 1977) and in
the Southern Hemisphere where the species has been widely planted (Scott
1960). It has invaded natural vegetation in Australia (Burdon & Chilvers
1977, Chilvers & Burdon 1983) and New Zealand ( Bannister 1965, Hunter &
Douglas 1984). Pinus radiata has also invaded natural fynbos vegetation in

the southern and southwestern Cape Province of South Africa. Self-sown stands
of P. radiata occur in 240 of 8 138 (2,95%) 1 km X 1 km grid squares in
proclaimed mountain catchment areas in the Western Cape Forestry Region
(Combrink 1985). The species is listed as one of the 10 most important woody
alien plants in the biome (Macdonald & Jarman 1984). Invasion by alien trees
and shrubs is a major problem in the management of mountain fynbos, the

1 publication status: Richardson, D.M. & Brown, P.J. (1986). Invasion of mesic
mountain fynbos by Pinus radiata. South African Journal of Botany 52: 529-536.




species-rich sclerophyllous vegetation of‘ the Cape coésta] mountains
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(Macdonald & Richardson 1986). Successful alien species from similar.

fire-prone environments on other continents are adapted to survive fires which
usually occur at intervals of 10 to 40 years in mesic mountain fynbos sensu
Moll et al. (1984) (Kruger & Bigalke 1984). 1In the absence of factors which
normally 1limit fecundity in the native habitat, populations in the adopted
habitat often show an excessive increase following fire and dense thickets
establish. These radically alter biotic and abiotic features of the invaded
landscape (Macdonald & Richardson 1986, Richardson & Van Wilgen 1986).

Three Pinus species of the Group Insignes (Shaw 1914) (i.e. P. radiata,

P. pinaster Ait. and P. halepensis Miller ) are important invasive aliens in
the fynbos ‘biome (Macdonald & Jarman 19845. Another species, P. patula
Schiede & Deppe, 1is an important invader of montane grasslands in Natal
(Macdonald & Jarman 1985). For only one species has there been any attempt to
describe invasion patterns. Kruger (1977) gave a general account of patterns
of invasion of fynbos by P. pinaster but presented no quantitative analysis.
In another study, Changes over 39 years in the density of self-sown
P. pinaster trees in mountain fynbos near Stellenbosch were documented (Smit &
De Kock 1984). Neither of these papers presents a quantitative analysis of
invasion patterns or the role of fire in the invasion process. Such
information is needed to understand the dynamics of a colonizing population

and to plan effective control measures.

In this gtudy we examined the colonization by P. radiata of mesic mountain
fynbos adjoining a plantation. The aims of the study were: 1) to determine
how soon after establishment of the plantation invasion of adjacent fynbos
commenced; and 2) to determine the rate and pattern of invasion and population
growth in relation to disturbance history. ' '

2.3. STUDY AREA

Bosboukloof (33057'5; 18°56'E) is situated on the south-facing slopes of the
Jonkershoek Mountains, 6 km east of Stellenbosch in the southwestern Cape
Province, South Africa (Figure 2.1). The area is underlain by granite but
stony, sandy soil derived from quartzitic colluvial material covers most of
the area (Heth & Donald 1978). Elevation ranges from 240 to 900 m above sea
level. Climate is mediterranean, K8ppen’s humid-mesothermal (type Csb) with a
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dry summer; the average temperature of the warmest month is below 229C. Mean
rainfall at .an_altitude of 470 m is 1 800 mm per annum, about 60% of which
falls between May and August (Wicht, Meyburgh & Boustead 1969). Winds from
the southeast make up the greatest percentage of the total wind run in all
months of the year but particularly during summer: 71% and 67% of the total
wind run for January and February, respectively is from the southeast. Mean
maximum daily temperature is also highest during these months (27,5 and 27,3
0C for January and February respectively; five year mean 1976 to 1980,
Swartboskloof, Jonkershoek, Unpublished records, Forestry Branch).

JONKERSH

Eerste River
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Figure 2.1. Llocation of the study area. Aerial photographs were used to determine the
spread of Pinus radiata in the area enclosed by the dashed line. The positions of five
0.25 ha plots on which the age structure of colonizing populations of P. radiata were

studied are shown ( to ).
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The Bosboukloof catchment was the ffrst of several catchmentS at Jonkershoek
to be afforested with P. radiata. Planting took place between 1935 and 1940.
Seed used for planting was collected between 1932 and 1937 from plantations at
Lebanon (34°12°S; 19907°E) , Elgin (34907°S; 1993’E) and Knolvlei (33925’S;
19°07'E). Afforestation of other catchments to the southeast of Bosboukloof
continued until 1963, when 717 ha were covered by P. radiata (unpublished
records, Forestry Branch). Except for the replanting of clearfelled stands
and the addition of small new areas between established plantations, no new
afforestation with P. radiata took place in the Jonkershoek Valley until 1975,

when a small plantation was established to the northwest of the study area
(unpublished records, Stellenbosch Municipality).

The study area is situated to the northwest of the Bosboukloof plantation
(Figure 2.1). The natural vegetation is a tall (4 m) mid-dense to open
" shrubland (sensu Campbell et al 1981) dominated by Protea neriifolia,
Leucadendron salignum and Widdringtonia cupressoides and is similar to that of

the nearby and physiographically similar Biesievlei (Rycroft 1950, Richardson
& Van Wilgen 1986). Examination of aerial photographs t;ken in 1938 showed no
pines in the fynbos on the south-facing slopes of the Jonkershoek mountains to
the northwest of Bosboukloof, but forty years later the area was dominated by
dense stands of pines (Figure 2.2).

2.4. METHODS

2.4.1. Study of aerial photographs

Aerial photographs taken in 1938, 1953, 1967 and 1977 were used to determine
the spread of P. radiata over an area of approximately 237 ha and extending 1
500 m from the edge of the plantation. A grid of 10 mm X 10 mm squares, each
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being divided into 25 smaller squares was used to provide points of reference.

For each pair of photographs, a square representing 1 ha was cut in each of
two pieces of white paper and used to demarcate blocks for analysis using a
stereoscope (Avery 1978, Liebenberg et al 1978). The positions of the first
colonists, taken to be the largest trees evident on the 1953 photograph, were
plotted. The density of the trees in each block was categorized for each
photograph as shown in Table 2.1.
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Table 3.2.

Features of the age structure of Pinus halepensis at Miller’s Point (see

Figure 3.2), -interpretation- of ~the—observed pattern and the significance of the
features for P. halepensis as an invasive plant in mountain fynbos.

Features of the age
structure-histogram

Interpretation

Significance for Pinus
halepensis as an
invasive plant in
mountain fynbos

Only 2 trees are older
than 48 years

No trees are between 15
and 48 years old

Over 50% of trees are 14
years old and 91% of
trees are between 11 and
14 years old ‘

No trees are younger than
7 years old

Survival of fire is rare

A1l trees younger than 35
years old were killed in
the 1972 fire

Fire stimu]atéd seedling
recruitment

No seeds germinated more
than 7 years after the
fire or seedlings were
unable to survive in the
7-year-o0ld stand

Fire survival is not
essential for
perpetuation and growth
of the population

Perpetuation of the
population is achieved
by recruitment of new

stands after fire. For
this reason, the
attainment of

reproductive maturity in
the interval between
fires is important

Fire stimulates rapid
population growth by
causing the simultaneous
release of canopy-stored

seeds. Fire also
creates favourable
conditions for
germination end

establishment

Disturbance in the form
of fire is required to
induce proliferation
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seedling recruitment after fire in the 14 year-old stand indicates that
maturity is_reached before 14 years. Whether one intense fire following a
previous fire at an interval less than the juvenile period of P. halepensis
would eliminate the species at the site would depend upon: 1) the size of the
fire; 2) the distance from. the nearest alternative seed source; and 3) the
influence of biotic agents that prevent immigrating seeds from germinating or
seedlings from becoming established. It appears that the survival and
proliferation of P. halepensis at Miller’s Point can be ascribed to the early
attainment of reproductive maturity and good germination and establishment in
the immediate post-fire environment. Fire survival by adults is rare but the
contribution of seeds from fecund adults is important for re-establishment
following fires at short intervals and also for dispersal to new areas.

3.6.3. Preadaptation to other biotic and abiotic features of the fynbos

Seeds of Pinus halepensis show no adaptation for persistence in the soil for

periods longer than the average interval between fires in fynbos (pers.obs.).
Reproduction is from seeds which are released from cones that often burst
during a fire (Le Houerou 1973; Naveh 1974, 1977). Fire in natural Aleppo
pine forests in the Mediterranean Basin usually kills P. halepensis adults,
and perpetuation of the population is achieved by the recruitment of new
stands after fire (Le Houerou 1973). These stands may be even-aged or nearly
even-aged (Le Houerou 1973), or may contain trees of all ages (Trabaud et al.
1985). The stand initiated by the 1972 fire at Miller’s Point consists of
trees aged between seven and 14 years with only a very small number (0.3 %)
"~ older than 14 years. More than 50 % of surviving trees established within one
year of the fire. In a study of the colonization of abandoned vineyards' in
southern France by P. halepensis, Acherar et al. (1984) found that seedlings
were intolerant of competition from grasses and suggested that this may Timit
colonization where grasses are abundant. This probably accounts for the
observed différénéeS'in age structures of different populations in France;
P. halepensis seedlings -are excluded from environments that support dense
grass swards in the immediate post-fire phase. Kruger et al. (1986) have
suggested that one reason for the success of alien trees and shrubs in fynbos
is that crowding of the alien seedlings causes little increase in mortality.
A high rate of survival for seedlings and weak self-thinning in adults gives
rise to dense thickets. The results of this study suggest that fecundity of
individual P. halepensis trees in a 1l4-year-old stand declines with an
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increase in stand density. This strategy, as an alternative fo self-thinning,
results in dense stands that displace competitors including conspecific
seedlings of Tlate-germinating cohorts. This results in the dominance of
cohorts that establish within 2 years of the fire.

The winged seeds of P. halepensis weigh 20 mg (Acherar et al. 1984) and are
lighter than those of P. pinaster (57mg) and P. radiata (24mg) (Van Wilgen &
Siegfried 1986), both of which spread over large areas in the fynbos (Kruger
1977; Richardson & Brown 1986). This implies that the seeds of P. halepensis
are well adapted for dispersal by wind in fynbos.

3.7. CONCLUSION

This study has provided some information on the relationship between fire and
population processeé for P. halepensis in fynbos. Like P. pinaster and
P. radiata, P. halepensis shows rapid population growth after fire in fynbos.
The relatively limited extent of invasion by P. halepensis is possibly due to
the very limited use of this species for afforestation and thus 1limited
availability of seed to initiate invasions. Pinus halepensis is, however,
widely distributed in the southwestern Cape, and its relatively Tlimited
success may indicate that the environment of soil and climate in much of the
area invaded by P. pinaster is outside the tolerance of this species.
Pinus halepensis and P. pinaster do not occur sympatrically in southern France
(L. Trabaud pers. comm.); P. halepensis appears to be restricted to calcareous
soils with relatively high pH, whereas P. pinaster occurs on siliceous soils
with low pH (Poynton 1979a). This suggests that P. halepensis has limited
potential to invade areas with acid, highly leached soils derived from
quarzitic parent material. Granite soils, with higher concentrations of
nutrients, appear to be more susceptible to invasion by this species.
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CHAPTER 4 : ASPECTS OF THE REPRODUCTIVE ECOLOGY OF FOUR AUSTRALIAN HAKEA
SPECIES (PROTEACEAE) IN SOUTH AFRICA 1

4.1. ABSTRACT

Four shrub species of the Australian Proteaceae (Hakea sericea, H. gibbosa and
H. suaveolens and H. salicifolia) were introduced to South African fynbos shrublands
between 1840 and 1860. H. sericea is highly invasive, H. gibbosa and H. suaveolens are
moderately invasive and H. salicifolia 7s not invasive. The allocation of reproductive
energy, germinability, the ability to survive fires and to germinate in burnt and
unburnt areas, and the nutrient content of seeds were assessed for the four
species. The information was used to investigate whether the success of H. sericea
relative to the other three species could be explained by the superior expression of
any trait. The most important trait which separates H. sericea from the other species
is its ability to produce a large seed bank in its adopted environment in the absence
of seed predators. Seed production in H. sericea shrubs with an above-ground dry mass
of 8 kg is four times greater than H. gibbosa and more than 16 times that of
H. suaveolens. Although H. salicifolia also produces a large seed bank, its seeds are
unable to survive fires due to inadequate insulation by the small follicles. The
results are compared to dispersal and seed bank data for indigenous South African
Proteaceae, which have low dispersal and suffer high pre-dispersal seed predation. We
suggest that potential invasives in the fynbos can be identified as species that have:
(i) a potentially high seed production that is limited by specialized predators; (ii)
an ability to disperse over long distances; and (7ii) are pre-adapted to frequent fires
and Jow soil nutrients. The data also support the current strategy of combatting
H. sericea using specialized insect seed predators.

4.2. INTRODUCTION

South African fynbos shrublands occur mainly on nutrient-poor soils and
comprise one of the richest floras in the world (Goldblatt 1978). A feature
of fynbos shrublands is their high susceptibility to invasion by alien trees
and shrubs (Macdonald & Richardson 1986). It is remarkable that invasions of
this diverse vegetation type by shrubs from similar environments on other
continents occur with Tittle, if any, man-induced change to the
environment. Alien trees and shrubs often form dense stands which reduce or
eliminate indigenous components (Macdonald & Richardson 1986), reduce surface
water resources (Versfeld & Van Wilgen 1986), and increase fire hazard (Van
Wilgen & Richardson 1985).

In many areas, fynbos communities dominated by indigenous Proteaceae have been
invaded by Australian Proteaceae. The family Proteaceae 1is concentrated in
temperate Australia (about 700 species) and in the Cape Province of South

1 publication status: Richardson, D.M., Van Wilgen, B.W. & Mitchell,
D.T. (1987). Aspects of the reproductive ecology of four Australian Hakea
species in South Africa. QOecologia 71: 345-354.
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Africa (about 350 species). The family is partitu1af{ymbrominent in fire-prone
shrublands of the two regions. Proteaceous shrubs are usué]1y the dominant
woody plants on the most nutrient-poor soils in both regions (Lamont et al.
1985), but no genera of the Proteaceae are indigenous to both continents.

A large proportion of successful alien plant taxa in the fynbos survive fires
by virtue of possessing canopy-stored seed banks, a reproductive syndrome
shared with the dominant fynbos Proteaceae (Bond 1985; Lamont et al. 1985).

Four species -of evergreen perennial shrubs of the genus Hakea (Proteaceae)
were introduced to South Africa from Australia between 1840 and 1860
(Macdonald 1984). Three species, H. sericea Schrad., H. gibbosa (Sm.) Cav.,
and H. suaveolens R.Br. invade the natural vegetation and have been declared
noxious weeds. Although H. sericea was not widely planted, it currently
occupies the greatest area of all woody invaders in the fynbos biome
(Macdonald & Jarman 1984). Stands of this species occur in 42 % of the 115
quarter-degree squares that constitute the fynbos biome, whereas H. suaveolens
and H. gibbosa occur in only 9 and 6 % of squares respectively (Macdonald et
al. 1985), despite their wider dissemination by man (Neser 1978 a,b). These
three species all form dense thickets that substantially alter vegetation
structure. A fourth species, H. salicifolia (Vent.) B.L. Burtt. (syn. H. sal-
igna Knight), has been used extensively as a hedge plant throughout the
southwestern Cape but shows no signs of invading natural vegetation.

Fires are an important feature of the fynbos environment and have aided the
spread of Hakea species. Three of these species are dependent entirely on
seed for regeneration in South Africa but H. salicifolia may also regenerate
from stem-bases after fire (S. Neser, pers. comm. 1985). H. sericea,
H. gibbosa and H.

H. suaveolens exhibit extreme serotiny in South Africa; all
seeds produced during the 1ife of the plant are stored in the woody follicles
that open only upon death of the plant. H. salicifolia releases some seed
intermittentTy but retains most seeds in the canopy. Each follicle contains
two single-winged seeds (samaras) that are released following death of the
parent plant. Seeds are thin-coated and germinate readily after release;
there is no viable seed bank in the soil (Richardson 1985).

Several factors have been suggested to contribute to the success of H. sericea
jn South Africa. These are the ability to produce large numbers of seeds
(Neser 1968; Kluge 1983), the high degree of protection afforded to the seeds
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by the woody follicles (Fugler 1983), high seed longevity in the canopy (Neser
1968), high germinability and rapid germination (Richardson & Van Wilgen
1984), efficient dispersal (Hall 1979) and high nutrient content of seeds
(Mitchell & Allsopp 1984). Mooney et al. (1986) have suggestéa_ that a
valuable approach to the study of the ecological characteristics of successful

invaders is a comparison of their traits with those of closely—related
non-invasive species.

In this study we investigated aspects of the reproductiVe ecology of the four
Hakea species and related these to the relative success of each species—in the
fynbos. We determined differences in the allocation of reproductive energy,
germinability, the ability to survive fires and to germinate in burnt and
unburnt areas and the nutrient content of seeds. This information was used to
investigate whether the success of H. sericea relative to the other three
species could be explained by the superior expression of any trait. This
approach could explain why certain species become invasive, and should also
provide information for determining the most appropriate control strategy.

4.3. THE STUDY AREAS

Table 4.1. Salient features of sites at which shrubs of the genus Hakea were harvested

1

for study.

Site Position ) Geology Mean annual rainfall (mm) Altitude (m)
Vergelegen Estate -~ 34° 56’ S; 18° 56’ E Sandstone/granite mixtures 1,200 - 600~
Jonkershoek Valley 33°57"S;18° 54’ E Sandstone/granite mixtures 1,100 400
Constantianek 34°14'S; 18° 28 E Sandstone 1,227 200

Millers Point 34°01°S; 18°24' E Sandstone/granite mixtures 700 30
Blaauwklippen Valley 34°59'S;18° 52 E Granite 1,000 : 180
Grabouw State Forest 34°09°S;19°01' E Sandstone 650 . 300
Wemmershoek 33°53S;19°02'E Sandstone 817 140

Data for H. sericea were collected from populations at. the Vergelegen Estate
and in the Jonkershoek Valley. Data for H. gibbosa and H. suaveolens were
collected from populations at Constantianek and Millers Point respectively.
Data for H. salicifolia were collected from localities in the Jonkershoek and

Blaauwklippen Valleys, from Grabouw State Forest and from Wemmershoek.
Salient features of these sites are given in Table 4.1.
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4.4. METHODS

4.4.1. Morphology of follicles and seeds

Fifty follicles with samaras (seed plus wing) of each species were oven-dried
at 80°C for 72 hours and then weighed. Samaras (100) were first weighed
individually with the wing intact. Wings were then carefully removed and the
seed was weighed. The surface area of samaras and of seeds was determined
using a leaf area meter. The samara wing loading, defined as W/A, where W is
the mean mass (mg) and A is the mean surface area (mm2) (Green 1980), was
calculated for each species.

4.4.2. longevity of canopy stored seeds

Two classes of follicles (the youngest and the oldest) were harvested from
large shrubs of the four species. Follicles were aged by their position on
the plant; old follicles were those found closest to the main stem on thick
branches while young follicles were those found on the last seasons growing
shoots. A 1% aqueous solution of tetrazolium bromide (International Seed
Testing Association 1976) was used to test whether the viability of canopy
stored seeds declines with age. One hundred seeds (five replicates of 20) of
each species were used. A small section (2 mm) of the radicle of dry seeds
was removed Seeds were soaked in water for 24 hours and then soaked in the
tetrazolium bromide solution for 48 hours. Endosperms were removed from the
seed coat and opened to uncover the embryo. Seeds having a completely stained
embryo in a'completely stained endosperm were considered viable.

4.4.3. Seed release and germination_characteristics

The survival of seeds in fire was determined by simulating fires burning in
the crowns of the shrubs. One hundred freshly picked, young follicles of each
species were suspended on a wire mesh platform in the flames at 0.5 m above a
fire for 90 seconds, the normal duration of peak temperatures in fynbos fires
(B. W. Van Wilgen, unpublished data). Dry pine cones were used as fuel. The
burnt follicles were placed, together with 100 freshly picked but unburnt
young follicles of each species, in a dry environment. The number of open
follicles was recorded daily for 11 days and then the unopened ones were
forced open so that gérmination experiments could commence. Shade cloth (55
%) was used to simulate the effects of shading by vegetation canopies on

£
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germination in unburnt vegetation for comparison with vrecently burnt
(unshaded) sites. The treatments were as follows: (i) follicles burnt with
seeds Tanding in recently burnt areas (unshaded); (ii) follicles burnt with
seeds landing in unburnt vegetation (shaded); (iii) follicles unburnt and
seeds unshaded and (iv) follicles unburnt and seeds shaded. Data from these
experiments were used to test the following null hypotheses: i) Germination
values of untreated seeds do not differ for the four species (seeds sown in
direct sunlight); i) Germination values of fire-treated seeds are the same
for the four species; 1iii) The degree of protection against fire afforded by
the follicle does not differ for the four—species; iv) Heating the follicle
does not affect the germination of each of -the species individually; iv)
Seeds of the four species will germinate equally well in shaded and unshaded
sites (this hypothesis was tested for both fire-treated and untreated seeds).
One hundred seeds of each species per treatment were planted at a depth of 5 -
10 mm in trays (10 seeds per tray) filled with clean river sand. Trays were
watered every three days and were ‘monitored daily fdr 100 days to record
seedling emergence. To take both total germination and the speed of
germination into account for comparison between species and treatments,
"germination values" were calculated. This composite index is defined as the
product of peak value (the maximum quotient derived from the cumulative germi-
nation percent on any day divided by the number of days since planting) and
the mean daily germination, calculated as the percentage germination at 100
days, divided by the number of days (100) to the end of the test (Czabator
1962).

4.4.4. Fall velocity of samaras

Fall velocity is a good indicator of relative dispersability; seeds that fall
slower have the greatest potential for dispersal. The fall velocity was
determined by releasing samaras of each species ind%vidua]]y from a height of
3.5 m in still air (<0.4 m s "1 windspeed) and measuring the descent time.

4.4.5. Seed banks and allocation of reproductive enerqgy

Eighteen H. sericea, 15 H. gibbosa and seven H. suaveolens shrubs were

harvested from thickets of approximately equal density, while 13 solitary and
unpruned H. salicifolia shrubs were harvested. Shrubs were selected to cover
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a range of size classes. Follicles (including seedS) were separated in the -

field and counted. Vegetative parts and follicles were weighed separately
using a spring balance. Samples were collected from each shrub, placed in
air-tight bottles and oven-dried at 809C for 72 hours to determine their
moisture content. This was used to calculate the oven dry mass of the
original material. Regression equations of total above-ground dry mass
against the mass of follicles and total above-ground dry mass against number
of follicles were fitted using the NONLIN procedure of the OXFORD statistical
package (Commonwealth Forestry Research Institute, Oxford, England). In
studies on reproductive strategies, dry-mass has been used as a measure of
energy allocation patterns (Harper & Ogden 1970; Hickman & Pitelka 1975;
Evenson 1983; Samson & Werk 1986). This procedure is particularly appropriate

in Hakea, where all (except in H. salicifolia) reproductive tissue (follicles

and seeds) is retained for the 1ife of the plant. Net reproductive effort,
defined as the percentage of the total above - ground dry mass allocated to
follicles and seeds was calculated for the four species. )

4.4.6. Nitrogen and phosphorus contents of seedsv

The wings were removed from the seeds and embryos were dissected from the
testas after soaking in distilled water overnight. Each sample was oven-dried
at 809C for 12 hours and consisted of either one seed or 0.1 g ground material
(20 mesh). Phosphorus was extracted by means of the digestion method of
Jackson (1958) and then assayed by the Murphy & Riley (1962) method. Standard
Kjeldahl procedures with selenium catalyst and sodium thiosulphate extracted
the total nitrogen and ammonium nitrogen was then determined calorimetrically
using the method of Smith (1980).

4.5. RESULTS

4.5.1. Morphology of follicles and seeds

The morphologicaT characteristics of follicles, samaras and seeds are shown in
Table 4.2. Significant differences in follicle mass were found between the
four species. H. gibbosa has thevgreatest follicle mass, more than double
that of H. sericea and 12 times greater than H. salicifolia. Seeds of all
four species bear structures that facilitate dispersal by wind. The lateral
extension of the testa to form the wing increases the mass of the structure by
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between 6.5% (H. sericea) and 15.3 % (H. gibbosa) but increases the surface
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area by between 259 % (H. suaveolens) and 349 % (H. gibbosa).
structural features of samaras of the four species suggests that samaras of

H. suaveolens have the greatest inherent potential for dispersal.

Examination of

Table 4.2. Structural and morphological characteristics of samaras, seeds and
follicles of four Hakea species. Data are mean t S.E., with number of observations in

parentheses. Means with the same superscript letter for each parameter do not differ
significantly (Student-Newman-Keuls test; P < 0.05).

H. sericea

H. suaveolens

H. gibbosa

H. salicifolia

Follicle mass (g)

Samara mass

(mg)

Follicle: samara mass ratio
Seed mass

(mg)

Samara surface area X 100
(mm?)

Seed surface area X 100

5.28°+0.16 (50)
31.67°+0.46 (100)

83.52°+2.47 (50)
29.66°+0.47 (100)

1.38°+0.02 (100)

0.35°+0.01 (100)

3.29°+0.07 (50)
13.00+0.29 (100)

131.57°+2.70 (50)
12.54°+0.24 (100)

0.88°+0.01 (100)

0.21°+0.00 (100)

12.86°+0.31 (50)
42.74°+1.13 (100)

153.48°+4.75 (50)
37.13°4+1.17 (100)

2.19°4+0.02 (100)

0.512+0.01 (100)

1.059+0.03 (50)
12.55°+0.36 (100)

42774+ 1.56 (50)
11.59¢+0.35 (100)

0.634£0.01 (100)

0.18°+0.01 (100)

(mm?)

Samara wing loading 23.02° +£0.42 (100) 14.769+0.29 (100) 19.47°+0.48 (100) 20.15°+0.54 (100)

(mg/100 mm 2)

4.5.2. Llongevity of canopy stored seeds

No significant differences (P < 0.001) were found between the viability of
canopy-stored seeds of Hakea H. gibbosa and
H. suaveolens. The mean viability of young seeds of these three species was
99, 97 and 93 % respectively. The corresponding values for old seeds were 99,
99 and 90 % respectively. In the case of H. salicifolia, young seeds had a
mean viability of 97 %, while the corresponding value for old seeds was 0 % .
These results indicate that no decline in seed viability with increasing age
occurs in any of the species other than H. salicifolia.

young and old sericea,

4.5.3. Seed release and g“ermination characteristics

Fire-treated follicles of all species opened more rapidly than did untreated
ones. Al1 fire-treated follicles of H. sericea and H. gibbosa opened after
five and seven days respectively, whereas there was a delay of 2-3 days in the
opening of the untreated follicles. After 11 days, 90 % and 73 % of
fire-treated follicles of H. salicifolia and H. suaveolens had opened whereas
only 48 % of untreated follicles of H. salicifolia had opened at this stage.



No follicles of H. suaveolens opened without heating Wifhin_ll days after
harvesting. '

H. sericea and ﬂ: suaveolens showed similar germination patterns for both
fire-treated and untreated seeds (Figure 4.1). Germination commenced after 30
days and reached 'maximum at around 70 days for H. sericea and after 60 days

for H. suaveolens. Germination of seeds of H. gibbosa from all treatments,

except fire plus shading, commenced at 30 days and reached relatively low
maxima only at the end of the test period whereas fire-treated seeds planted
in the shade commenced germination only after 50 days (Figure 4.1). No
fire-treated seeds of H. salicifolia germinated. Untreated seeds of this
species planted in direct sunlight and under shading showed relatively slow
germination rates with maximum'germination occurring at the end of the test
period.

The null hypothesis that the germination value of untreated seeds does not
differ for the four épecies (sown in direct sunlight) is refuted (P < 0.0001
in one-way ANOVA). Untreated seeds of H. sericea and H. suaveolens showed
significantly greater germination values (P < 0.0001) than for H. salicifolia
(Table 4.3). 'This 1is due to the slow germination rate of seed of
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H. salicifolia as germination percent after 100 days did not differ

significantly for the three species. Germination value for H. gibbosa was

significantly lower than for H. salicifolia. Germination values for
fire-treated seeds were also not the same for the four species (P < 0.0005 in
one-way ANOVA). Germination values for H. sericea , H. suaveolens and

H. gibbosa were not significantly different but all H. salicifolia seeds were
killed by exposure to heat (Table 4.3). Fire treatment significantly reduced
germination percent in H. salicifolia, H. sericea and H. suaveolens but had no
significant effect on H. gibbosa seeds (Table 4.3).

Shading had no significant effect on germination of seeds from fire-treated
and untreated follicles of H. sericea, H. suaveolens and H. salicifolia and
from untreated follicles of H. gibbosa (Table 4.4). Shading, however,
resulted in a significantly smaller germination value for seeds from
fire-treated follicles of H. gibbosa (Table 4.4).
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Figure 4.1. Germination patterns of four Hakea species. Seeds from fire-treated and
untreated follicles were planted in direct sunlight and in 55% shade (see text).
Untreated seeds: o= sun,®= shade. Fire-treated seeds: O= sun, ®= shade.
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Table-4.3. Mean—germination values (see text) of seeds of four Hakea species.
treated seeds were taken from follicles exposed to flames for 90 seconds. Seeds were
sown in direct sunlight. Data are mean t S.E. Number of replicates in parentheses.
Means with the same superscript letter in each treatment do not differ significantly

Fire-

(Student-Newman-Keuls test; P < 0.05), N.S. denotes not significant.
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Species Mean germination vqlue t P
Fire-treated Unireated
H. sericea 0.612+0.15 (10) 1.572+0.04 (10) 6.10 <0.0001
H. suaveolens 0.382+£0.09 (9) 1.55*+0.14 (10) 6.98 <0.0001
H. gibbosa 0.332+0.05 (10) 0.37¢4£0.08 (10) 0.41 N.S.
H. salicifolia 0°* 40 (10) 0.75%+0.14 (10) 5.56 <0.0001
Table 4.4. Germination values (see text) for seeds of four Hakea species 100 days

after planting in direct sunlight and in 55% shade.

of replicates in parentheses.

Data are mean t S.E., with numbers

~ Species Treatment Germination value t P
Full sunlight 55% shade

H. sericea Fire 0.61+0.15 (10) 0.50+0.07 (10) 0.64 N.S.
Control 1.5740.03 (10) 1.45+£0.05 (10) 1.97 N.S.

H. suaveolens Fire 0.38+0.09 (9) 0.37+0.05 (10) 0.10 N.S.
Control 1.55+0.14 (10) 1.46+0.17 (10) 0.42 N.S.

H. gibbosa Fire 0.33+0.05 (10) 0.07+0.02 (10) 4.84 <0.0005
Control 0.37+0.08 (10) 0.25+0.07 (10) 1.03 N.S.

H. salicifolia Fire 0.0 £0.0 (10) 0.0 £0.0 (10) - N.S.
Control 0.7540.14 (10) 0.82+0.11 (10) 0.42 N.S.

4.5.4. Fall velocity of samaras

Samaras of the four species rotate when falling and all follow a single
helical trajectory (Burrows 1975); the centre of mass of the samara descending
in a roughly straight 1line 1in still air. The null hypothesis that fall
velocities of samaras of the four species do not differ significantly is
refuted (P < 0.0001
rapidly than those of the other species.
the lowest wing loading (Table 4.2), also have the lowest fall velocity and
therefore the greatest potential for dispersal by wind (Table 4.5). A1l four
have the potential for dispersal over a considerable

in one-way ANOVA). Samaras of H. gibbosa fall more

Samaras of H. suaveolens which have

species, however,

distance.



Table 4.5. Mean fall velocities (m/s) of samaras of four Hakea species. Samaras were
released from 3.5.m under calm conditions (horizontal wind speed < 0.4 m/s). Means

with the same superscript letter do not differ significantly (Student-Newman-Keuls
test; P < 0.05). .

" Species Mean fall Standard error  Sample size
velocity (ms™!)

H. gibbosa 1.186* 0.052 45

H. sericea 1.027° 0.028 48
H. salicifolia 0.977° : 0.017 74
H. suaveolens 0.871¢ 0.018 31

4.5.5. Seed banks and allocation of reproductive energy

\

Regression equations of total above-ground dry mass against follicle mass and
total above-ground dry mass against number of follicles are presented in
Appendix 1. Equations of the form Y = a + bX + cx2 prdvided the best fit in
all cases. Both H. sericea and H. gibbosa produce a relatively large mass of
follicles and seeds. This is not the case for H. suaveolens and
H. salicifolia (Figure 4.2). Figure 4.3 shows the relationship between the
number of follicles and the total above-ground dry mass. H. sericea produces
a large: number of follicles, even at an early stage of development. The
number of follicles produced by H. gibbosa is lower despite it producing the
same mass of tissue, as follicles are Tlarger (Table 4.2). Conversely,
H. salicifolia produces relatively numerous follicles, despite their
relatively small contribution to the total above-ground dry mass.
H. suaveolens produces few follicles and allocates relatively 1ittle energy to
this function. The reproductive effort (percentage of above-ground dry mass
allocated to follicles and seeds) is shown in Figure 4.4. Differences in
reproductive effort between species are significant for all comparisons except
H. salicifolia - H. suaveolens as tested by the Mann-Whitney two-tailed U
test. Differences between H. gibbosa and the remaining three species and

between H. salicifolia and H. suaveolens are significant at P < 0.001.

Differences between H. sericea and H. salicifolia, and H. sericea and

H. suaveolens are significant at P < 0.05.
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Figure 4.2. The relationship between total above-ground dry mass and the mass of

follicles and seeds in shrubs of four Hakea sp
Large dots represent more than one data point.
‘are given in Appendix 4.1.

ecies in the southwestern Cape Province.
The equations of the regression lines

51



Number of follicles

Number of follicles

H. sericea
1000

800

600

400

200

H. suaveolens

1000 r

800 F i

600 F

L00F

200p

12
Total above-ground dry mass {gx 1000}

16

Figure 4.3. The relationship between total above ground dry mass and the number of
follicles produced on shrubs of four Hakea species in the southwestern Cape Province.
Large dots represent more than one data point.
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Figure 4.4. Reproductive effort (ratio of dry weight of reproductive tissue to the
total above-ground dry weight * 100) for four Hakea species. Closed curves represent
all non-zero points. ® = H. sericea, M = H. gibbosa, © = H. salicifglia, O = H.
suaveolens. :

4.5.6. Nitrogen and phosphorus content of seeds

There were significant differences between some species in concentrations of
both nitrogen and phosphorus in seeds (Table 4.6). Seeds of H. suaveolens and
H. salicifolia contained Tess nitrogen and phosphorus per seed than H. sericea
and H. gibbosa (Table 4.6). H. sericea seeds contained the highest
concentration of nitrogen. The embryos of all four species contained more
than 98 % of total seed‘ phosphorus, although there were significant
differences in the phosphorus concentrations of the testae with H. suaveolens
having the highest concentration (Table 4.7).

Table 4.6. Nitrogen and phosphorus content of seeds of four species of Hakea.
Data are mean + S.E. Means with the same superscript letter for each
parameter do not differ significantly (Student-Newman-Keuls test; P < 0.05)

Nitrogen Phosphorus

mg seed ~! mg g ~! dry mass mg seed ™! mg g~ ! dry mass
Hakea sericea . 2.46°+0.01 85.87°+1.21 0.32°+0.01 10.62°+0.16
Hakea suaveolens 0.97¢4+0.03 78.71°+1.59 0.18€+0.01 14.46* +0.43
Hakea gibbosa 3.60° £0.12 76.14°+1.73 0.632+0.03 11.83°%+0.47
Hakea salicifolia . 1.01°+0.07 75.71°+3.90 0.16°+0.01 11.79°+0.38
F Co22001 3.98 141.13 18.05
df. ) 3,36 3,36 3,59 3,59
P . :

0.001 0.05 0.001 0.001




Table 4.7. Phosphorus content of testae and embryos of seed of four Hakea

species. Data are mean £ S.E. .Means with the same superscript Tetter for
each parameter do not differ significantly (Student-Newman-Keuls test; P < -
0.05).
Testa Embryo
mgg~tdry mgseed ! mg g ~! dry mass
mass
H. sericea 030°+0.02  0.35°+0.01  13.90°+0.30
H. suaveolens 1.092+0.08 0.18°+0.01 16.06°+0.26
H. gibbosa 0.9°4+0.02  0.63°+0.03  16.61°+0.49 {
H. salicifolia  0.73°+0.06  0.15°+0.01  14.64°+0.76 ;
. F 60.33 187.96 9.96
df. 3,51 3,55 3,55
P< 0.001 0.001 0.001

4.6. DISCUSSION

The Australian Hakea species in South Africa appear to have two major
advantages in reproduction over South African Proteaceae: superior dispersal
abilities and much Tlarger seed banks. Bond (1980) found that dispersal of
fynbos Proteaceae with canopy-stored seed banks could be Timited by minor
physical barriers. Manders (1986) reports a maximum dispersal distance of 26

m for Protea laurifolia Thunb., with 95 % of recruitment occurring within 15 m

of the parent plant. Myrmecochorous (ant-dispersed) species are even .less
efficient at dispersal, and Slingsby & Bond (1985) found a maximum dispersal
distance: of less than 10 m for Leucospermum conocarpodendron (L.) Buek. The
winged seeds of Hakea species, on the other hand, facilitate dispersal over

several kilometers in some cases. The canopy-stored seed banks of Hakea
species in Australia suffer heavy pre-dispersal predation from insects, many
of them highly specialized (Neser 1968; Gill & Neser 1984). The development
of the woody follicle in Australian Proteaceae is seen primarily as a response
to the presence of specialized seed predators (Johnson & Briggs 1963; Neser
1968; Lamont et al. 1985). There is virtually no pre-dispersal predation of
Hakea seeds in South Africa (Kluge 1983), and this has led to the production

sericea in South

of Tlarge quantities of viable seed. Seed produc