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Summary 

The species-rich Southwest Australian Floristic Region (SAFR) is a global 

biodiversity hotspot. Characterised by a Mediterranean-type climate and nutrient 

deficient landscape, this region is endowed with 7380 native vascular plant 

species/sub species, of which 49% are endemic and 2500 are of conservation 

concern. Despite the global significance of this region, there is still only a poor 

understanding of the factors influencing high diversity and endemism, and especially 

the population genetic consequences of narrow endemism and naturally fragmented 

species distribution. Holly leaved banksia (Banksia ilicifolia R. Br.), although 

widespread through Southwest Western Australia (SWWA), has a naturally 

fragmented distribution, with generally small populations restricted to swales and 

wetland fringes with depth to groundwater less than 10 m. As such, it provides an 

excellent model to better understand the ecological genetic consequences of local 

endemism, population size and natural population fragmentation. My research was 

directed at understanding the role of breeding system and genetic variation in the 

evolutionary dynamics of this naturally fragmented species.  Specific questions 

addressed were: 

(i) What is the breeding system of B. ilicifolia? 

(ii) Is there evidence for inbreeding depression in B. ilicifolia? 

(iii) Is there a relationship between narrow ecological amplitude and 

inbreeding in B. ilicifolia?, and therefore 

(iv) Does wide outcrossing increase ecological amplitude in B. ilicifolia? 

(v) Is there an effect of population size on the magnitude of inbreeding 

depression in B. ilicifolia?  

(vi) Is there a relationship between population size and genetic variation in 

B. ilicifolia? 

In the first study (Chapter 2), the breeding system of B. ilicifolia was assessed in 

order to understand its role in the evolutionary dynamics and to produce relatively 

outbred and inbred offspring for the subsequent growth study (Chapter 3). To 

achieve these objectives, controlled hand-pollination manipulations on flowers were 

performed in a natural B. ilicifolia population in Perth, Western Australia. The 

percentage of 2000 flowers converted to fruits and seeds was assessed across 24 
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recipient plants following (1) self pollination, (2) local outcross pollination (same 

population), (3) non-local outcross pollination (pollen sourced from another 

population 30 km away), (4) unpollinated, but bagged flower, and (5) unpollinated, 

unbagged flowers (natural pollination). The relative performance of the resulting 

seeds was assessed by seed weight, germination rates and, in an unplanned 

component of the study, resistance to fungal pathogen. The percentage of flowers 

converted to fruits following self pollination was low (0.9%), but demonstrated self-

compatibility. Fruit set following cross pollination (3.6 and 3.3% for non-local and 

local crosses, respectively) was significantly greater than following self-pollination, 

open pollination (0.4%) and autogamous (0.04%) treatments. Low fruit set for open-

pollinated flowers, compared with self- and outcross-pollination treatments, suggests 

pollen limitation. Pollen tubes were observed in 15 and 20% of the upper styles of 

flowers hand-pollinated with self and outcrossed pollen, respectively. Seed 

germination was dependent on pollen source: fewer selfed seeds germinated (37%) 

than did both non-local and local outcrossed seeds (83 and 91%, respectively). Selfed 

seedlings showed poorer survival (33.3%) following fungal attack than both non-

local and local outcrossed seeds (69.2 and 68.5%, respectively). Only 13% of the 

selfed seeds survived to be 2-month-old seedlings, compared with 63% for non-local 

and 57% for local outcrossed seeds. Ultimately, for 2000 flowers hand-pollinated 

with self pollen, only three seedlings survived to an age of 16 weeks, compared with 

37 and 45 seedlings for local-cross and non-local cross treatments on 2000 hand-

pollinated flowers, respectively. These results indicate that this population of B. 

ilicifolia is self-compatible, but preferentially outcrossing, with marked early acting 

inbreeding depression. As a consequence, the breeding system of B. ilicifolia 

promotes the maintenance of genetic variation and a high genetic load.  

In the second study (Chapter 3), I used the seedlings generated by hand-pollination 

from three pollen sources (selfed, local outcross and non-local outcross) (Chapter 2), 

to test further (1) what is the magnitude of inbreeding depression? (2) does wide 

outcrossing lead to heterosis across a range of local and non-local substrates and 

stress conditions? Seedling growth was assessed across a range of substrates (native 

sandy soil, non-native sandy soil, and non-native lateritic soil) and stress conditions 

(waterlogged and water-stressed). Traits studied included number of leaves, total leaf 

area, total root length, shoot dry mass, root dry mass, type and amount of 
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carboxylates exuded and total plant P concentration. Although not always 

statistically significant, outcrossed seedlings outperformed selfed seedlings in all 

measures, with the magnitude of inbreeding depression ranging from mild (6% for 

number of leaves per plant) to strong (37% for projected leaf area per plant).  Further, 

the non-local outcrossed progeny tended to outperform local outcrossed progeny 

over different substrates and extreme water conditions.  In non-native lateritic soils, 

root and shoot dry weight of local outcross seedlings was approximately half that of 

non-local outcross seedlings.  Non-local outcross seedlings on lateritic soils exuded 

approximately four times as much carboxylates as all other seedlings.  These results 

indicate that wide outcrossing leads to heterosis in B. ilicifolia, and improved 

performance on non-local soils, facilitated in part by an improved capacity to 

overcome soil constraints through greater root carboxylate exudation. Soil type 

significantly affected seedling growth, with weaker root development and lower total 

plant P uptake on lateritic soil compared with the two sandy soils, which gave similar 

results. Waterlogging and water deficit decreased growth, production of cluster roots, 

root exudation and total plant P uptake. These results suggest that the interaction of 

narrow ecological amplitude and the genetic consequences of small naturally 

fragmented populations may in part explain the narrow range of this local endemic, 

but that metapopulation dynamics such as rare long-distance pollen dispersal may 

provide opportunities for increased genetic variation and increased ecological 

amplitude. 

 

In the third study (Chapter 4), I extended my earlier research identifying preferential 

outcrossing, inbreeding depression and heterosis with wide outcrossing in B. 

ilicifolia, and asked whether there is evidence of greater inbreeding depression in 

small versus large populations of B. ilicifolia. Naturally generated progeny (field-

sampled seeds) from four relatively large populations (> 100 plants) and four 

relatively small populations (< 20 plants), were grown under uniform conditions in a 

greenhouse. Following the introduction of an unplanned and uncontrolled fungal 

pathogen, the survival rate of seedlings from larger populations (36%) was double  

that of smaller populations, suggesting an effect of inbreeding depression under high 

stress conditions.  However, germination rates and other measures of growth 

performance were independent of population size. These results suggest that there is 
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a negative fitness consequence associated with small population size in B. ilicifolia 

that may impact on the short- and long-term viability of these small populations.  

 

Finally, in Chapter 5, I measured genetic variation in the eight populations from 

which seed were sourced for the growth experiment (Chapter 4) to assess whether 

there is a relationship between population size and genetic variation. For the four 

small populations, all plants were sampled.  For the large populations, an arbitrary 

sample of 30 plants from across the population was assessed.  Genetic variation was 

assessed at three microsatellite loci.  On average, small populations contained 2.5 

alleles per locus, expected heterozygosity (He) was 0.39, and the inbreeding 

coefficient (F) was 0.246, which deviated significantly from 0 (t3=4.2, P=0.02).  On 

average, large populations contained 3.1 alleles per locus, expected heterozygosity 

(He) was 0.46, and the inbreeding coefficient (F = 0.168) was not significantly 

different from 0 (t3=1.2, P=0.34). The partitioning of the total genetic variation into 

within-population and among-populations was assessed by an Analysis of Molecular 

Variance (AMOVA), with RST = 0.08, indicating little genetic differentiation among 

populations and weak population genetic structure.  These results suggest that recent 

habitat fragmentation has had little effect on genetic variation in, and differentiation 

among, small and large populations, but that higher genetic erosion is expected in 

small populations compared to large populations.  

 

In conclusion, although B. ilicifolia showed partial self-compatibility, it is 

preferentially outcrossing, with strong inbreeding depression at the early stages of 

growth. Consequently, the breeding system of B. ilicifolia promotes genetic variation 

and a high genetic load, but habitat fragmentation may impact on the long-term 

viability of small, isolated populations exposed to elevated inbreeding. The 

magnitude of inbreeding depression was related to population size and expressed 

under stressful conditions. Products of wide outcrossing (over 30 km) showed a 

heterosis effect over local outcrossing, indicating increased ecological amplitude of 

offspring following interpopulation mating. These results suggest that the breeding 

and mating biology of B. ilicifolia counters the negative genetic erosion effects of 

narrow ecological amplitude and small population size.  Recent habitat 

fragmentation, and reductions in population size and increased isolation, is impacting 

 viii 



on these processes, but further research is required to assess the ultimate 

consequences of these genetic effects for population viability.  
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Chapter 1 

 
 

Introduction 
 
Understanding factors influencing the survival of small populations continues to be 

one of the primary challenges confronting modern conservation biologists 

worldwide. Human impacts on natural systems often fragments once continuous 

habitat into smaller, more isolated patches, often increasing the risk of extinction of 

local populations as a consequence of the effects of isolation and reduced size 

(Burgman and Lindenmayer,  1998). Moreover, many plant species with highly 

specialized habitat requirements often naturally occur in small populations that are 

scattered over the landscape. While the prime habitat of such species may be 

protected, the immigration corridors and sub-optimal habitats that historically 

connected each population may be lost (Simberloff and Cox, 1987). It is therefore of 

critical importance to understand the evolutionary dynamics of small populations, 

and in particular the factors that determine whether such populations are likely either 

to go extinct or persist for extended periods.  

 There are two different approaches that can be used to understand the 

extinction probabilities of small populations (Stacey and Taper, 1992). The first 

approach is to follow the fate of rare species and determine the population-level 

parameters that are most sensitive to disturbance. However, this approach may not be 

justifiable, particularly if the researchers put a threatened species at greater risk 

(Burgman and Lindenmayer, 1998). The second approach is to examine species that 

are not necessarily endangered or rare but that naturally occur in small and highly 

fragmented populations. To the extent to which these species and populations have 

managed to survive through time, they can be considered to have successfully 

“solved” the problem of habitat fragmentation. Such species can provide model 

systems that allow us to unravel the demographic parameters that enable such 

populations to remain viable.  I have used this approach to study the ecological 

genetic consequences of local endemism, population size and natural population 

fragmentation in Banksia ilicifolia (Proteaceae).  

 

The factors affecting the persistence and consequences of small populations 

and rarity in plants generally have been widely considered (Shaffer, 1981; Hamrick 
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and Godt, 1996; Baskin and Baskin, 1988; Premoli, 1997; Baskauf et al. 1994; Soltis 

and Gitzendanner, 1997; Gaston, 1987; Gitzendanner and Soltis, 2000).  Here, I 

focus attention on the genus Banksia, and review our current understanding of 

genetic variation, breeding and mating systems and physiological factors, and the 

role that these may play in the future evolutionary dynamics of Banksia populations. 

 

A review of genetic variation and breeding system study in Banksia 

Common species tend to have more genetic variation than their less common 

congeners (Gitzendanner and Soltis, 2000).  Evidence that widespread Banksia 

species contain more genetic variation than rare species comes from an investigation 

on cultivated and natural populations of restricted Banksia coccinea and the 

widespread B. menziesii using the Random Amplified Polymorphic DNA (RAPD) 

technique (Rieger and Sedgley, 1998). In this study, B. menziesii had higher genetic 

variability than B. coccinea. The mean percentage of polymorphic bands in B. 

menziesii was 79%, as against 52.4% in B. coccinea.    A similar result is found in a 

comparison of the widespread B. integrifolia and the rare B. saxicola (Evans et al. 

2001;  2002).  In addition, moderate to high levels of genetic variation assessed by 

AFLP were also reported by Krauss et al. (2002) in two widespread Banksia species 

viz. B. grandis and B. attenuata. 

 Another study on genetic diversity using the RAPD was attempted by 

Maguire and Sedgley (1997) in Banksia cuneata, a rare and endangered species from 

Western Australia. Their study surprisingly revealed a high level of genetic diversity 

in the rare species B. cuneata.  However, issues with the reliability of the RAPD 

technique suggests that this result may be in error.  In contrast, Coates (2000) found 

only low level of genetic divergence with allozymes in B .cuneata (a sister species of 

B. ilicifolia)  

An erosion of genetic variation may be a consequence of reduced population 

size and increased population isolation as a result of habitat fragmentation (Ellstrand 

and Elam, 1993).  Evidence that smaller and more fragmented Banksia populations 

have reduced genetic variation when compared with larger populations comes from 

the study of Evans et al. (2001).  They assessed the organization of genetic variation 

in three Banksia saxicola populations (also a rare species), employing DNA 

fingerprinting Amplified Fragment Length Polymorphism (AFLP). They found that 
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all the three populations studied were genetically divergent from each other, with the 

smaller population size being the  least divergence.  

Life history traits, and particularly the breeding system, have a substantial 

effect on the levels and partitioning of genetic variation within plant species 

(Hamrick and Godt, 1996). The breeding system describes all events that operate to 

influence pollination and fertilization, and include incompatibility mechanism, floral 

structure  and the distribution of flowers on a plant. The mating system ‘includes the 

outcome of post-pollination events that operate postzygotically to influence and 

regulate zygote production’, such as inbreeding and inbreeding depression 

(Goldingay and Carthew, 1998). Breeding and mating system study is thus important 

for understanding the evolutionary dynamics of small populations that have been 

thought to have a higher risk of extinction due to genetic and non genetic factors 

(Shaffer, 1981; Ouborg et al. 1991).  Results of mating system studies revealed that 

Banksia species are predominanantly outbreeding species (summarized in Goldingay 

and Carthew, 1998; Carthew et al. 1996).  With the exception of the rare B. cuneata 

and B. brownii, all of the species studied (B. attenuata, B. ericifolia, B. menziesii, B. 

oblongifolia, B. padulosa and B. spinulosa) showed outcrossing rates not 

significantly different to complete outcrossing. It is interesting to note that although 

most of the species showed high outcrossing rates, some species such as B. brownii 

Baxter ex R.Br and B. cuneata also produced a high proportion of seed through 

autogamy or selfing (Sampson et al. 1994; Coates and Sokolowski, 1992). This 

mixed mating system, in the long run, might have contributed to their rarity and thus 

low levels of genetic variability, or, alternatively, be a consequence of their limited 

distribution and small populations.  

 

Edaphic specialisation and root adaptations in the ecophysiology of Banksia 

Local endemism is clearly related to habitat factors in some Banksia species (Lamont 

and Connell, 1996; Witkowski and Lamont, 1997). B. verticillata, for instance, is 

always associated with granite outcrops, whereas B. solandri and B. oreophila are 

restricted to peaks of the Stirling Range (Taylor and Hopper, 1988). It is not clear, 

however, whether such relationship exists in all Banksia species with limited 

distribution such as B. cuneata, B. oligantha, B. laricina and B. elegans. Despite the 

relative flatness of the Western Australian landscape, soil diversity is high 

(MacArthur and Bettenay, 1960). Very little is known about edaphic specialisation of 
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Western Australian plant species, but given that several mineral nutrients may limit 

growth, and water availability in a highly seasonal low-rainfall climate varies 

significantly with landscape position and soil storage capacity, it is to be expected 

that species’ distributions partly reflect adaptations to specific habitats. One example 

is the object of this study, B. ilicifolia, which has a geographical distribution range 

that overlaps with another widespread species, B. attenuata, but which occurs on 

soils with higher organic matter content and where the water table is closer to the 

surface (Groom et al. 2002). 

Since the sandy soil preferred by Banksia species are extremely 

impoverished, especially in phosphorus, nutrient acquisition adaptations may play a 

key role in explaining species’ distributions and plant fitness. All Banksia species 

possess proteoid (cluster) roots which are highly specialised structures that are able 

to extract phosphorus and thus increase uptake of P by plants from soils that are very 

poor in phosphorus or contain phosphorus tightly bound to the soil matrix (Lambers 

et al. 2003). 

While the existence of cluster roots in Proteaceae has been known for a long 

time (Lamont, 1972), the composition of the root exudates released by these cluster 

roots has only been reported more recently (Grierson, 1992). A number of reports 

indicate that exudation of carboxylates is common in a range of species including B. 

integrifolia (Grierson, 1992), B. grandis, B. prionotes and B. occidentalis (Roelofs et 

al. 2001). Our knowledge of the physiology of cluster roots and root exudation, 

however, is largely based on Lupinus albus (Lambers et al. 2002). It has been found 

that exudation of carboxylates by proteoid or cluster roots increases the availability 

of P in soils (Veneklaas et al. 2003). Roelofs et al. (2001) surveyed carboxylate 

exudation from cluster roots and non-cluster roots of Proteaceae which has provided 

a solid basis for the study of carboxylates in a range of Proteaceae, including 

Banksia, Dryandra and Hakea species. They showed that these proteacean species 

exude relatively large amounts and a greater diversity of carboxylates than does L. 

albus. 

 

More detailed work on edaphic specialisation and root adaptations in B. grandis 

(Lambers et al. 2002) has shown that the pattern of root exudates is modified by P 

form. B. grandis exuded different carboxylates in response to the source of P that 

was added to the soil (Fe-P or Al-P). Both di- and tricarboxylates were found with 
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either form of P, whereas monocarboxylates were only exuded when P was provided 

as Fe-P. All these carboxylates mobilise P from soil in which B. grandis occurs 

naturally. Similar plasticity was also found in chickpea and lupin in response to a 

range of Western Australian soil types (Veneklaas et al. 2003) 

Narrow ecological amplitude because of cluster root exudation may also 

restrict species range. As cluster root formation and function may be genetically 

controlled, therefore I hypothesised that there is a link between reduced genetic 

variance as a result of ecosystem fragmentation and its genetic consequences 

(inbreeding) with environmental specificity (narrow ecological amplitude), through 

possibly the role of exudates (Lambers et al. 2002; Veneklaas et al. 2003).   

 

The study species, Banksia ilicifolia 

Known as holly-leaved banksia, B. ilicifolia is a tree and probably long lived, found 

mainly on the sandy coastal plain from Mt Lesueur to Augusta, and east to 

Cordingup River between Albany and Bremer Bay (Taylor and Hopper, 1998). Like 

other banksias, it possesses infloresences consisting of many individual flowers or 

florets. However, it has the smallest inflorescence of all banksias (Lamont and 

Collins, 1988). The current understanding of the breeding biology of B. ilicifolia is 

restricted to the results of two published studies. Whelan and Burbidge 1980) studied 

the flowering phenology, seed set and bird pollination in one population of B. 

ilicifolia, and found the species to be winter-to spring-flowering, with visitation 

predominantly by western spinebills (Acanthorrhynchus supercilicius), and 

extremely low fruit set (c. 1% of all flowers) following natural pollination (Whelan 

and Burbidge, 1980). Lamont and Collins (1988) also recorded equally low fruitset, 

but suggested that colour change with flower age plays an important role in attracting 

pollinators, and therefore outcrossing events. Although widespread through out the 

southwest Western Australia (SWWA), B. ilicifolia is locally restricted to swales and 

wetland fringes with depth of groundwater <10 m (Groom et al. 2000; 2001; Groom, 

2004). As a consequence, populations are naturally fragmented and typically small 

(<100 plants), although some large stands do exist (Taylor and Hopper, 1988).  

While naturally fragmented, surviving populations within the Perth metropolitan area 

have become increasingly isolated and small due to land clearing with urbanization.   
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Outline of this thesis 

The following chapters present the results of my original research. Each research 

chapter has been written up as a paper for publication. Hence there is some overlap 

in their content, especially with regards to details on the species.  The first two 

chapters have been published in the Australian Journal of Botany and Journal of 

Evolutionary Biology, respectively. My PhD project was aimed at increasing our 

understanding of the evolutionary dynamics of a local endemic. The specific 

questions addressed were: 

(i) What is the breeding system of B. ilicifolia? (Chapter 2) 

(ii) Is there evidence for inbreeding depression in B. ilicifolia? (Chapter 2 

&3) 

(iii) Is there a relationship between narrow ecological amplitude and 

inbreeding in B. ilicifolia? (Chapter 3) , and therefore  

(iv) Does wide outcrossing increase ecological amplitude in B. ilicifolia? 

(Chapter 3) 

(v) Is there an effect of population size on the magnitude of inbreeding 

depression in B. ilicifolia? (Chapter 4) 

(vi) Is there a relationship between population size and genetic variation in 

B. ilicifolia? (Chapter 5) 
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Abstract.  The breeding system of Banksia ilicifolia R. Br. was assessed by 

performing controlled hand-pollination manipulations on flowers in a natural 

population in Perth, Western Australia.  The percentage of 2000 flowers per 

treatment converted to fruits and seeds was assessed across 24 recipient plants 

following (1) self-pollination, (2) local outcross pollination (same population), (3) 

non-local outcross pollination (pollen sourced from another population 30 km away), 

(4) unpollinated but bagged flowers, and (5) unpollinated, unbagged flowers (natural 

pollination).  The relative performance of the resulting seeds was assessed by seed 

weight, germination rates and, in an unplanned component of the study, resistance to 

a fungal pathogen. The percentage of flowers converted to fruits following self-

pollination was low (0.9%), but demonstrated self-compatibility.  Fruit set following 

cross-pollinations (3.6% and 3.3% for non-local and local crosses, respectively) was 

greater than that following self pollination, open pollination (0.4%) and autogamous 

(0.04%) treatments.  Low fruit set for open-pollinated flowers, compared with self- 

and outcross-pollination treatments, suggests pollen limitation.  Pollen tubes were 

observed in 15% and 20% of upper styles of flowers hand-pollinated with self and 

local outcross pollen, respectively.  Seed germination was dependent on source of 

pollen, where fewer selfed seeds germinated (37%) compared with both non-local 

and local outcrossed seeds (83% and 91%, respectively).  Selfed seedlings showed 

poorer survival (33.3%) following fungal attack than both non-local and local 

outcrossed seeds (69.2% and 68.5% respectively).  Only 13% of selfed seeds 

survived to be 2-month old seedlings, compared with 63 % for non-local and 57% 

for local outcrossed seeds.  Ultimately, for 2000 flowers hand-pollinated with self 

pollen, only 3 seedlings survived to an age of 16 weeks, compared to 37 and 45 

seedlings for local-cross and non-local cross treatments on 2000 hand-pollinated 

flowers, respectively.  These results indicate that in this population, B. ilicifolia is 

self-compatible, but preferentially outcrossing, with strong early-acting inbreeding 

depression.  Consequently, the breeding system of B. ilicifolia promotes the 

maintenance of genetic variation and a high genetic load.   
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Introduction.  

The breeding system describes all events that operate to influence pollination and 

fertilisation, and includes incompatibility mechanisms, floral structure and the 

distribution of flowers on a plant (Goldingay and Carthew 1998).  The mating system 

“includes the outcome of pollination events that operate post-zygotically to influence 

and regulate zygote production”, such as fruit abortion and inbreeding depression 

(Goldingay and Carthew 1998).  An understanding of breeding and mating systems 

is important for at least three reasons.  First, it reveals critical elements of a species’ 

mode of reproduction (Brown 1989; Hamrick 1989). Secondly, it is intricately linked 

to current and future levels of population genetic variation, and can play a critical 

role in the maintenance of genetic variation (Hamrick and Godt 1996).  Thirdly, as 

the breeding system is a dynamic trait (Hamrick 1982), it is subject to change and 

evolution (Purdy et al. 1994), which may influence a species’ ability to acclimate to 

local and non-local habitats, and therefore affect its distribution and rarity (Soltis and 

Soltis 1989).  During the last two decades, information on breeding systems has 

assisted in an understanding of the evolution, and/or the management, of many rare 

or endangered plant species (Menges et al. 1986; Clampitt 1987; Wiens et al. 1989; 

Boyd and Serafini 1992). For example, Purdy et al. (1994) reported that a shift in 

breeding system from primarily outcrossing to inbreeding, in addition to strong 

directional selection, has been important in the sympatric evolution of the endemic 

Stellaria arenicola.  

To characterise a species’ breeding system, the growth of pollen tubes in the 

pistil and/or the formation or fate of fruits and seeds following different pollination 

manipulations are typically assessed (Goldingay et al. 1991).  Of Australian genera, 

Banksia is one of the most intensively studied, with at least nine published studies to 

date (Goldingay and Carthew 1998).  From these, for example, we know that B. 

ericifolia and B. menziesii are self-incompatible (Paton and Turner 1985; Ramsey 

and Vaughton 1991), while B. spinulosa shows variation in self-incompatibility 

amongst different subspecies (Vaughton 1988; Goldingay and Whelan 1990). 

Typically, research on the breeding system in Banksia focuses on levels of self-

incompatibility and few assess stigma receptivity, fruit abortion and the genetic 

control of fruit abortion (Goldingay and Carthew  1998).  
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Holly-leaved banksia (B. ilicifolia) is a widespread species in south-western 

Australia, found on the sandy coastal plain from Mt Lesueur to Augusta, and east to 

Cordingup River between Albany and Bremer Bay (Taylor and Hopper 1988).  Like 

other banksias, B. ilicifolia possesses inflorescences consisting of many individual 

flowers or florets.  However, it has the smallest inflorescence of all banksias 

(Lamont and Collins 1988).  Our current understanding of the breeding biology of B. 

ilicifolia is limited to the results of two published studies. Whelan and Burbidge 

(1980) assessed flowering phenology, seed set and bird pollination in one population 

of B. ilicifolia, and found the species to be winter to spring flowering, with visitation 

predominantly by western spinebills (Acanthorrhynchus superciliosus) and 

extremely low fruit set (ca. 1% of all flowers) following natural pollination (Whelan 

and Burbidge 1980).  Lamont and Collins (1988) also documented equally low fruit 

set, but suggested that colour change with flower age plays an important role in 

attracting pollinators, and therefore outcrossing. Many fundamental questions about 

the breeding biology of B. ilicifolia remain.  In this study, natural pollen vectors were 

excluded, and hand pollinations with self and outcross pollen performed, followed by 

germination and seedling growth studies, to address the following questions for one 

population of B. ilicifolia: 

(1) Is B. ilicifolia self –compatible? 

(2) Is fruit set and seed set greater following hand-pollination with outcross 

pollen than with self-pollen? 

(3) Is fruit set and seed set greater following hand-pollination with non-local 

outcross pollen than for local outcross pollen? 

(4) If self-compatible, how do selfed seeds perform compared with 

outcrossed seeds?  That is, is there evidence for inbreeding depression? 

(5) Does the breeding system promote genetic variation? 

 

Methods 

Study site 

The study was undertaken at the University of Western Australia’s Marsupial 

Breeding Station, which is approximately 25 km south of Perth, Western Australia at 

32o 10’ S, 115o 50’ E.  This reserve is on the coastal sand plain, at the boundary of 

the Bassendean and Spearwood Dune Systems (McArthur & Bettenay 1960), 

consisting predominantly of Banksia woodland, with Banksia menziesii and B. 
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attenuata as the dominant species, and B. grandis and jarrah (Eucalyptus marginata) 

co-dominant on the higher dunes. In the lowest areas, which are often inundated in 

winter, Banksia littoralis occurs in dense stands. Banksia ilicifolia occurs at the 

fringes of the winter wet areas in relatively large stands, and the study population 

consisted of approximately 80 mature plants. 

 

Breeding system 

Banksia ilicifolia flowers during winter to spring months, and reaches its peak 

flowering in October, at a similar time as B. grandis; it is one of five co-occurring 

Banksia species in the reserve (Whelan and Burbidge 1980).  There are 

approximately 56-100 florets per inflorescence on this site, with around 100-200 

inflorescences per plant.  Pollen deposition on the pollen presenter occurs before the 

flower opens (Sedgley et al. 1993), and once anthesis has started, all flowers in an 

inflorescence take 1-5 days to open completely. Following anthesis, tepals are yellow 

for 3-5 days, pink for 1-2 days, red for 3-13 days, and in a faded state for 5-14 days 

(Lamont and Collins 1988). After fertilisation has taken place, embryos take 16-18 

weeks to mature.  

To study the breeding system, flower manipulation was conducted in the peak 

blooming season of 2002, which was from 26 September to 15 December 2002. 

Twenty-four plants were arbitrarily selected.  On each plant, inflorescences were 

randomly assigned to one of the five pollination treatments:  (1) bagged and 

untouched to test for autogamy/apomixis, (2) bagged and self pollinated, (3) bagged 

and cross pollinated with pollen from another plant within the population (local 

cross), (4) bagged and cross pollinated with pollen from a population 30 km away at 

Kensington Bush Reserve (non-local cross), (5) unbagged and untouched (natural 

pollination).  Sample size for each treatment was approximately 2000 flowers.  

Hand pollination followed the procedures of Fuss and Sedgley (1991).  For 

each of 375 pollen-manipulated inflorescences, open flowers were removed, and the 

remaining flowers bagged with glascine paper bags, and secured with a twist tie. 

After 48 hours, all unopened flowers were removed leaving only flowers that had 

opened within this time (typically 20 to 30 flowers per inflorescence).  Self-pollen 

was removed from each open flower by a cotton bud at this time.  Pollen was 

deposited three times on each open flower at the peak of stigmatic receptivity (three 

days after the removal of self-pollen, Fuss and Sedgley (1991)), by rubbing two 
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pollen laden pollen presenters from the designated male parent against the stigmatic 

groove of the recipient pistil, which is situated at the apex (Sedgley et al. 1993). The 

pollen must be placed inside the groove or it will not germinate (Sedgley et al. 

1993).  Local cross pollen was sourced from open flowers collected from 15 

arbitrarily selected plants that were at least 100 m from the pollinated plants.  Non-

local cross pollen was sourced from open flowers collected from 5 arbitrarily 

selected plants from Kensington Bush Reserve.  Self-pollen was sourced from newly 

opened flowers on the same plant to be pollinated.  An equal number of 

inflorescences were pollinated for each treatment.  The bag was maintained for a few 

days until the style started to wither, and then removed.  Near-mature fruits 

(follicles) were bagged with nylon stocking bags to avoid potential loss of seeds due 

to predation or opening follicles. Mature fruits (follicles) were collected on 11 April 

2003 and those follicles that had not fully opened were seeded using heat treatment.  

Thereafter, the seed was weighed and stored at 4oC.  Fruit abortion (defined by 

noticeable fruit swelling then abortion) and the number of seeds per follicle were 

also recorded.  

The effect of pollination treatment on each variable was to be assessed by a 

balanced one-factor ANOVA, followed by an a posteriori Duncan Multiple-Range 

Test (DMRT).  However, a priori Cochran’s tests showed that untransformed and 

transformed data all failed to meet the assumption for ANOVA of homogeneity of 

variances prior, due to almost no seed set in the autogamy treatment.  Therefore, we 

assessed these data with a non-parametric Friedman two-way analysis of variance by 

ranks (Siegel 1956; Sokal and Rohlf 1981), followed by a multiple comparison test 

among the rank sums (Zar 1984).  For the Friedman test, data are cast in a two-way 

table with 24 rows (plants) and 5 columns (treatments).  The data of the test are 

ranks, where the scores in each row are ranked separately.  The Friedman test 

determines whether it is likely that the different columns of ranks (samples) came 

from the same population (Siegel 1956).  Due to unequal sample sizes across 

treatments, seed weight across treatments was assessed with a non-parametric 

Kruskal-Wallis one-way analysis of variance by ranks (Siegel 1956; Sokal and Rohlf 

1981).  All statistical analyses were performed using Statistica (StatSoft  2001).   
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Pollen-tube growth 

We assessed the relative performance of pollen-tube growth within styles following 

controlled self- and cross-pollination. Outcross pollen was provided by a pollen 

donor about 100 m away from the pollinated plant. Pollination was performed in the 

manner described above. Post-pollination flowers were collected 10 days after 

pollination, and brought to the laboratory. Ten flowers were randomly sampled from 

each of two inflorescences. These were fixed in 3:1 (v/v) ethanol: acetic acid for 2 h, 

and stored in 70% (v/v) ethanol after being rinsed in water.  Flowers were later 

placed in 1 M NaOH for at least 2 h, rinsed in running water, and then placed in 

decolourised aniline blue containing 10% (v/v) glycerol for more than 2 h.  The tips 

of styles were squashed on microscope slides, and the proportion of styles with 

pollen tubes recorded.  Data were analysed by a Chi-square test (Siegal  1956). 

 

Inbreeding depression  

Inbreeding depression was assessed by comparing the seed-germination rates and 

vigour of seedlings for each pollination treatment.  Germination occurred in a growth 

chamber at The University of Western Australia.  Seeds were germinated on plastic 

trays filled with sandy soil.  To maintain relative humidity, water was added every 

second day.  The average temperature and light intensity (400-700 nm) during the 

germination process were 15oC and 14 μmol m-2 s-1, respectively.  Approximately 60 

days after sowing, when all seedlings had produced opened cotyledons, they were 

transferred into pots containing soils from their native habitat, and maintained under 

greenhouse conditions.  Germination percentage of each crossing treatment was 

estimated as: number of germinated seed / total number of seed x 100.  Seedling 

survival was determined on the basis of the proportion of seedlings remaining after 2 

months in the greenhouse, while percentage of seeds to survived seedling was 

counted as the number of seedling survived at 16 weeks / total seeds germinated x 

100.  Data were analysed by a Chi-square test (Siegal  1956). 

 

Results 

Breeding study 

a. Fruit set 

Fruit set (as a percentage of the total number of flowers pollinated) was dependent on 

the source of pollen (Friedman test χ2
r = 64.8; df = 4; P < 0.0001), varying from 
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0.04% to 3.6%.  Fruit sets following non-local and local crosses were similar, but 

these were higher than all other treatments, and approximately 3 to 4 times higher 

than that following selfing (Fig. 1).  Fruit set following selfing was similar to that 

following natural pollination, but was higher than that following autogamy/apomixis 

(Fig. 1).  Fruit abortion was independent of pollen source (χ2
r = 5.6; df = 4; P < 

0.227), with means per treatment of between 12% and 20% (Fig. 2).  

Seed set (as a percentage of the total number of flowers pollinated) was 

dependent on the source of pollen (χ2
r = 59.5; df = 4; P < 0.0001). The two cross-

pollination treatments were higher than all other treatments, with autogamy/apomixis 

the lowest (Fig. 3).  A similar trend was observed for the number of follicles per 

inflorescence (χ2
r = 40.8; df = 4; P < 0.0001; Fig. 3), the number of seed per follicle 

(χ2
r = 45.4; df = 4; P < 0.0001; Fig. 3), and the percentage of inflorescences setting 

fruit (χ2
r = 57.7; df = 4; P < 0.0001; Fig. 4).  

 

b. Seed weight 

Although seed weight was independent of pollen source (Kruskal Wallis, H = 8.04, P 

= 0.09), the mean seed weights for the two cross- and the natural-pollination 

treatments were all higher than that for self- and autogamy-treatment seeds.  Overall, 

seed weight (without wings) was, on average, 38.2 mg (SE = 0.7; n = 162). 

 

c. Pollen-tube growth 

Pollen-tube growth in the tip of the style is an indication of a compatibility 

mechanism at the stigma level.  The proportion of styles with pollen tubes in selfed 

versus crossed flowers (15% and 20% respectively) was independent of pollen 

source (χ2 = 0.17; df = 1; P = 0.68), indicating self compatibility on the stigma and 

tip of the style. 

 

Inbreeding depression  

a. Seed germination   

Seed germination rates varied depending on pollen source (χ2 = 33.40; df = 2; P < 

0.01).  Seeds from the two outcross-pollination treatments showed similar 

germination rates (91% for non-local cross, 83% for local cross; χ2 = 2.23; df = 1; P 
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= 0.13) that were significantly higher than those for selfed seeds (33%) (χ2 for 

pooled cross vs. self = 31.87; df = 1; P < 0.0001). 

 

b. Seedling survival and percentage of seed to survived seedlings  

In an unplanned and uncontrolled element of the study during the seedling 

establishment period in the greenhouse, 25%  to 66% of the seedlings died due to a 

damping-off disease caused by a Pythium species.  Seedling survival (as a proportion 

of the total number of seedlings) following disease attack was dependent on pollen 

source for pooled outcrossed seeds versus selfed seeds (χ2 = 4.75; df = 1; P < 0.05).  

Survivorship was 69.2% for non-local cross, 68.5% for local cross and 33.3% for 

selfed seedlings.   

The percentage of seeds that survived to be two-month old seedlings was 

dependent on pollen source for pooled outcrossed seeds versus selfed seeds (χ2 = 

18.71; df = 1; P < 0.0001).  The two outcross pollination treatments showed 

significantly higher seed to seedling survival rates (63% for non-local cross, 57% for 

local cross) than that for the self-pollination treatment (13%). 

 

Discussion  

 

Preferential outcrossing in Banksia ilicifolia 

Our results show that the breeding system of one population of B. ilicifolia can best 

be described as preferentially outcrossing, where outbreeding is promoted, despite 

self-compatibility within the style, through late-acting “pseudo” self-incompatibility 

(Montalvo 1992; Krauss 1994) within the ovary and strong early acting inbreeding 

depression on seeds and seedlings.  In the study population, seed set following self-

pollination (0.9%) was less than seed set following local cross pollination (3.4%) and 

non-local cross pollination (3.6%).  Of these, only 37% of self-pollinated seeds 

germinated, compared with 83% for local outcrossed seeds and 91% for non-local 

outcrossed seeds (Fig. 5).  In addition, following fungal infection, only 33% of self-

pollinated seedlings survived, compared with 68% survival for local outcrossed 

seedlings and 69% for non-local outcrossed seedlings (Fig. 5).  Consequently, of 

2,000 flowers hand-pollinated with self-pollen, only 3 seedlings survived to an age of 

16 weeks.  In contrast, of 2,000 flowers hand-pollinated with local outcross pollen, 
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37 seedlings survived to an age of 16 weeks, while of 2,000 flowers hand-pollinated 

with non-local outcross pollen, 45 seedlings survived for 16 weeks (Fig. 5).  Only 

one seed was produced from approximately 2,000 flowers in the autogamy/apomixis 

treatment, indicating a relatively insignificant contribution to seed production. 

 Lower fruit set following self pollination compared with cross pollination is 

typical in the Proteaceae (Goldingay and Carthew 1998).  For example, Banksia 

menziesii, B. spinulosa var spinulosa and Telopea speciosissima are apparently self-

incompatible, setting no seed after hand pollination with self pollen (Whelan and 

Goldingay 1989; Goldingay and Whelan 1990; Ramsey and Vaughton 1991).  

However, the breeding system can vary spatially and temporally.  For example, 

Carthew et al. (1996) found 8% of selfed inflorescences setting fruit in Banksia 

spinulosa var spinulosa, demonstrating self-compatibility in contradiction to the 

results of Goldingay and Whelan (1990), although fruit set following selfing was still 

substantially less than that following outcrossing. Similarly, in B. ericifolia, 

Goldingay et al. (1991) found 11% and 60% of inflorescences setting fruit following 

selfing and outcrossing, respectively, while Carthew et al. (1996) found 4% and 26% 

of inflorescences setting fruit following selfing and outcrossing, respectively.  In the 

present study we recorded 26%, 66% and 73% of inflorescences producing fruit 

following selfing, local outcrossing and non-local outcrossing, respectively.  As our 

study was restricted to one site, our findings cannot necessarily be extrapolated to the 

species as a whole.  However, our study provides a first assessment of the breeding 

system of B. ilicifolia, and results are consistent with almost all other studies of the 

breeding system in the Proteaceae (Goldingay and Carthew 1998).  One notable 

exception is Grevillea barklyana (Proteaceae), which showed no significant 

difference in fruit set following selfing and outcrossing  (Harris and Whelan 1993), 

and outcrossing rates as low as 0.3 (Ayre et al. 1994).  As a consequence of the 

breeding system, estimates of outcrossing rates in the Proteaceae are typically high 

(Goldingay and Carthew 1998), and this would be the expectation for B. ilicifolia.  

Reduced reproductive success following self-pollination compared with cross 

pollination can be affected at different stages of development of pollen-tube growth 

or ovule, seed and/or seedling development.  These include selective fruit abortion, 

early-acting self-incompatibility on the stigma or in the style preventing pollen-tube 

growth (de Nettancourt 1977), late-acting self-incompatibility within the ovary 

(Seavey and Bawa 1986), early-acting inbreeding depression affecting seed 
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development (Wiens et al. 1989; Krebs and Hancock 1990; Burbidge and James 

1991), or by inbreeding depression affecting seed germination and/or seedling 

growth (Lande and Schemske 1985; Charlesworth and Charlesworth 1987; Levin  

1989).  Our pollen-tube data showed that the percentage of selfed and outcrossed 

flowers containing pollen tubes penetrating into the style (i.e. 15% and 20%, 

respectively) was not significantly different.  These values are perhaps lower than 

expected when compared to other studies on pollen tube development in the 

Proteaceae (see table 3 in Goldingay and Carthew (1998)), and suggests that the 

single-deposit hand-pollinations used in our study were only weakly effective. 

However, these more-or-less equivalent values do indicate that a self-incompatibility 

mechanism within the style was not the cause of lower fruit set following self-

pollination.  Consequently, selective seed abortion, partial late acting self-

incompatibility, or early acting inbreeding depression must be strongly expressed at 

pre- or post-zygotic formation and development to explain the greater than three-fold 

difference in seed set following selfing and outcrossing.  No significant difference in 

detectable fruit abortion between self and outcross treatments suggests an absence of 

selective fruit abortion (which is related to the intensity of competition among 

developing zygotes for limited resources) as an explanation of the difference in fruit 

set between these treatments, and supports genetic control through late-acting self-

incompatibility or early acting inbreeding depression as the explanation.  However, 

an accurate assessment of fruit initiation and seed abortion was difficult because 

ovaries are buried within the rachis of the inflorescence.   

A significant plant to plant variation in seed set suggests that early acting 

inbreeding depression is at least in part responsible, as late-acting self-

incompatibility should be consistent across individuals because it is a function of 

pre-zygotic maternal inhibition of self-pollen and is based on one or a few loci only 

(Krebs and Hancock 1990).  In contrast, inbreeding depression involves many loci 

within, and is determined by, the genotype of the zygote, rather than maternal 

assessment, and should show variability amongst individual maternal plants.  Also, 

significantly greater fruit set following cross pollination compared with natural 

pollination is consistent with inbreeding depression as contributing to low seed set, 

as outcrossed embryos would rarely be homozygous for recessive lethal alleles 

(Griffin et al. 1987).  However, in evaluating late-acting self-incompatibility over 

early acting inbreeding depression, Waser and Price (1991) reject the latter when less 
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than 1% of offspring survive following selfing due to the unrealistic number of 

independent loci carrying lethal alleles in a heterozygous condition.  However, this 

may also be a consequence of a high genetic load, which appears typical of many 

Proteaceae, and especially Banksias (Goldingay and Carthew 1998).  Consequently, 

it remains difficult to distinguish between these possible causes of low seed set 

following selfing compared with outcrossing, and resolution requires further 

research. 

That seed weight was independent of pollen source suggests either an 

absence of early acting inbreeding depression, or that the expression of deleterious 

recessive genes up to seed formation is particularly lethal (i.e. self seeds are the 

equivalent of outcross seeds in terms of weight, or not formed at all).  However, 

inbreeding depression in B. ilicifolia was strongly expressed in seed germination and 

seedling resistance to a fungal infection, where twice as many outcrossed seeds 

germinated than selfed seeds, and, of these, twice as many outcrossed seeds 

subsequently survived fungal infection than selfed seeds.  Consequently, seed weight 

is not a predictor of the future vigour and viability of the seedling. 

Products of non-local cross pollination performed consistently better than the 

products of local cross pollination for almost all measures, including fruit and seed 

set, germination rate, seedling survival and ultimately for flower to seedling 

conversion.  Although further assessment is required to draw confident conclusions, 

this result suggests improved seedling performance with increasing genetic distance, 

and that an optimal outcrossing distance (Waser 1993) may lie outside of the local 

population. 

 Self-compatibility may have a significant “bet-hedging” value for the future 

evolution of the species’ breeding system, especially when cross pollination is 

disfavoured due to changes in plant and animal demography resulting from habitat 

fragmentation (Jain 1976; Lloyd 1980; Schemske and Lande 1985; Wyatt 1988; 

Barrett 1989).  Impacts of habitat fragmentation on plant populations over a wide 

range of species have been reviewed by Hobbs and Yates (2003). One of their most 

significant findings was the reduced fecundity of the population following habitat 

fragmentation (Hobbs and Yates 2003).  In relation to this, Hobbs and Yates (2003) 

found that plant species that are self-compatible may be less affected by 

fragmentation than self-incompatible ones, probably due to their ability to produce 

selfed seeds when the number of available cross-mates declines as the population 
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size decreases (Young et al. 2000).  Banksia ilicifolia occurs in a widespread but 

naturally fragmented distribution, being restricted to swales and wetland fringes with 

access to groundwater, suggesting that further research is warranted to assess the 

evolution and consequences of breeding in small populations, and whether self-

compatibility plays a significant “bet-hedging” role.  Our results suggest that 

inbreeding depression is a strong force in B. ilicifolia, and that elevated levels of 

selfing may compromise the viability of small fragmented populations. 

 

Natural seed set 

Consistent with the Proteaceae generally (Collins and Rebelo 1987; Ayre and 

Whelan 1989; Goldingay and Carthew 1998), and earlier observations for B. 

ilicifolia (Whelan and Burbidge 1980; Lamont and Collins 1988), we found very low 

natural levels of seed set in B. ilicifolia.  Only 0.4% of naturally pollinated 

(unmanipulated) flowers set seed.  Seed set for unmanipulated flowers (natural 

pollination) was about half that of hand self-pollinated flowers and approximately 

one-ninth that of hand cross-pollinated flowers.  This result suggests that pollen 

limitation is contributing to the low natural level of seed set in this population.  That 

is, many flowers have not set seed, apparently because they have been inadequately 

serviced by pollinators.  This may be due to flowers remaining unvisited, or they 

have been visited, but pollen has not been adequately deposited on the stigma or the 

stigma has not been receptive, or they have been visited by ineffective pollinators 

such as European honeybees, and pollination is unlikely to occur because of the 

behaviour of the pollinator and the position of the stigma.  

Pollen limitation in relation to the low efficacy of the pollinators in the 

Proteaceae is well documented (Whelan and Goldingay 1986; Goldingay and 

Whelan 1990).  Many studies have highlighted that fruit set is reduced when 

vertebrate pollinators are excluded, permitting access for only insect vectors, 

including honeybees (Whelan and Burbidge 1980: Collins and Spice 1986; Ramsey 

1988; Vaughton 1996).  However, other studies have documented that honeybees 

play major roles in seed production (Whelan and Burbidge 1980; Paton and Turner 

1985; Vaughton 1992; Dagleish 1999; Wooller and Wooller 2002).  At our study 

site, European honeybees (Apis mellifera L.) were observed to be the major visitors 

to the B. ilicifolia flowers during the day time, while the native pollinators, notably 

Western Spine Bills (Acanthorhynchus superciliosus) (Whelan and Burbidge 1980) 
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were rarely sighted visiting flowers. The reported low efficacy of honeybees as 

pollinators (Paton 1993; Vaughton 1996) probably contributes to the low flower to 

fruit conversion in B. ilicifolia through pollen limitation.  However, the overall effect 

of pollen limitation is minimal, and other, still unknown, factors are clearly of greater 

importance. 

 

Implications and Future research 

The results presented here indicate that outcrossing is clearly advantageous over 

selfing in Banksia ilicifolia and that the consequences of self pollination are severe. 

This is particularly relevant for this species that occurs in often small, naturally 

fragmented populations restricted to wetland fringes (Anonymous 1972) or lower 

areas in the landscape that have access to groundwater (Groom et al. 2000), in which 

levels of bi-parental inbreeding may be relatively high.  As a consequence, the 

breeding system of B. ilicifolia promotes genetic variation through preferential 

outcrossing and inbreeding depression, despite potentially high levels of inbreeding 

in small isolated populations.  

Our results have laid the basis for further research to more fully understand 

this species’ breeding system, and its consequences for population genetic structure 

and species distribution. We are currently assessing the realised mating system of 

naturally pollinated seeds through the use of molecular markers to determine the 

outcrossing rate, and to assign paternity where possible.  In addition, we are 

investigating the performance of selfed and outcrossed seedlings across a range of 

substrates and stress conditions to address the link between genetic variation and 

ecophysiological factors limiting distribution.   
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Figure captions: 

 

Fig.1. Mean (± SE) percentage fruit set from 2000 flowers per pollination treatment 

on Banksia ilicifolia. Treatment notations were given based on homogenous group, 

following multiple comparison tests based on ranks at P=0.001. 

 

Fig.2. Mean (± SE) percentage fruit abortion from 2000 flowers per pollination 

treatment on Banksia ilicifolia. Treatment notations were given based on 

homogenous group, following multiple comparison tests based on ranks at P=0.001. 

 

Fig.3. Mean (± SE) seed set, number of seed per follicle and number of follicles per 

inflorescence following pollination treatments on Banksia ilicifolia. Treatment 

notations were given based on homogenous group, following multiple comparison 

tests based on ranks at P=0.001. 

 

Fig.4. Mean (± SE) percentage of 375 inflorescences setting fruit following 

pollination treatments on Banksia ilicifolia. Treatment notations were given based on 

homogenous group, following multiple comparison tests based on ranks at P=0.001. 

 

Fig.5. Number of fruits and seeds formed and the subsequent number of germinated 

seeds and surviving seedlings in each of three pollination treatments in Banksia 

ilicifolia.  The number of flowers pollinated for each treatment was 2000. 
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Abstract.   

To assess whether wide outcrossing (over 30 km) in the naturally fragmented 

Banksia ilicifolia R.Br. increases the ecological amplitude of offspring, we 

performed a comparative greenhouse growth study involving seedlings of three 

hand-pollinated progeny classes (self, local outcross, wide outcross) and a range of 

substrates and stress conditions. Outcrossed seedlings outperformed selfed seedlings, 

with the magnitude of inbreeding depression as high as 62% for seed germination 

and 37% for leaf area. Wide outcrossed seedlings outperformed local outcrossed 

seedlings, especially in non-native soils, facilitated in part by an improved capacity 

to overcome soil constraints through greater root carboxylate exudation. Soil type 

significantly affected seedling growth, and waterlogging and water deficit decreased 

growth, production of cluster roots, root exudation and total plant P uptake. Our 

results suggest that the interaction of narrow ecological amplitude and the genetic 

consequences of small fragmented populations may in part explain the narrow range 

of local endemics, but that wide outcrossing may provide opportunities for increased 

genetic variation, increased ecological amplitude and range expansion. 

 

Introduction 

The species-rich Southwest Australian Floristic Region (SWAFR; Hopper & Gioia, 

2004), is a global biodiversity hotspot, the status given for regions which have many 

endemic species under threat (Myers et al., 2000). Characterised by a Mediterranean 

climate and an ancient, weathered and nutrient-deficient landscape (Hopper, 1979), 

this region is endowed with 7380 native vascular plant species/subspecies, of which 

49% are endemic and 2500 are of conservation concern (Hopper & Gioia, 2004).  

Despite the global significance of this region, there is still only a poor understanding 

of the factors influencing high diversity and endemism, and especially the population 

genetic consequences of narrow endemism and naturally fragmented species 

distributions. 

For example, narrow endemism due to narrow ecological amplitude can 

impose limitations on population size and fragmentation if the specific habitat is 

restricted and/or patchy, with consequences for population genetic variation and 

patterns of mating.  Two major genetic consequences of small isolated populations 

are increased genetic drift and inbreeding (Ellstrand & Elam, 1993).  Genetic drift 
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and inbreeding can lead to a loss of genetic variation and fitness through inbreeding 

depression, or the loss of fitness with increasing homozygosity (Charlesworth & 

Charlesworth, 1987).  This may serve to reinforce the narrow ecological amplitude of 

the species by reducing genetic variation.  Thus, narrow ecological amplitude, small 

population size, fragmented populations, reduced genetic variation and increased 

inbreeding may interact to affect the rarity or endemism of species.   

Conversely, in some circumstances a distribution of naturally small and 

fragmented populations can show a high inter-population gene flow (Young et al., 

1996).  While the products of wide outcrossing from mating between individuals 

from different populations often display heterosis, or hybrid vigour, and improved 

fitness, they can also have negative effects through outbreeding depression (Keller & 

Waller, 2002; Hufford & Mazer, 2003).  This range of outcomes is most evident in 

interspecific hybrids (Keller et al., 2000). There is also a growing realization of the 

importance of metapopulation dynamics for naturally fragmented species (Hanski & 

Gaggiotti, 2004) and the important role that gene flow into an inbred population can 

have for population fitness (Tallmon et al., 2004). In this study, we assess whether 

seedlings generated by wide outcrossing demonstrate greater ecological amplitude 

than relatively more inbred seedlings across a range of local and non-local substrates 

and stress conditions in the widespread but naturally fragmented Banksia ilicifolia 

R.Br. (holly-leaved banksia).  The performance of individual seedlings was assessed 

through plant vigour and root-exudation properties. Cluster (proteoid) roots of 

Proteaceae exude carboxylates, which enhance nutrient uptake, especially 

phosphorus (Lambers et al., 2002; Shane et al., 2005). In the extremely phosphorus-

depleted soils of Western Australia, greater expression of this mechanism potentially 

leads to greater plant vigour across a wider range of soils.  This study was conducted 

in the context of attempting to understand interactions between genetic variation and 

environmental specificity that may influence the restricted distribution of B. 

ilicifolia, and perhaps in general, rarity and/or habitat specialization.   

Banksia ilicifolia is a widespread species in south-western Australia, found 

mainly on the sandy coastal plain from Mt Lesueur to Augusta, and east to 

Cordingup River between Albany and Bremer Bay (Taylor & Hopper, 1988).  

Although widespread, B. ilicifolia is locally restricted to swales and wetland fringes 

with depth to groundwater less than 10 m (Groom et al., 2000; Groom, 2004).  As a 

consequence, populations are naturally fragmented and typically small (less than 100 
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plants), although some large stands do exist (Taylor & Hopper, 1988).  B. ilicifolia is 

self-compatible, but preferentially outcrossing, with marked inbreeding depression at 

seed production, seed germination and seedling growth (Heliyanto et al., 2005).  

Flowering is from winter to spring, with extremely low fruit set (c. 0.04-1% of 

flowers setting fruit) following natural pollination (Whelan & Burbidge, 1980; 

Lamont and Colin, 1988; Heliyanto et al., 2005). 

 The key questions that we address for selfed and narrowly and widely 

outcrossed seedlings of B. ilicifolia are: (1) what is the magnitude of inbreeding 

depression? (2) does wide outcrossing lead to heterosis across a range of local and 

non-local substrates and stress conditions? (3) which growth parameters and root 

functional traits are associated with these trends?   

 

Material and Methods 

We investigated the growth responses of B. ilicifolia seedlings, originating from 

three pollen sources, to a range of challenging soil and environmental conditions. 

The three pollen sources were selfed (S), narrow outcrossed, or local (L) and wide 

outcrossed (over 30 km), or non-local (NL) (Heliyanto et al., 2005). These three 

classes represent increasing levels of outbreeding, and presumably, increasing 

average levels of individual heterozygosity.  

Seeds of each group were generated by performing hand-pollination 

manipulations on plants within a natural population of B. ilicifolia in banksia 

woodland at the Harry Waring Marsupial Reserve, 32o 10’ S, 115o 50’ E, The 

University of Western Australia, from 26 September to 15 December 2002. Non-

local pollen was sourced from 5 arbitrarily selected plants at an ecologically matched 

site approximately 30 km away at Kensington Bush Reserve (31o 57’ S, 115o 49’ E). 

Local pollen was sourced from 15 plants within the population that were at least at 

100 m from the maternal plants. Selfed seeds were produced using self-pollen from 

the maternal plant. Hand-pollinated flowers were bagged with glacine bags to 

exclude pollinators and hence pollen contamination (Heliyanto et al., 2005).  Mature 

fruits (follicles) were collected on 11 April 2003, and closed follicles were heat 

treated to extract seeds.  Further details of hand pollinations are in Heliyanto et al. 

(2005).  As B. ilicifolia is preferentially out-crossing (Heliyanto et al., 2005), the 

number of seeds produced for each group varied significantly, i.e. 71 for the non-

local outcrossed, 65 for local outcrossed and 24 for the selfed, respectively, despite 
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hand pollinating 2000 flowers with each pollen source.  However, average seed mass 

(32.7 mg for selfed seeds, 38.5 mg for local outcrossed seeds, 39.0 mg for non-local 

outcrossed seeds) did not differ significantly among treatments (Kruskall Wallis 

H4,162 = 8.04, P = 0.09).  

This paper presents the results of three glasshouse experiments, all of which 

assessed growth, plant morphometric traits and rhizosphere chemistry. 

1. The first experiment assessed the performance of seedlings from the three 

progeny classes (S, L and NL) in their native soil (sandy native; Table 1). Sample 

sizes at harvest were 3, 6 and 6 (for S, L and NL respectively). 

2. In the second experiment, seedlings of two progeny classes (L and NL) 

were grown in the native soil as well as two non-native soils, sandy non-native and 

lateritic (Table 1). The sandy non-native soil also originated from the Harry Waring 

reserve, but ca. 650 m from the study population and ca. 5 m higher in the landscape, 

where B. ilicifolia does not occur (presumably because of inadequate access to 

groundwater).  The lateritic soil originated from the habitat of another Banksia 

species (B. seminuda (A.S. George) Rye) that, like B. ilicifolia, is also associated 

with wetter parts of the landscape.  In contrast to the sandy soils occupied by B. 

ilicifolia, B. seminuda occupies loamier, gravely lateritic soils on the Darling Scarp, 

approximately 250 km from the Harry Waring population. Treatment sample sizes 

were 12 for native soil (6 for each progeny class), 8 for sandy non-native (4 for each 

progeny class) and 9 for lateritic soil (4 for L and 5 for NL). 

3. The third experiment assessed the effect of stress conditions that B. 

ilicifolia is likely to be exposed to from time to time (water stress and waterlogging), 

on two progeny classes (L and NL) in their native soil. Sample sizes for each 

treatment were 12 (6 for each progeny class). 

 

Germination, growth condition and experimental design 

Germination occurred in a growth chamber.  Seeds were germinated on plastic trays 

filled with sandy soil.  To maintain moisture content, water was added every second 

day.  The average temperature and light intensity (400-700 nm PAR) during the 

germination process were 15 oC and 14 μmol m-2 s-1, respectively.  The progeny 

classes did not differ in their time to germination, but germination rates varied 

significantly. Outcrossed seeds had similar rates of germination (88% of seeds 

germinated) which was greater than that of selfed seeds (33%) (Heliyanto et al., 
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2005).  Approximately 60 days after sowing, when all seedlings had produced 

opened cotyledons, they were transferred into pots of 15 cm x 15 cm x 15 cm (one 

per pot), each pot containing one of three different soils (Table 1) that had been 

passed through a 4-mm sieve. Pots were placed randomly on two neighbouring 

benches in a controlled greenhouse (20oC/15oC, day/night, light intensities 65% 

ambient). Pots were flushed with deionised water as required (daily in summer, less 

frequently in winter), and no additional nutrients were given.   

 

Treatments 

For the first and second experiment, no further treatments beyond soil type were 

applied, and seedlings were grown on the assigned substrates until harvest. For the 

third experiment, treatments were imposed on 10-month old seedlings. Stress 

treatments were established as follows: 

(i) To achieve waterlogging, pots were placed inside bigger containers and filled, 

from the top, with de-oxygenated deionised water to a level approximately 20-30 mm 

above the soil. To replenish evaporative water loss, the lost amount was compensated 

by adding de-oxygenated deionised water. During waterlogging, redox potentials 

(Eh) at a depth of 60 mm below the surface of the soil were monitored regularly. 

Platinum electrodes (Patrick et al., 1996) were pushed into the sand to the desired 

depth, a few days before pots were waterlogged. Measurements were recorded by 

connecting the platinum electrode and a calomel reference to a millivolt meter, and 

recording the potential between the half cells, after calibration. Values were then 

converted to the hydrogen electrode standard by adding 245 mV to the reading 

(Patrick et al., 1996; Poot & Lambers, 2003). During the experiment, the redox 

potential values of the soils at 7-cm depth rapidly declined to values around 0 mV, 2 

weeks after the onset of the waterlogging treatment, and gradually decreased to -50 

mV towards harvesting time.  

(ii) To establish water stress, replenishment of water to pots was reduced to 50% of 

the amount lost through evapotranspiration, on a daily basis, for each plant 

separately. Once the plants showed stress symptoms (wilting of the youngest 

developing leaf, at 5-7% of field capacity), pots were held at that soil moisture level.  

Plants were harvested for growth analysis six weeks after the commencement of 

stress treatments. 
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Measurements 

At the time of harvest, shoots were cut at the soil surface. For each plant, five 

rhizosphere soil-bearing cluster roots per pot were taken for rhizosphere extracts 

(Veneklaas et al., 2003). Cluster roots were selected on the basis of their apparent 

stage of development, mature but not senescent (i.e. white to yellowish, densely 

branched and covered with root hairs; Shane et al., 2004). Briefly, cluster roots were 

transferred to a 30 mL plastic container, in which the rhizosphere soil was washed 

off the roots by gently shaking the container after adding a measured amount of 0.2 

mM CaCl2 solution, i.e. 15 to 20 mL depending on cluster size.  A sub-sample of the 

extract was filtered through 0.22 µm Pal Gelman Acrodisc® syringe filter into 1 mL 

HPLC vials, preserved by adding two drops of acid and then frozen. Morphometric 

traits observed on the plants were number of leaves, oven-dried (70oC for 48 h) 

masses of roots, stems and leaves, as well as total root length and total projected leaf 

area (both measured using scanner and image analysis system: Win Rhizo V3.9, 

Regent Instrument, Quebec, Canada). For carboxylate analysis, a reversed-phase 

column liquid chromatography (RPLC) method was used for the separation and 

quantification of 10 low-molecular-mass organic acids (malic, malonic, lactic, acetic, 

maleic, citric, cis-aconitic, succinic, fumaric, and trans-aconitic) in plant root 

exudates (Cawthray, 2003).  

Inbreeding depression 

The magnitude of inbreeding depression (δ) for selfed vs. outcrossed and local 

outcrossed vs. wide outcrossed seedlings were calculated as: 

 

where ωS and ωO are the growth parameters of relatively inbred and outbred 

offspring, respectively (Johnston, 1992). Inbreeding depression following selfing was 

assessed by comparing growth parameters of selfs to the average value across both 

classes of outcrossed progeny. Significantly positive values (assessed by t-test) of δ 

indicate inbreeding depression.  
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Soil analysis 

General soil analyses (with two replicates per soil sample) were carried out by CSBP 

FutureFarm analytical laboratories (Bibra Lake, Australia) after air drying and 

sieving at 2 mm.  The analytical methods used are listed in Table 1.  

 

Leaf  phosphorus content 

The whole shoot of each replicate was ground in a stainless steel ball mill for P 

analyses. A subsample of 0.1 mg was digested in a nitric acid/perchloric acid 

mixture. The P content of the digest was then determined using the molybdo-vanado-

phosphoric acid method (Kitson & Mellon, 1994) 

 

Relative water content (%) 

Relative water content (RWC) of discs from fully expanded leaves was measured, in 

six replicates, by determining field fresh weight, saturated fresh weight after 

overnight saturation between moist paper at room temperature, and dry weight after 

oven drying for 48 h at 700 C. RWC is defined as the ratio between water content at 

the sampling and water content after saturation. 

 

Statistical analysis 

Statistical analysis was performed using Statistica 6 (Statsoft Inc., Tulsa, OK, USA). 

Parametric ANOVA was performed after confirming homogeneity of variance using 

Cochran’s C test. Effect of pollen source alone (first experiment) and pollen source, 

substrate and their interaction (second experiment) were evaluated using one-way 

and two-way unbalanced ANOVA, respectively, followed by a posthoc unequal N 

HSD Test. For this purpose, a type III Sum of Squares was employed (Zar, 1999; 

Quinn & Keough, 2002). To compare the performance of genotype (progeny group) 

under different environmental conditions (waterlogging, water-stressed and control) 

a balanced two-way ANOVA was applied, followed by a posthoc Duncan Multiple 

Range Test (DMRT).  

 

Results 

Growth and rhizosphere carboxylates of seedlings across substrates 

Source of pollen (self, local cross, non-local cross) significantly affected the 

performance of seedlings grown in their native soil (Fig.1; Table 2). Non-local 
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outcrossed seedlings outperformed local outcross seedlings, and selfed seedlings, for 

total root length and shoot dry mass (Fig. 1). The magnitude of inbreeding 

depression, however, varied across the parameters measured, and was significantly 

greater than 0 for total projected leaf area (δ = 0.37) and shoot dry mass (δ = 0.34), 

while all others traits showed positive values that were not significantly different 

from 0 (Table 3). 

The relative performance of non-local outcrossed seedlings on non-native 

sandy soils was not significantly different from that of local outcrossed seedlings 

(Fig. 2; Table 4).  While the performance of non-local outcrossed seeds on lateritic 

soils was similar to the performance of these seedlings on sandy soils, shoot and root 

dry weight for local outcross seedlings on lateritic soils was about half that of all 

other seedlings (Fig. 2). There was no significant interaction between crosses and 

substrates (Table 4). 

Roots of all seedlings grown in native and non-native soils exuded a range of 

carboxylates, with aconitate, citrate, isocitrate and malate being the major 

components, depending on substrate and genetic background (Fig. 3). The 

concentration of some carboxylates (e.g., fumarate) was negligible, and not different 

across treatments. The amount of carboxylates in the rhizosphere of non-local 

outcross seedlings on lateritic soils, especially citrate and isocitrate, was 

approximately 3.5 to 4 times greater than that of local outcrossed seedlings on 

laterite, as well as all seedlings on sandy soils (Fig. 3).  

 

Growth and rhizosphere carboxylates of seedlings under stress conditions  

(a) Waterlogging 

Waterlogging significantly decreased the soil redox potential  (data not shown).  As a 

result, the growth of individual progeny was decreased (Fig. 4A-C; Table 5). There 

was no significant difference in terms of soil redox potential readings between the 

two pollen source classes (data not shown). All waterlogged plants showed leaf 

senescence, starting from the oldest and gradually moving upwards. The two progeny 

classes did not differ significantly in the percentage of leaves retained (as percentage 

of control) (76% for non-local outcrossed seedlings and 69% for local outcrossed 

seedlings). Similarly, the two progeny classes showed comparable performance for 

all other growth parameters. The average projected leaf area, shoot dry mass and root 

dry mass (as percentage of control) were 77%, 86% and 69% for local outcrossed 
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seedlings  as against 80%, 88% and 79% for non-local outcrossed seedlings. There 

was no interaction between source of pollen and stress treatment (Table 5). 

Waterlogged cluster roots appeared to be decaying with a strong sulfurous odour and 

a greyish appearance. Carboxylate analyses of the rhizosphere soil found a 

considerable amount of acetate and lactate, which presumably did not result from 

root exudation, but from anoxic decomposition of organic matter (data not 

presented). 

 

(b) Water stress 

Water stress decreased projected leaf area, shoot mass and root mass compared with 

the control (Fig. 5; Table 6).  In general, seedlings responded to water deficit by 

slower leaf growth (Fig. 5). Comparing pollen sources, non-local outcrossed 

seedlings did not perform differently to local outcrossed seedlings. The average 

projected leaf area, shoot dry mass and root dry mass (as percentage of control) for 

local outcrossed progeny and non-local outcrossed progeny were 68%, 75% and 73% 

and 73%, 78% and 80 %, respectively. There was no interaction between source of 

pollen and stress condition. 

During the period of stress, seedlings maintained a high relative water content 

in their leaves (88% as compared with 90% in control).  There was no significant 

difference in relative water content between the two pollen source classes (F1,20 = 

0.54, P = 0.47). 

As found for waterlogged seedlings, the numbers of fresh active cluster roots 

were much less for stressed seedlings than for controls (Table 3). Roots of water-

stressed seedlings exuded small amounts of carboxylates [data not presented].  

 

Leaf P concentration under different soil conditions 

Leaf P concentration varied among soil and stress conditions. Plants grown in the 

two sandy soils had higher leaf P concentration than those grown in lateritic soil or in 

stress conditions (Fig. 6).  There were no significant differences amongst the three 

pollen source classes, either in favourable or in non-favourable conditions. 
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Discussion 

Inbreeding depression 

We have shown previously that B. ilicifolia demonstrates preferential outcrossing 

and strong early acting inbreeding depression, where outcrossed seedlings are more 

vigorous than selfed seedlings on native soils (Heliyanto et al., 2005).  In the present 

study, the intensity of inbreeding depression was found to be as high as 62% for seed 

germination and 37% for projected leaf area.  These measures underestimate the true 

strength of inbreeding depression in B. ilicifolia.  For example, seed set following 

self-pollination by hand is less than 30% that following cross-pollination by hand, 

and self-seedling survival following fungal attack was less than half that of 

outcrossed seeds (Heliyanto et al., 2005).  Ultimately, survival to 16 weeks of age for 

selfed progeny under glasshouse conditions was approximately 7% of that of 

outcrossed progeny, equating to an inbreeding depression of 93% (Heliyanto et al., 

2005). Inbreeding depression is almost certainly more severe under natural field 

conditions than in the glasshouse conditions of the current experiment (Dudash, 

1990). Therefore, few, if any, selfed offspring are expected to survive to reproductive 

age. 

Consequently, elevated inbreeding may severely impact on the short-term 

viability, and long-term evolutionary potential, of small fragmented populations of B. 

ilicifolia.  While realized outcrossing rates are not yet known for B. ilicifolia, other 

species in the genus are typically completely, or highly, outcrossed (Goldingay 

&Carthew, 1998).  In the closely related species B. cuneata, outcrossing rates varied 

between 0.65 and 0.95, with increased inbreeding detected in small, highly disturbed 

populations (Coates & Sokolowski, 1992).  As a result, high outcrossing rates might 

be expected in B. ilicifolia populations, but small, and particularly recently 

fragmented, populations may show higher selfing rates and increased inbreeding 

(Coates & Sokolowski, 1992; Sampson et al. 1989; England et al. 2001). 

We also demonstrate that inbreeding effects extend beyond the comparison of 

self versus outcross progeny.  Although not significantly different across all 

individual measures, we found a consistent tendency of superior performance of 

seedlings produced by wide outcrossing compared with seedlings produced by 

outcrossing between plants within the study population.  Wide outcrossing can result 

in heterosis and/or outbreeding depression, and these effects can vary from F1 to F2 

generations, and beyond (Waser, 1993; Hufford & Mazer, 2003).  Our study was 
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restricted to the F1 generation, and heterotic effects observed could be maintained, or 

hybrid breakdown may occur, in F2 or even F3 generations (Fenster & Galloway, 

2000; Keller et al.et al., 2000).  Heterosis and outbreeding depression are obviously 

relative terms, influenced by the extent of inbreeding depression within populations 

(Fenster & Galloway, 2000).  The relative performance of narrow outcross seedlings 

to wide outcross seedlings suggests that the study population of B. ilicifolia is inbred, 

with heterosis a consequence of wide outcrossing in F1 seedlings.  Outbreeding 

depression has not been detected, suggesting that an optimal outcrossing distance 

(Price & Waser 1979; Waddington, 1983; Waser, 1993), at least for the B. ilicifolia 

study population, lies at or beyond the genetic distance to the pollen source 

population 30 km away. 

 

Increased ecological amplitude following wide-outcrossing 

In the current study, we have extended the assessment of inbreeding depression on a 

common or local substrate to also assess the relative performance of the products of 

wide outcrossing to narrow outcrossing on non-local substrates and stress conditions.  

Here, we demonstrate that the outcrossed products of mating between individuals 

within a typically small and relatively isolated population of B. ilicifolia show a 

significant decline in vigour when grown on non-native lateritic soils, with biomass 

approximately half that of seedlings grown on their native sandy soils.  In contrast, 

the outcrossed products of mating between individuals from populations 30 km apart 

showed no decline in biomass when grown on non-native lateritic soils compared 

with their performance on native sandy soils.  This is despite the observation that the 

growth of all seedlings in laterite, irrespective of pollen source, was inhibited when 

younger, possibly due to reduced root growth due to high soil bulk density.  By 

harvest though (when seedlings were 46 weeks old), wide-outcrossed seedlings had 

recovered, possibly due to increased rhizosphere carboxylate exudation, while 

narrow outcrossed seedlings had not.  

These results suggest that even complete outcrossing between individuals 

within a typical population of B. ilicifolia, reinforces narrow ecological amplitude, 

while heterosis, following wide outcrossing between individuals from genetically 

differentiated populations, can increase ecological amplitude.  Our results suggest 

that, in the absence of wide outcrossing, there is an interaction between narrow 

ecological amplitude, small relatively isolated populations and mating that acts to 
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prevent the wider distribution of this species, and may contribute to local endemism 

more generally.  While wide outcrossing has been shown to play an important part in 

the “genetic rescue” of locally inbred populations (Richards, 2000; Ingvarsson, 2001; 

Tallmon et al., 2004), we suggest that wide outcrossing, facilitated by inter-

population dispersal, may provide a natural mechanism for increasing ecological 

amplitude, and extending the distribution beyond current environmental constraints, 

of species.  An ability to increase the range or ecological amplitude of a species will 

depend on a multitude of factors, including the frequency of wide outcrossing, the 

strength of heterosis in the products of wide outcrossing and a balance between 

population genetic differentiation and inbreeding within small fragmented 

populations.  A capacity for long-distance dispersal of pollen and seed, thereby 

facilitating wide outcrossing, has been demonstrated in some Banksia species 

(Coates and Sokolowski 1992; He et al.et al. 2004) 

Although widely outcrossed seedlings tended to outperform narrowly 

outcrossed seedlings, there was no effect of native and non-native sandy soil on the 

performance of seedlings from within the same progeny class.  This result, the 

measured physical and chemical soil properties, and similar patterns of rhizosphere 

carboxylate exudation, suggest that, in terms of plant performance, the native and 

non-native sandy soils are similar, and reinforces the observation that depth to 

groundwater is the key limiting factor affecting the distribution of B. ilicifolia 

(Groom et al., 2001; Groom, 2004).  Declining B. ilicifolia populations have been 

linked to groundwater drawdown and/or below-average annual rainfall (Groom et al., 

2000).  For example, up to 80% reduction in B. ilicifolia tree numbers has been 

observed when groundwater levels fell by 2 m between two consecutive summers, in 

conjunction with extremes in summer temperature (Groom et al., 2000).  Thus, 

heterosis following wide outcrossing is unlikely to translate to significant range 

expansion where access to groundwater is limiting.  Genetic rescue, though, may 

play an important role in increasing the resilience of inbred populations to harsh 

summer conditions.  Field trials over many years with relatively inbred and outbred 

progeny are required to assess this suggestion.  However, the ideal situation of 

conducting these experiments over two or three generations (Fenster & Galloway, 

2000) is unlikely to be achievable in this long-lived, slow-growing species.  

In contrast to B. ilicifolia, two congeneric species, both widespread co-

dominant overstorey trees, Banksia attenuata and B. menziesii, occur in very large, 
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more or less continuous populations, showing wide ecological amplitude by 

inhabiting a wide range of topographic positions within the landscape from dune 

crest to low-lying areas.  The impact of groundwater drawdown and harsh summer 

conditions on these two species is far less than that for B. ilicifolia (Groom et al., 

2001).  Although further testing is needed, these observations suggest that these 

robust plants are possibly relatively outbred, with large populations avoiding the 

genetic problems associated with small isolated populations, emphasising the 

relationship between genetic variation, inbreeding, population size and isolation, and 

ecological amplitude.  Some populations of B. attenuata and B. menziesii are known 

to be completely outcrossing (Scott, 1980), and B. menziesii is self-incompatible 

(Ramsey & Vaughton, 1991).  While we do not yet have data on genetic variation for 

B. ilicifolia and its more widespread congeners, widespread plant species generally 

show higher genetic variation than their rare congeners (Gitzendanner & Soltis, 

2000). However, many exceptions to this trend are known, requiring empirical 

studies of individual taxa to be sure about population genetic architecture. 

In the present study, seedling growth differed in response to soils of different 

texture and chemistry. Decreased growth of local outcrossed seedlings in lateritic soil 

compared to native sandy soils, was associated with reduced size of the root system, 

possibly associated with a high soil bulk density or aluminium toxicity. Although the 

seedlings on lateritic soil had a lower shoot P concentrations than those on sandy 

soils, it is unlikely that this caused the decrease in growth, because these P 

concentrations are in the range considered normal for Proteaceae (Foulds, 1993). 

Also, local outcrossed seedlings had similar P concentrations as non-local outcrossed 

plants, but showed less growth. Interestingly, roots of non-local outcrossed plants 

produced much larger amounts of carboxylates than local-outcrossed seedlings, but 

this was not in response to low leaf P concentrations and did not lead to increased P 

uptake, because local-outcrossed plants had the same P concentration at much lower 

carboxylate exudation. Increased carboxylate exudation may have been a response to 

high Al concentrations in the rhizosphere (Delhaize et al., 1993; Lambers et al., 

2002; Shane et al., 2003).  The detoxification of Al by outcrossed plants may have 

allowed for better growth compared with that of selfed plants (Delhaize et al., 1993; 

Lambers et al., 2002; Shane et al.,2003). 

Waterlogging and water stress had relatively small effects on growth, despite 

relatively large effects on shoot P concentration. This supports the conclusion that for 
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the duration of the experiment, decreased P uptake was not the most important 

growth-limiting factor. The six-week experiment did not reveal significant 

differences between local and non-local outcrossed plants in terms of their tolerance 

to waterlogging or water stress, but differences might become apparent during 

longer-term experiments or at different stress levels. 

 

Concluding remarks 

Our results demonstrate that wide outcrossing (over 30 km) leads to heterosis in B. 

ilicifolia and improved performance on non-local soils, facilitated in part by an 

improved capacity to overcome soil barriers through greater root carboxylate 

exudation. Soil type greatly influenced seedling growth, with weaker root 

development and lower total plant P uptake on lateritic soils compared with that on 

the two sandy soils. Extreme water conditions reduced growth, cluster-root 

production, root exudation and total plant P uptake. These observations suggest that 

the interaction of narrow ecological amplitude and the genetic consequences of small 

naturally fragmented populations may partly explain the narrow range of local 

endemics. On the other hand, natural phenomena such as metapopulation dynamics 

(for example, rare long-distance pollen dispersal) may provide opportunities for 

increased genetic variation and increased ecological amplitude. Further research is 

needed to assess patterns of mating and vigour of seedlings from different-sized 

populations in order to study the relationship between individual fitness, population 

density, breeding system and genetic variation.  
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Table 1. Physical and chemical properties of different soils used in the experiments, 
their locations and codes.   
Soil Code 
 

Sandy 
native 

Sandy 
non-
native 

Lateritic Methoda

Location Harry 
Waring 1 

Harry 
Waring 2 

Darling 
Scarp  

 

Latitude, longitude 
 

32o 10’ S, 
115o50’ 
E 

32o 21’ S, 
115o37’ 
E 

48o 05’ S, 
116o08’ E 

 

Landscape 
 

Sandy 
damp 
swale 

Sandy 
dry slope 

Lateritic  

Texture 
 

sandy sandy sand/loam - 

Gravel (%) 
 

0 0 21.5 - 

pH CaCl2 
 

4.35  4.65  4.95  1 

Organic C (%) 
 

1.45  
 

1.26  
 

4.69  
 

2 

 
Total phosphorus  (mg kg-1) 
 

19  
33.5 

 
133 

 
3 

Bicarbonate-extractable phosphate 
(mg kg-1) 

2  
 

5  6.5 4 

Reactive Fe (mg kg-1) 
 

225 290 1705 5 

Oxalate-extractable Al (mg kg-1) 
 

150 243 1989 5 

Bulk density (g cm-3) 
 

1.5 1.5 2.25 - 

a Methods:  
1. Rayment & Higginson (1992) 
2. Walkley & Black (1934) 
3. Allen & Jeffery (1990) 
4. Colwell (1963) 
5. Parfitt & Childs (1988) 
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Table 2.  ANOVA for growth parameters of three different Banksia ilicifolia 
progeny classes (self, local outcross, wide outcross) on native soil. 
____________________________________________________________________
____ 
 
Source of variation                            d.f.      SS                  MS               F             P 
 
a. Number of leaves   
  -Source of pollen    2 4.50    2.25        0.18        0.83 
 -Error    12     148.83               12.40         
 -Total    14     153.33 
b. Projected leaf area  
  -Source of pollen    2        88612              43306         7.0**      0.01              
 -Error    12        74208               6184 
 -Total    14       160820 
c. Total root length  
  -Source of pollen    2       648676             32438        4.80*       0.05 
 -Error    12       81093                6758 
 -Total    14      109921 
d. Shoot dry mass       
  -Source of pollen    2         35.09           17.54           4.87*        0.05 
 -Error    12         46.93             3.91 
 -Total    14         82.1 
e. Root dry mass  
  -Source of pollen    2          3.61              1.80           3.70          0.06 
 -Error    12          5.85              0.49            
 -Total    14          9.46 
 
 
____________________________________________________________________ 
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Table 3. Estimates of inbreeding depression, and statistical significance, in B. 
ilicifolia. 
Parameter Inbreeding depression (δ) 

Self  vs. outcrossed                                                     Local vs. non-
local 

Seed germination (%) 0.62                                                                0.09 
N.A.                                                                 N.A. 

Number of leaves  0.02 
(t2= 2.18, P= 0.16)                                    (t5= 1.00,P=0.36) 

Projected leaf area  0.37                                                               0.01 
(t2= 42.33,P<0.001)                                  (t5=1.90,P=0.11 ) 

Total root length  0.03 
(t2= 3.2,P=0.09 )                                       (t5=1.27,P= 0.26 )

Root dry mass  0.21 
(t2=3.14, P= 0.09)                                      (t5=1.57,P=0.18 )

Shoot dry mass  0.34                                                               0.06 
(t2= 29.40, P<0.001)                                  (t5= 1.91,P=0.11)

N.A. = t-test not applicable. 
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Table 4.  ANOVA for growth parameters of two different Banksia ilicifolia progeny 
classes (local outcross, wide outcross) across three substrates 
____________________________________________________________________ 
 
Source of variation                 d.f.         SS                  MS               F             P 
 
d. Shoot dry mass       
  -substrates (S)          2         75.49           37.74           10.64       <0.001 
 -source of pollen (G)  1         84.67           84.67           23.86       <0.001 
            -S x G                           2         10.58            5.30              1.49         0.25 
 -error               23        81.61 
            -Total                           28      249.88 
e. Root dry mass  
  -substrates (S)          2          9.92             4.96               9.91        <0.001 
 -source of pollen (G)  1          5.58             5.58             11.15        <0.001 
            -S x G                           2          0.17             0.09               0.17          0.60 
 -error    3         11.50            0.50 
            -Total                           28         27.66 
 
____________________________________________________________________ 
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Table 5.  ANOVA for growth parameters of two different Banksia ilicifolia progeny 
classes (local outcross, wide outcross) under waterlogged condition 
____________________________________________________________________ 
 
Source of variation                 d.f.         SS                  MS               F             P 
 
a. Projected leaf area   
  -Waterlogged  (WL)   1         77595             77595     12.15        < 0.01 
  - Source of pollen  (P)            1           1708               1708      0.27            0.61 
  -WL x P                                  1             499                 499      0.08            0.78 
  - Error    20        12770              63864 
  -Total     23        20573 
 
b. Shoot dry mass  
  -Waterlogged (WL)                1          12.33              12.33      5.50           <0.05 
  - Source of pollen  (P)             1            0.10                0.10       0.04            0.84 
  - WL x P                                  1            0.05                0.05       0.02            0.88 
   -Error                20         44.87              2.24 
   -Total     23          67.35 
 
 c. Root dry mass 
   -Waterlogged (WL)         1            3.66               3.66         6.13          < 0.05 
   - Source of pollen  (P)              1            0.87              0.87         1.61              0.21 
   - WL x P                                   1            0.002            0.002       0.004            0.94 
   -Error      20           10.70             0.54 
   -Total      23           14.65 
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Table 6  ANOVA for growth parameters of two different Banksia ilicifolia progeny 
classes (local outcross, wide outcross) under water stress condition 
____________________________________________________________________ 
Source of variation                            d.f.         SS                  MS               F             P 
 
 
a. Projected leaf area   
  -Water stress (WS)  1        180835           180835     36.51         < 0.001 
  - Source of pollen  (P)           1          7977                 7977       1.61            0.21 
  -WS x P                                 1          4943                 4943       0.99            0.33 
  - Error   20         99074                4954 
  -Total    23       292830 
 
b. Shoot dry mass  
  -Water stress (WS)                1          43.50              43.50      14.96         <0.001 
  - Source of pollen  (P)           1            0.41                0.41        0.13            0.71 
  - WS x P                                1            0.30                0.30        0.11            0.75 
   -Error             20           58.20               2.91 
   -Total             23         102.35 
 
 c. Root dry mass 
   -Water stress (WS)      1            3.03               3.03         5.66           < 0.05 
   - Source of pollen  (P)           1            0.92               0.92         1.70             0.25 
   - WS x P                                1            0.002             0.002       0.004           0.94 
   -Error              20           10.70              0.54 
   -Total              23           14.65 
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Table 7. Cluster-root formation in Banksia ilicifolia as dependent on treatment. 

Treatments 
(Soil, Water status, Genotype) 

Presence/absence of fresh  
(whitish) cluster roots 

Classification* 

Sandy native, field capacity, local 
Sandy native, field capacity, non-local 
Sandy non-native, field capacity, local 
Sandy non-native, field capacity, non-local 
Lateritic, field capacity, local 
Lateritic, field capacity, non local 
Sandy native, waterlogged, local 
Sandy native, waterlogged, non-local 
Sandy native, water stress, local 
Sandy native, water stress, non-local 
Sandy native, field capacity, selfed   

Present, abundant 
Present, abundant 
Present, abundant 
Present, abundant 
Present, abundant, small 
Present, abundant, small 
Absent 
Absent 
Present, limited 
Present, limited 
Present, abundant 

Active 
Active 
Active 
Active 
Very active 
Very active 
Non-active 
Non-active 
Active 
Active 
Active   

*Classification is based on the presence or absence of carboxylates following 
collection and analysis of root exudates collected from rhizosphere soil.  
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Figure captions: 
 

Fig. 1. Number of leaves plant-1 (A), projected leaf area plant-1 (B), total projected 

root length plant-1 (C), shoot dry mass plant-1 (D), and root dry mass plant-1 (E) of 

three groups of progenies grown on native soils. L= local outcrossed seedlings; 

NL=non-local outcrossed seedlings; S = selfed seedlings. Error bars represent 

standard errors.  Treatment notations were given based on homogeneous groups 

following unequal N HSD at P=0.05. 

 

Fig. 2. Shoot dry mass plant-1 (A), and root dry mass plant-1 (B) of two groups of 

progenies across the three soils. L = local outcrossed seedlings; NL = non-local 

outcrossed seedlings. Error bars represent standard errors. Treatment notations were 

given based on homogeneous groups following unequal N HSD at P=0.05. 

 

Fig. 3. Concentrations of citrate, iso-citrate, malate and aconitate (extracted using a 

0.2 mM CaCl2 solution) in the rhizosphere of selfed, local outcrossed and non-local 

outcrossed B. ilicifolia progenies, grown in three different substrates. Error bars 

represent standard errors. S = selfed seedlings, L = local outcrossed seedlings, NL = 

non-local outcrossed seedlings. 

 

Fig.4. Projected leaf area plant-1 (A), shoot dry mass plant-1 (g plant-1 ) (B), and root 

dry mass plant-1 (C) of two different progenies following a 6-weeks waterlogging 

period.  L= local outcrossed seedlings, NL= non-local outcrossed seedlings, S= 

stress, C=control. Shaded bars represent control treatments. Error bars are standard 

errors. Treatment notations were given based on homogeneous groups following 

Duncan Multiple Range Tests at P=0.05. 

 

Fig.5. Average projected leaf area plant-1 (A), shoot dry mass plant-1 (B), and root 

dry mass plant-1 (C) of two different progenies following a 6-weeks water stress 

period.  L= local outcrossed seedlings, NL=non-local outcrossed seedlings, S=stress, 

C=control. Shaded bars represent control treatments. Error bars are standard errors. 

Treatment notations were given based on homogeneous groups following Duncan 

Multiple Range Tests at P=0.05. 
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Fig. 6. Leaf P concentration of three B. ilicifolia progenies across three substrates 

and stress conditions. Error bars represent standard errors. S = selfed progeny, L = 

local outcrossed progeny, NL = non-local outcrossed progeny. 
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Abstract 

A reduction in population size due to land clearing and habitat fragmentation may 

have negative effects on plant fitness. We assessed the relationship between 

population size and progeny performance for four small (n<20 plants) and four large 

(n>100 plants) populations of Banksia ilicifolia, a widespread but naturally 

fragmented species in south-western Australia. Seeds collected from the field were 

germinated and a comparative growth study conducted in a greenhouse. After six 

months, the survival rate of seedlings from larger populations was double (36%) that 

of smaller populations, while germination rates and other measures of growth 

performance were independent of population size. The conservation and 

management implications of reduced fitness associated with small population size in 

B. ilicifolia are discussed.   
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Introduction 

 

Ecosystem fragmentation and its consequences is a major threat to the persistence of 

many species (Henle et al. 1996; Laurance and Bieregaard 1997; Whitmore 1997; 

Hobbs and Yates 2003).  Due to habitat destruction, many formerly widespread 

species have become restricted to small and fragmented populations (Fischer and 

Matthies 1998). Small populations are more vulnerable to environmental 

stochasticity (Menges 1991; Menges 1992; Boyce 1992), and may suffer from a 

disruption of important biotic relations, such as the frequency and behaviour of 

pollinators, leading to lower per capita reproductive rates (Allee effect) (Lamont et 

al. 1993; Olesen and Jain 1994; Bond 1995; Groom 1998). Mating patterns, such as 

the frequency of selfing, may change and lead to inbreeding and be expressed as 

inbreeding depression.  Genetic variation may be reduced compared with that of 

larger populations, which may decrease plant fitness and population viability 

(Ellstrand and Elam 1993; Nunney and Campbell 1993; Young et al. 1996). Genetic 

drift can lead to rapid fixation of alleles, which decreases genetic variation and the 

evolutionary potential to adapt to environmental change (Falconer and Mackay 

1996). . 

 A comprehensive understanding of the consequences of reduced population 

size following fragmentation on plant fitness is crucial for designing appropriate 

conservation-management strategies. Despite its relevance to conservation 

management, the relationship between population size and fitness has been studied in 

very few plant species, typically annuals and in common garden experiments 

(Fischer and Matthies 1998).  While several fitness components were found to be 

correlated with population size in Gentiana pneumonanthe (Oostermeijer et al. 1994) 

and Ipomopsis aggregata (Heschel and Paige 1995), no clear trend with respect to 

mean fitness and population size was detected in Salvia pratensis (Ouborg and Van 

Treuren 1995), Scabiosa columbaria (Van Treuren et al. 1993) and Lychnis flos-

cuculi (Hauser and Loeschcke 1994). These contrasting results emphasize the need 

for further research, particularly for poorly studied and unique landscapes such as 

south-western Australia, where there are numerous narrowly distributed and 

naturally fragmented plant species under threat (Hopper and Gioia, 2004). 

 In this paper, we assess the effect of population size on progeny vigour in 

Banksia ilicifolia (holly-leaved banksia), a widespread species in south-western 
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Australia found mainly on the sandy coastal plain from Mt Lesueur to Augusta, and 

east to Cordingup River between Albany and Bremer Bay (Taylor and Hopper 1998). 

Although widespread, B. ilicifolia is locally restricted to swales and wetland fringes 

with depth of groundwater <10 m (Groom et al. 2000; Groom 2004). As a 

consequence, populations are naturally fragmented and typically small (<100 plants), 

although some large stands do exist (Taylor and Hopper, 1988).  While naturally 

fragmented, surviving populations within the Perth metropolitan area have become 

increasing isolated and small due to land clearing with urbanization.  Banksia 

ilicifolia is self-compatible, but preferentially outcrossing, with marked inbreeding 

depression at seed production, seed germination and seedling growth (Heliyanto et 

al. 2005). Plants flower intermittently in most months of the year, with an apparent 

peak from winter to spring.  Fruit set following natural pollination is extremely low 

(c. 0.04-1% of flowers setting fruit; Whelan and Burbidge 1980; Lamont and Collins 

1988; Heliyanto et al. 2005). 

  In this study, we extend on our earlier research identifying preferential 

outcrossing, inbreeding depression and heterosis with wide outcrossing in B. 

ilicifolia (Heliyanto et al. 2005, 2006) and ask whether the offspring from large 

populations outperform offspring from populations that are small and isolated as a 

result of land clearing and habitat fragmentation with urbanization in the Perth 

metropolitan area.  Our results may have important implications for the viability of 

recently fragmented populations due to the negative genetic consequences of reduced 

population size. 

 

 

Material and Methods 

 

To assess the performance of progeny, a greenhouse experiment was carried out 

between May and December 2005, using seeds collected from the field. Four small, 

geographically isolated, populations (<20 plants) and four large populations (>100 

plants) of B. ilicifolia within or near to the Perth metropolitan area were arbitrarily 

selected for this study (Table 1).  

 Mature fruits (follicles) were collected from all plants in the small 

populations and an arbitrary selection of up to 30 widely spaced plants (> 10 m apart) 

from each large population in March 2005. Closed follicles were heat-treated, by 
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putting them onto a hot frying pan to extract seeds. Germination occurred in a growth 

chamber at 15 °C under dim light on two moistened Whatman filter papers in Petri 

dishes for three weeks.  Prior to germination, seeds were treated with fungicide by 

soaking them in a 10% Previcur (a.i. Propamocarb hydrochloride, Bayer 

CorpScience, USA) solution for 15 minutes. To maintain moisture content, water 

was added every week. Each seedling was then transferred into a pot of 15 x 15 x 15 

cm containing river sand.  Pots were placed randomly on three neighboring benches 

in a climate-controlled greenhouse at the University of Western Australia 

(20oC/15oC, day/night, light intensities 65% ambient), and watered as required.  A 

slow-release fertilizer (Osmocote 17N-1.6P-18.7K, Scott), at a dose of 10 g per pot, 

was applied to 4-month-old seedlings. Plants were maintained for another 2 months 

before being harvested for growth measurements. 

 In an unplanned and uncontrolled element of the study during the subsequent 

establishment period until harvest time in the greenhouse, seedlings were affected by 

damping-off disease caused by a fungal pathogen.  Mortality rates per population, as 

a result of this stress, were assessed. 

 At harvest, remaining seedlings (Table 1) were severed at the soil surface, 

and the bulk of the soil was carefully removed to count the number of cluster roots 

produced per plant. Growth traits measured included number of leaves, oven-dry 

mass (after 48 h at 70oC) of roots and leaves and total leaf area (using a portable leaf 

area meter, LI-3000, Lincoln, NE, USA). Other parameters measured included 

germination percentage and seedling survival. Germination percentage was estimated 

as number of germinated seeds/total number of seeds x 100%. Seedling survival was 

determined on the basis of the proportion of seedlings remaining after 6 months in 

the greenhouse.  

 

Statistical analysis 

Statistical analysis was performed using Statistica 6 (Statsoft Inc., Tulsa, OK, USA). 

Parametric tests were performed after confirming homogeneity of variance using 

Cochran’s C test or Levene’s test.  Effect of population size on seed germination, and 

seedling survival was evaluated using one-way ANOVA. Effect of population size 

on growth components under common environment was evaluated using a mixed 

model ANOVA (Zar 1999; Quinn and Keough 2002), in which populations were 

treated as a random factor nested within a fixed factor, population size.  Since the 
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design was strongly unbalanced (Table 1), type III MS was used and the degrees of 

freedom were adjusted using Satterthwaite’s method (Zar 1999). To test the possible 

maternal influence on growth parameters, seed weight was included as a covariate in 

the analysis. However, as it was found to have no significant effect, it was later 

excluded from the analysis in order to strengthen the results.  Effect of population 

size on the proportion of cluster rooted plants was tested using a t test.   

  

 

Results  

 

Seed germination and survival rates 

Seed germination rate was independent of population size (F1,6=0.32, 

P=0.59). Inclusion of seed weight as a covariate did not change the trend. All 

populations showed relatively high seed germination rates, ranging from 66 % to 100 

%, with small and large populations averaging 92% (+ 7.2)  and 86% (+ 17.6), 

respectively. 

 Seedling mortality per population ranged from 45% to 89% (Table 1 ).  

Seedling survival was strongly affected by population size (F1,6=11.20 P<0.005), and 

the mean percentage for large populations (36% + 6) was double that of small 

populations (17% + 4.1). 

 

Growth  

 The mean number of leaves per seedling, leaf area per seedling, and root and 

shoot dry mass per seedling were independent of population size (Table 2; Figures 

1a-d). For large and small populations respectively, mean (+ SE)  number of leaves 

per seedling was 14.62 (0.91) and 12.96 (1.0), leaf area per seedling was 70.6 (5 ) 

and 69.45 ( 7 ) and root dry mass per seedling was 0.3 g (0.02) and 0.35g(0.03)  and 

shoot dry mass per seedling was 1.4 (0.5) and 1.5 (0.7).   Inclusion of seed weight as 

a covariate did not alter the trend.   

 The Caporn street population produced a higher proportion of seedlings with 

cluster-roots (88%) than all other populations.  Fifty percent of seedlings from the 

Chiquita Park population produced cluster roots, and 33% of Kensington Park 

seedlings produced cluster roots.  For all other populations, percentages ranged from 
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25% to 9%.  However, the proportion of seedlings with cluster-roots was 

independent of population size (t6= -1.71, P=0.14). 

 

 

Discussion 

 

Small populations tend to be subject to an increased probability of stochastic 

extinction over large populations, due to demographic, environmental and/or genetic 

factors (Schaffer 1981, 1987; Ellstrand and Elam 1993; Reed 2005). In the present 

study, we found a rate of mortality for seedlings sourced from small populations that 

was twice as high as that for seedlings sourced from relatively large populations of B. 

ilicifolia when  subjected to stressful conditions.  Seedlings from relatively large 

populations possessed on average a higher resistance to a fungal pathogen than 

seedlings from relatively smaller populations.  Our results suggest that these small 

populations of B. ilicifolia are suffering from the negative genetic effects associated 

with a reduction in size, and increased isolation of populations.    

          Although the pathogen was introduced as an unplanned part of the experiment, 

presumably as a result of over-watering, the seedlings were equally exposed to the 

possibility of infection, as they were randomly allocated to location on glasshouse 

benches, and the genetic vigor of seedlings apparently determined resistance. In 

support to this, we found some seedlings bearing fungus infection at their roots but 

still survived until the harvest time. Another possible source of pathogen infection is 

through the seeds (seed borne disease), but this is unlikely as we had sterilized the 

seeds prior to germination. Upon infection, the seedlings either died or survived until 

the harvest time.   

          Differences in seedling mortality with population size may be due to genetic 

and/or non-genetic maternal effects, such as seed size (Roach and Wulf 1987; 

Outborg and Treuren 1995). Our inclusion of seed size as a covariate did not affect 

the ANOVA results, suggesting a negligible maternal seed size effect and indicated 

that the lower survival rate of seedlings from small populations probably has a 

genetic basis. Theory predicts that inbreeding and genetic drift is more likely to 

occur in small populations, and that these processes will lead to increased 

homozygosity and the random loss of alleles.  The loss of genetic diversity in small 

populations can be expressed as inbreeding depression through, for example, an 
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increased susceptibility to diseases (O’Brien et al. 1983; 1985; O’Brien and 

Evermann 1988; Ferguson and Drahuschak 1990). We (Heliyanto et al. 2005) have 

previously shown that more inbred offspring (selfs) of B. ilicifolia show lower 

resistance to, and higher mortality from, root fungal pathogens, than more outbred 

offspring (outcrossed).  In an attempt to study the potential role of pathogens as 

selective agents in plant populations, Schmid (1994) also found a positive correlation 

between genetic diversity and plant resistance, following natural infestations by the 

mildew Erysiphe cichoracearum in experimental stands of Solidago altissima.  

         We suggest that the small populations of B. ilicifolia produced on average 

relatively more inbred offspring that demonstrate lower resistance to a pathogen 

induced stress than seedlings from large populations. This conclusion is supported by 

our earlier results that showed high and marked coefficients of inbreeding depression 

for selfed versus outcrossed progeny and heterosis for locally outcrossed versus long-

distance outcrossed progeny (Heliyanto et al. 2006).  Whilst we do not have data on 

outcrossing rates for these populations, much lower levels of seed set following hand 

self-pollination compared to pollination with outcross pollen suggests that B. 

ilicifolia is preferentially outcrossing and outcrossing rates are expected to be high in 

large populations (Heliyanto et al. 2005). Lower levels of outcrossing and higher 

levels of correlated paternity are found in smaller populations of the closely related 

B. cuneata compared to larger populations (Coates and Sokolowski 1992), 

suggesting that similar changes to mating patterns might be expected in small 

isolated populations of B. ilicifolia. 

 Although population size strongly influenced seedling survival under biotic-

stress conditions, there was no significant effect on germination rate and growth 

performance of the surviving offspring. These observations suggest that under 

relatively benign conditions of the glasshouse and in the absence of the potentially 

lethal pathogen, inbreeding depression effects are masked in B. ilicifolia.  In a review 

of 34 studies of inbreeding depression, Armbruster and Reed (2005) found that 

inbreeding depression increases under stress in 76% of cases, with a 69% increase in 

inbreeding depression in stressful versus benign environments. Banksia ilicifolia is 

preferentially outcrossing (Heliyanto et al. 2005), which maintains individual 

heterozygosity and masks a significant genetic load.  However, changes in 

population size and breeding behaviour, such as increased inbreeding, increases 

individual homozygosity in offspring and exposes deleterious recessive alleles to 
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selection.  This appears to be occurring in the small populations sampled, with 

significantly higher mortality of seedlings under biotic-stress conditions compared to 

larger populations.  Our results suggest that these small populations have not purged 

recessive deleterious alleles (Barrett and Charlesworth 1991; Byers and Waller 

1999), as might be expected for these long-lived resprouters in populations that have 

probably recruited rarely, if at all, since fragmentation. 

 A genetic study using allozymes in the Banksia subgenus Isostylis (B. 

ilicifolia, B. cuneata and B. oliganta) has indicated relatively low but similar levels 

of genetic diversity within these species (Broadhurst and Coates 2004). Although 

Broadhurst and Coates (2004) concluded that there was no relation between genetic 

diversity and population size, their conclusion was based on a comparison of the 

levels of genetic variability amongst the widespread B. ilicifolia (all sampled 

populations >300 plants) and the two geographically restricted taxa B. oligantha 

(population size 15-250 plants) and B. cuneata (population size 13-97 plants). 

Moreover, the geographically restricted species may have been part of much larger 

populations prior to land-clearing-induced fragmentation over the past 60 years 

(Broadhurst and Coates 2004). Further, allozyme variation is known to be selectively 

neutral (Ouborg and Van Treuren 1995) and as a consequence it might not represent 

characters (and thus genes) under selection, such as those affecting growth and 

disease resistance/susceptibility.  

 Increased mortality of offspring originating from small populations  was also 

found by Fischer and Matthies (1998). However, we did not find any association 

between population size and seedling growth beyond seedling survival. The 

inconsistent association between population size and plant fitness is not uncommon 

(David 1998; Slate et al. 2004) and can be attributed to the presence or absence of 

linkages between polygenic characters (fitness) and the measured genetic diversity 

markers (Ouborg and Van Treuren 1995). Similarly, weak association between 

seedling mortality/resistance, following disease incidence, and fitness has also been 

reported in plant species  and was,in some cases, attributable to the absence and 

presence of a pleiotropy gene effect (Parker 1990).  

 An extreme example of the relationship between population size and an effect 

on fitness in Banksia is for B. goodii, where Lamont et al. (1993), found complete 

reproductive failure (no seed set) in small clonal populations which was attributed to 

an absence of pollinators.  This is an example of the Allee effect (Allee 1931), where 
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low population size leads to low per capita reproductive output.  This effect is most 

pronounced in plants that rely on animal pollinators, such as banksias.  While we did 

not directly measure fruit set, there appeared to be little difference between small and 

large populations. However, the number of seeds that were predated by insects was 

generally higher in the larger populations, and probably related to fewer natural 

enemies and greater quantity of natural resources (food plants as suggested by Lee et 

al. 2002).   

 Our results imply that genetic effects (inbreeding depression), rather than 

non-genetic effects (e.g. pollinator service), are potentially compromising the 

viability of small B. ilicifolia populations.  However, while reasonable seed set 

indicates that pollinators remain present and are servicing the pollen dispersal needs 

of these plants, the nature and frequency of pollinator movements in small 

populations may be different to large populations. More limited cross-pollination 

would affect the “genetic quality” of seeds in small populations.  For populations 

recently fragmented and potentially isolated by, for example, urbanisation, a genetic 

rescue program through wide-outcrossing may be required to restore lost genetic 

variation and viability. We have demonstrated earlier that outcrossed products of 

mating between individuals from B.ilicifolia populations 30 km apart showed a 

marked heterosis effect (Heliyanto et al. 2006). 

Our observation that mortality under stress was higher for seedlings 

originating from small populations than for those from large populations is of 

concern for the conservation and management of previously widespread but recently 

fragmented species, especially with threats like climate change (Epps et al. 2004) 

and surrounding land use impacts on remnants, that may increase stress levels in 

remaining populations. A greater understanding of how these effects impact on long-

term population viability for naturally fragmented species is urgently required for 

better conservation and management of our unique flora.   

 

 

Acknowledgments 

We thank the Western Australian Department of Conservation and Land 

Management, Dr. Jamie O’Shea and Bob Cooper for permission to collect materials 

for our study. Bambang Heliyanto thanks AusAid for providing a scholarship to 

undertake postgraduate research at the University of Western Australia. Research 

 82 



funding from the School of Plant Biology is gratefully acknowledged. We thank 

Kevin Murray of School of Mathematics and Statistic for statistical advice.  

 

 

 

References  

Allee WC (1931) Animal aggregations. A study in general sociology. University of 

Chicago Press, Chicago. 

Armbruster P, Reed DH (2005) Inbreeding depression in benign and stressful 

environments. Heredity 95, 235-242. 

Barrett SCH, Charlesworth D (1991) Effect of change in the level of inbreeding on 

the genetic load. Nature 352, 522-524. 

Bond WJ (1995) Assessing the risk of local extinction due to pollinator and disperser 

failure. Extinction Rates (Eds J.H. Lawton, RM May), pp. 131-146. Oxford 

University Press, Oxford. 

Boyce MS (1992) Population viability analysis. Annual Review of Ecology and 

Systematics 23, 481-506. 

Broadhurst LM, Coates DJ (2004). Genetic divergence among and diversity within 

two rare Banksia species and their common close relative in the subgenus 

Isostylis R.Br. (Proteaceae). Conservation Genetics 5, 837-846 

Byers DL, Waller DM (1999) Do plant populations purge their genetic load? Effects 

of population size and mating history on inbreeding depression. Annual 

Review of Ecology and Systematics 30, 479-513. 

Coates DJ, Sokolowski RES (1992) The mating system and pattern of genetic 

variation in Banksia cuneata A.S. George (Proteaceae) Heredity 69, 11-20. 

David P (1998) Heterozygosity-fitness correlations: new perspectives on old 

problems. Heredity 80,531-537.  

Ellstrand NC, Elam DR (1993) Population genetic consequences of small population 

size: Implication for plant conservation. Annual Review of Ecology and 

Systematics 24, 217-242. 

Epps CW, DR McCullough, JD Wehausen, VC Bleich, JL Rechles (2004). Effects of 

climate change on population persistence of desert dwelling mountain sheep 

in California. Conservation Biology 18, 102-113. 

 83



Falconer DS, Mackay TFC (1996) Introduction to quantitative genetics. Longman. 

Harlow, Essex. 

Ferguson MM, Drahuschak LR (1990) Disease resistance and enzyme heterozygosity 

in rainbow trout. Heredity 64, 413-417. 

Fischer M, Matthies M (1998) Effects of population size on performance in the rare 

plant Gentianella germanica. Journal of Ecology 86, 195-204. 

George AS (1981) The genus Banksia L.f. (Proteaceae). Nuytsia 3, 239-473. 

Groom MJ (1998) Allee effects limit population viability of an annual plant. The 

American  Naturalist 151, 487-496. 

Groom PK (2004). Rooting depth and plant water relations explain species 

distribution patterns within a sandplain landscape. Functional Plant Biology 

31, 423-428. 

Groom PK, Froend RH, Mattiske EM (2000) Impact of groundwater abstraction on 

Banksia woodland, Swan Coastal Plain, Western Australia. Ecological 

Management & Restoration 1, 117-124. 

Hauser TP, Loeschcke V (1994) Inbreeding depression and mating-distance 

dependent offspring fitness in large and small populations of Lychnis flos-

cuculi (Caryophyllaceae). Journal of Evolutionary Biology 7, 609-622. 

Heliyanto B, Krauss SL, Lambers H,  GR Cawthray,  Veneklaas EJ (2006)  Increased 

ecological amplitude through heterosis following wide-outcrossing in 

Banksia ilicifolia R.Br. (Proteaceae). Journal of Evolutionary Biology 19, 

1327-1338. 

Heliyanto B, Veneklaas EJ, Lambers H,  Krauss SL (2005)  Preferential outcrossing 

in Banksia ilicifolia R. Br. (Proteaceae). Australian  Journal of  Botany  52, 

163-170. 

Henley K, Poschlod P, Margules C, Settele J (1996) Species survival in relation to  

habitat quality, size and isolation: summary conclusions and future directions. 

In ‘Species survival in fragmented lanscapes’. (Eds  J Settele, C Margules, P 

Poschlod, K Henley) pp. 371-381. (Kluwer Academic Publisher: Dordrecht). 

Heschel MS, Paige KN (1995) Inbreeding depression, environmental stress, and 

population size variation in scarlet gilia (Ipomopsis aggregata). Conservation 

Biology 9, 126-133. 

 84 



Hobbs RJ, CJ Yates (2003) Impacts of ecosystem fragmentation on plant 

populations: generalizing in the idiosyncratic. Turner Review No.7. 

Australian Journal of Botany 51, 471-488. 

Lamont BB, Klinkhamer PGL, Witkowski ETF (1993) Population fragmentation 

may reduce fertility to zero in Banksia goodii - a demonstration of the Allee 

effect. Oecologia 94, 446-50. 

Lamont BB, Markey A (1995) Biogeography of fire killed and resprouting Banksia 

species in south-western Australia. Australian Journal of Botany 43, 283-303. 

Lamont BB, Collins BG (1988) Flower colour change in Banksia ilicifolia: a signal 

for pollinators. Australian  Journal of  Botany 132, 129-134. 

Laurance WF, Bierregaard RO (1997) A crisis in the making. In ’Tropical forest 

remnants: ecology, conservation and management of fragmented 

communities’. (Eds WF Laurance, RO Bierregaard) pp.xi-xv. (University of 

Chicago Press: Chicago, IL). 

Lee HT, Idris AB, Roff MNM (2002) The population abundance of Aphis gossypii 

Glover (Hemiptera: Aphididae) in different chilli (Capsicum annuum) 

planting densities. Journal of Biological Sciences 5, 293-294. 

Menges, ES (1991a) The application of minimum viable population theory to plants. 

Genetics and Conservation of Rare Plants (eds. DA Falk & KE Holsinger), 

pp. 47-61. Oxford University Press, New York, NY. 

Menges, ES (1991b) Seed germination percentage increases with population size in a 

fragmented prairie species. Conservation Biology 5, 158-164. 

Menges, ES (1992) Stochastic modeling of extinction in plant population. 

Conservation Biology: The Theory and Practice of Nature Conservation, 

Preservation and Management (eds. PL Fiedler & SK Jain) pp. 253-276. 

Chapman and Hall, New York, NY. 

Nunney L, Campbell KA (1993) Assessing minimum viable population size: 

demography meets population genetics. Trends in Ecology and  Evolution 18, 

234-239. 

O’Brien SJ, Evermann JF (1988) Interactive influence of infectious disease and 

genetic diversity of natural populations. Trends in Ecology and Evolution 3, 

254-259. 

 85



O’Brien SJ, Roelke ME, Marker L, Newman A, Winkler CA, Meltzer D, Colly L, 

Evermann JF, Bush M, Wildt DE (1985) Genetic basis for species 

vulnerability in the cheetah. Science 227, 1428-1434. 

O’Brien SJ, Wildt DE, Goldman D, Merril CR, Bush M (1985) The cheetah is 

depauperate in genetic variation. Science 221,459-462. 

Olesen JM, Jain SK  (1994) Fragmented plant populations and their lost interactions. 

Conservation Genetics (Eds V Loeschke, J Tomiuk, SK Jain) pp. 417-426. 

Birkhauser, Basel, Switzerland. 

Oostermeijer JGB, van Eijck MW, den Nijs  JCM (1994) Offspring fitness in relation 

to population size and genetic variation in the rare perennial plant species 

Gentiana pneumonanthe (Gentianaceae). Oecologia 97, 289-296. 

Ouborg  NJ , van Treuren R (1995) Variation in fitness related characters among 

small and large populations of Salvia pratensis. Journal of Ecology 83, 369-

80. 

Ouborg NJ, van Treuren R, van Damme JMM (1991) Morphological variation and 

fitness components in populations of varying size of Salvia pratensis L and 

Scabiosa columbaria L. Oecologia 86, 359-67. 

Parker, MA (1990) The pleiotrophy theory for polymorphism of disease resistance 

genes in plants. Evolution 44,1872-1875. 

Quinn, GP,  Keough MJ (2002) Experimental design and data analysis for biologist. 

Cambridge University Press. Cambridge. 

Reed DH (2005) Relationship between population size and fitness. Conservation 

Biology 19,563-568. 

Schmid, B (1994) Effects of genetic diversity in experimental stands of Solidago 

altissima - evidence for the potential role of pathogens as selective agents in 

plant populations. Journal of Ecology 82, 165-175. 

Slate J, P David, KG Dodds, BA Glass, TE Broad, JC Mc Ewan (2004) 

Understanding the relationship between inbreeding coefficient and multilocus 

heterozygosity: theoretical expectations and empirical data. Heredity 93, 255-

265. 

Taylor A,  Hopper SD (1988) The Banksia atlas. Australian flora and fauna series, 

Number 8. Australian Government Publishing Service, Canberra.  

Van Treuren R, Bijlsma R, van Delden W, Ouborg NJ (1993) The significance of 

genetic erosion in the process of extinction III. Inbreeding depression and 

 86 



 87

heterosis effect caused by selfing and outcrossing in Scabiosa columbaria. 

Evolution 47, 1669-1680.  

Whelan RJ, Burbidge AH (1980) Flowering phenology, seed set and bird pollination 

of five Western Australian species. Australian Journal of Ecology 5, 1-7. 

Whitmore TC (1997) Tropical forest disturbance, disappearance and species loss. In 

“Tropical forest remnants: ecology, conservation and management of 

fragmented communities’ . (Eds. WF Laurance, RO Bierregaard) pp. xi-xv. 

(University of Chicago Press: Chicago, IL). 

Zar HJ (1999) Biostatistical analysis. Prentice Hall, New Jersey. 



Table 1. Population sites description, sample numbers, germination and survival of Banksia ilicifolia from small and large 
populations. The habitats of all small populations demonstrated a greater degree of disturbance than those of the large populations, 
as indicated by a weedy understory.   
 
Population                         Longitude      Latitude          Altitude       no. of follicles  no.of seeds     no of seeds            no. of seeds   
(# plants/pop)                                                                  (m)               collected          extracted        germinated            survived      
                                                                                                                                                          (% germination)      (survival %)                                  
 
Small: 
1. Beechboro/Reid             31o51’48”          115o55’32”       75                64     54  52 (96)                  8 (15) 
    (17) 
2. Caporn St                       31o43’52”          115o48’35”       47                50                     43                 30 (70)                  8 (27) 
    (17) 
3. Chiquita Park                 31o 45’27”         115o49’36”          72                42                     38                 38 (100)                4 (11) 
    (12) 
4. Kensington Bushland     31o51’48”          115o49’00        50                30                    37                  37 (100)                6 (16) 
   (18) 
Average                                                                                                                                                   (91.5)                 (17.3) 
Large: 
1. Harry Waring                 32o10’48”            115o50’32”         50             133                  101                 75 (74)                  27 (36) 
     (> 100)         
2. Pinjar                             31o40’24”              115o48’49”       27              25                    15                  10 (66)                  5   (50) 
    (>1000)  
3. Lancelin/Mimegara       31o01’05”              115o32’07”        60                     20                               20                 20  (100)               11  (55) 
    (>1000) 
4. Rowe/Hopeland            32o20’96”               115o54’51”       28              30                     14                 14  (100)               4   (29) 
   (>300) 
Average                                                                                                                                                    (86)                  (36) 
 
 



 

Table 2. Mixed model ANOVA results for different growth parameters of Banksia 

ilicifolia progeny grown for 6 months in river sand in a greenhouse. DF error was 

computed using the Satterthwaite method (Zar, 1999).  

 

Source of variation         Effect      D.F.         MS           D.F.      MS               F            P 

                                                       effect     effect       error    error     

Number of leaves 

Population size    Fixed       1          104.68        7.90       49.13          2.13          0.18 

Population (PS)   Random   6            52.49       66.00       34.32          1.53          0.18 

 

Leaf area 

 Population size    Fixed        1        289.40        11.42     677.48          0.43         0.53 

 Population  (PS)  Random    6        598.32        66.00   1026.29          0.58          0.74 

 

Root dry mass 

 Population size    Fixed        1             0.06         8.25        0.03           2.39         0.16 

 Population  (PS)  Random    6             0.03       66.00        0.02           1.30         0.27 

   

Shoot dry mass 

 Population size     Fixed       1            0.13        11.16        0.27            0.47        0.51 

 Population  (PS)    Random  6            0.24        66.00        0.40            0.61        0.72 
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Fig. 1a. Number of leaves per plant of  Banksia ilicifolia progeny across four small and 

four large populations grown for six months on river sand. CP=Chiquita Park; 

CS=Caporn Street; KB=Kensington Bushland; BR=Beechboro Reid; LM=Lancelin 

Mimegara; HW=Harry Waring; RH=Rowe Hopeland; PJ=Pinjar. Error bars represent 

standard errors 

 

Fig. 1b. Leaf area per plant of  Banksia ilicifolia progeny across four small and four 

large populations grown for six months on river sand. CP=Chiquita Park; CS=Caporn 

Street; KB=Kensington Bushland; BR=Beechboro Reid; LM=Lancelin Mimegara; 

HW=Harry Waring; RH=Rowe Hopeland; PJ=Pinjar. Error bars represent standard 

errors.  

 

Fig. 1c. Shoot dry mass per plant of Banksia ilicifolia progeny across four small and 

four large populations grown for six months on river sand. CP=Chiquita Park; 

CS=Caporn Street; KB=Kensington Bushland; BR=Beechboro Reid; LM=Lancelin 

Mimegara; HW=Harry Waring; RH=Rowe Hopeland; PJ=Pinjar. Error bars represent 

standard errors.  

 

Fig. 1d. Root dry mass per plant of Banksia ilicifolia progeny across  four small and 

four large populations grown for six months on river sand. CP=Chiquita Park; 

CS=Caporn Street; KB=Kensington Bushland; BR=Beechboro Reid; LM=Lancelin 

Mimegara; HW=Harry Waring; RH=Rowe Hopeland; PJ=Pinjar. Error bars represent 

standard errors.  
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Abstract 
 
 
We assessed the relationship between population size and genetic variation for four 

small (n<20 plants) and four large (n>100 plants) populations of Banksia ilicifolia, a 

widespread but naturally fragmented species in south-western Australia. For the 

small populations, all plants were assessed.  For the large populations, an arbitrary 

sample of 30 plants from across the population was assessed.  Genetic variation was 

assessed at three microsatellite loci.  On average, small populations contained 2.5 

alleles per locus, expected heterozygosity (He) was 0.39, and the inbreeding 

coefficient (F = 0.246) was significantly different from 0 (t3=4.2, P=0.02).  On 

average, large populations contained 2.9 alleles per locus, expected heterozygosity 

(He) was 0.46, and the inbreeding coefficient (F = 0.168) was not significantly 

different from 0 (t3=1.2, P=0.34).  The partitioning of the total genetic variation into 

within and among populations was assessed by an Analysis of Molecular Variance 

(AMOVA), with RST = 0.08, indicating little genetic differentiation among 

populations and weak population genetic structure.  These results suggest that recent 

habitat fragmentation has had little effect on genetic variation in, and differentiation 

among, small and large populations, but that inbreeding and genetic erosion is 

expected to be greater in small populations compared to large populations, which 

may compromise their long-term viability.  
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Introduction 
 
 
The amount of genetic variation within a population is, at least to some extent, 

related to population size (Ouborg et al. 1991). Reduced population size, as a result 

of habitat fragmentation, is often associated with increased levels of genetic drift and 

inbreeding, leading to a loss of genetic variation, fixation of deleterious alleles and 

finally, loss of individual fitness if inbreeding depression is associated with 

inbreeding (Franklin 1980; Frankel and Soule 1981; Charlesworth and Charlesworth 

1987; Hobbs and Yates 2002). The resulting loss of individual fitness may decrease 

the potential for evolutionary adaptation to changing environments (Ellstrand and 

Elam 1993) and increase the probability of extinction of the population (Lande and 

Barrowclough 1987).  

 Although the negative effect of loss of genetic variation and inbreeding are 

well known from studies of artificial selection (Falconer 1981), empirical evidence 

of the relevance of these processes in natural populations is still scarce (Reid 2005). 

There are even fewer studies, and a poor understanding, of the genetic and 

conservation consequences of reduced population size and increased isolation with 

habitat fragmentation in the unique and ancient landscapes of south-western 

Australia.   Here, there are numerous narrowly distributed and naturally fragmented 

plant species (Hopper and Gioia 2004), and the consequences of recent 

fragmentation may be different to theoretical expectations and empirical data from 

other, much younger, landscapes.  

Assessments of population genetic variation in rare and/or small populations 

have been performed commonly with allozymes (Schwaegerle and Schaal 1979; 

Schaal and Schmidt 1980; Moran and Hopper 1983; Karron 1987; Broadhurst and 

Coates 2004). These studies have shown that rare or highly restricted plant species 

generally exhibit lower levels of genetic diversity than more common or widespread 

species (Hamrick and Godt 1989). In addition, results of studies comparing rare and 

geographically restricted species with their widespread congeners also show that rare 

species often have significantly lower levels of genetic variation (Karron 1987; 

Gitzendanner and Soltis, 2000). However, there is an increasing body of evidence 

which indicates that rare or small populations do not always conform with these 

expectations (Edwards and Wyatt 1994; Young and Brown 1996; Gitzendanner and 

Soltis 2000).  
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For example, Broadhurst and Coates (2004) found that allozyme diversity did 

not correspond with population size nor geographic distribution within the Banksia 

subgenus Isostylis, which includes the widespread and naturally fragmented 

B.ilicifolia, and its two rare and restricted sister species, B.cuneata and B.oligantha.  

The restricted species B. cuneata exhibited the highest level of genetic diversity of 

these three species.  Similarly, there was no relationship between genetic structure 

and geographical distribution, with the rare B. cuneata being more highly structured 

compared with the widespread B. ilicifolia (Broadhurst and Coates 2004).  

Broadhurst and Coates (2004) suggest that this result probably reflects historical 

events rather than genetic effects associated with a recently fragmented landscape.  

Whereas Broadhurst and Coates (2004) contrasted genetic variation in the 

widespread B. ilicifolia to its two rare and restricted sister species, we focus our 

attention on the relationship between population size and genetic variation within B. 

ilicifolia.  In addition, allozymes are known to exhibit relatively low levels of 

variation within the Proteaceae, and different results may be found by utilising more 

polymorphic markers.  Therefore, we used the more powerful molecular markers 

AFLP and microsatellites to assess genetic variation here.  AFLP (Amplified 

Fragment Length Polymorphism) is a PCR based multilocus DNA fingerprinting 

technique that has been widely used for the assessment of genetic variation in plants 

(Mueller and Wolfenbarger 1999).  Microsatellites, or SSRs (Simple Sequence 

Repeats) are commonly used co-dominant markers that utilise the typically high 

polymorphism of variable numbers of tandem repeat sequences (Goldstein and 

Schloetterer 1999). 

Known as holly-leaved banksia, B. ilicifolia is found mainly on the sandy 

coastal plain from Mt Lesueur to Augusta, and east to Cordingup River between 

Albany and Bremer Bay (Taylor and Hopper 1998). Although widespread, B. 

ilicifolia is locally restricted to swales and wetland fringes with depth of groundwater 

<10 m (Groom et al. 2000; Groom 2004). As a consequence, populations are 

naturally fragmented and typically small (<100 plants), although some large stands 

do exist (Taylor and Hopper, 1988).  While naturally fragmented, surviving 

populations within the Perth metropolitan area have become increasingly isolated 

and small due to land clearing with urbanization.  Banksia ilicifolia is self-

compatible, but preferentially outcrossing, with marked inbreeding depression at 

seed production, seed germination and seedling growth (Heliyanto et al. 2005). 

 96 



Plants flower intermittently in most months of the year, with an apparent peak from 

winter to spring.  Fruit set following natural pollination is extremely low (c. 0.04-1% 

of flowers setting fruit; Whelan and Burbidge 1980; Lamont and Collins 1988; 

Heliyanto et al. 2005). 

  In this study, we extend on our earlier research identifying the negative 

consequences of small population size on the survival of B.ilicifolia offspring 

(Heliyanto et al. in prep, chapter 4), and assess whether small fragmented 

populations harbour less genetic variation than larger populations.  The key questions 

that we address in the present study are: (i) do small populations have less genetic 

variation than large populations? (ii) is there evidence of significant genetic 

differentiation among these naturally fragmented populations?, and (iii) is there 

evidence of inbreeding and/or genetic erosion in small populations? 

 

 

 Material and Methods 

 

Plant material  

Four large populations (> 100 plants) and four small populations (< 20 plants) of 

B.ilicifolia from the Perth Metropolitan area were selected based on the number of 

mature plants present (Table 1). For large populations, young leaves from 30 

arbitrarily selected plants from across the range of the population were collected. For 

small population, leaves were collected from all mature plants. The collected leaves 

were then dried with silica gel in zip-locked bags until analysed.   

 

AFLP analysis 

Total cellular DNA was extracted using the method of Doyle & Doyle (1991), 

modified by the addition of 5m potassium acetate and NaCl purification steps. To 

test for reproducibility, random duplicate DNA samples were extracted. Restriction 

digestion of genomic DNA was carried out in a total volume of 25 µ L containing 

1.25 U Eco RI/Mse I, 125 ng of DNA, 12 µ L adapter solution, 0.5 U T4 DNA ligase, 

buffer and DNA-free water using AFLPª Core Reagent Kit (Life Technologies), then 

diluted 1:10 in TE buffer. Pre-selective PCR was performed in a 25.25-µL total 

volume containing 2.5µL 10 ´PCR buffer with MgCl2 , 20mL preamp primer mix 

(Life Technologies), 1.25 U TaqDNA polymerase (Perkin-Elmer), 2.5 ng restricted 
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DNA template and DNA-free water. PCR was performed with a Perkin-Elmer 

Applied Biosystems 9700 thermal cycler with heated lid programmed for an initial 

melting step at 72°C for 2 min, followed by 20 cycles each at 94°C for 1 s, 56°C for 

2 min, 72°C for 2 min. A final extension step at 60°C for 30 min was performed after 

20 cycles. PCR products were diluted 1:50 with TE buffer for subsequent selective 

amplification. For selective amplification three primer pairs were selected. Selective 

PCR was  carried out in a 10m L total volume containing three Eco RI fluorescent 

primers including; 7 ng of e-act (fam), 7 ng of e-agg (joe), and 14 ng e-acc (tamra), 

15 ng of Mse1 (m-ctg) primer, 0.2 m mof each of four dNTP, 0.25 U Taq DNA 

polymerase  (Sigma), 2.5 µL of diluted preselective PCR product, 1.5 m mMgCl2, 

1.0mL 10 ´PCR buffer and DNA-free water.PCR was performed on a Perkin -Elmer 

Applied Biosystems thermal cycler with heated lid (Applied Biosystems). A touch-

down PCR was initiated with 1 cycle at 94 °C for 2 min denaturation), 70 °C for 1 

min (primer annealing),72°C for 2 min (extension) followed by eight cycles starting 

at 94°C for 1 s, 69°C for 1 min, 72°C for 2 min, reducing annealing temperature by a 

1.0° C after each cycle, followed by 23 cycles at 94°C for 1 s, 61°C for 1 min,72°C 

for 2 min A final extension step at 60°C for 30 min was performed after 23 cycles. 

To test reproducibility, duplicate reactions were run. Following selective PCR, the 

fluorescently labelled fragments were visualized on 5% PAGE plus (Amresco) gels 

with an ABI Prism 377XL sequencer (Applied Biosystems). Four multiplexed dyes 

constituted a fingerprint for each individual. Three dyes represented primers used in 

the PCR and the fourth dye included internal size standard. The fingerprints were 

visualized using ABI Genescan software. 

 

Microsatellite analysis 

As for AFLP analysis, total cellular DNA was extracted using the method described 

by Doyle & Doyle (1991), using 0.8 g of dry material, and the addition of  5 M 

potassium acetate and NaCl purification steps. To test for reproducibility, random 

duplicate DNA samples were extracted. The quality and quantity of extracted DNA 

was determined by electrophoresis on 1% agarose gel together with a DNA mass 

ladder. DNA was then diluted to 2 μg μL-1, and stored at 4°C until use. 

Twelve pairs of microsatellite DNA primers developed for Banksia attenuata 

by Genetic Identification Services (USA), were tested for amplification and 

polymorphism in B. ilicifolia.  Of these, three polymorphic loci were identified (B1, 
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C3 and C5, Table 2), and used in this study. Forward primers were fluorescently 

labelled: B1 and C3 were labelled with FAM, C5 with HEX (GeneWorks Pty Ltd). 

Microsatellites were amplified in 10 μL  reaction volume, and the reaction mixture 

consists of:  2 μL 5× polymerisation buffer (containing dNTPs, Fisher Biotech, Perth, 

Australia),  0.75 μL MgCl2 (25 mM, Fisher Biotech, Perth, Australia), 0.05 μL Taq 

polymerase (5.5 μL -1 Fisher Biotech, Perth, Australia), 0.05 μL Primer forward, 

unlabelled (20 μM), 0.25 μL Primer forward, labelled  (20 μM),   0.3 μL Primer 

reverse, unlabelled (20 μM), 1.5 μL Template DNA (2 ng μL-1)  and   5.15 μL H2O                           

PCR conditions were: one denaturing step at 94 °C for 3 minutes followed by 

35 cycles consisting of 94°C for 40 seconds, Tm for 40 seconds, and 72°C for 30 

seconds (Tm = 52°C for primer C3, 54°C for primers B1 and C5, respectively). The 

cycles were then followed by a final extension step at 72°C for 4 minutes. 

Fluorescently labeled PCR products were electrophoresed on 5% acrylamide gels on 

an ABI Prism 377XL sequencer (Applied Biosystems, Foster City, CA, USA).   

 

Data analysis 

Due to severe difficulties in consistently obtaining high quality DNA, which is a 

critical prerequisite for AFLP, we were unable to generate robust and reliable AFLP 

data. Therefore, only microsatellites were analysed.  The microsatellite alleles were 

visualized and scored using ABI Genescan software (V3.1, Applied Biosystems, 

Foster City, CA, USA).  Microsatellies profiles were scored for the presence and 

absence of alleles at each of three loci. All genetic analysis was performed using 

GenALEX  ver.6 (Peakall and Smouse, 2006). The level of genetic diversity within 

each population was estimated by the number of alleles per locus (Na) and the 

expected heterozygosity (He). The expected heterozygosity is an estimate of genetic 

diversity based on an “ideal” population displaying random mating and non-

overlapping generations. Although many natural populations may not display these 

attributes, the expected heterozygosity does provide an unbiased estimate of genetic 

diversity independent of sampling size. To assess the probability that two genes at 

any locus on a chromosome are identical by descent (relatedness), and thus future 

genetic structure of the offspring, the coefficient of inbreeding (F), was estimated as 

F = 1 – (He/Ho) for each locus, and then averaged over loci.  The statistical 

significance of differences in Na and He between large and small populations, and the 

significance of departure from 0 for F, was assessed by t-tests. In addition, the 
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proportion of the total genetic variation lying both within and among populations 

was estimated by an Analysis of Molecular Variance (AMOVA).  AMOVA gives an 

average estimate of the extent of genetic differentiation amongst all populations. We 

tested for isolation by distance by a Mantel test between the geographic distance and 

genetic distance (Nei’s) matrices with 999 bootstraps in Genalex. 

 

Results 

Microsatellite diversity 

The three microsatellite loci were weakly to moderately polymorphic in all 

populations, and expected heterozygosity varied from low to moderate levels among 

loci (Table 3). The total number of alleles detected in each locus were two for locus 

1, eight for locus 2 and three for locus 3 (Table 4; Fig.1). Mean allelic diversity 

within each population sample ranged from 2 at Chiquita Park to 4 at 

Lancelin/Mimegara. Expected heterozygosity ranged from 0.33 at Beechboro/Reid to 

0.57 at Lancelin/Mimegara. Similarly the observed heterozygosity ranged from 0.24 

at Beechboro/Reid to 0.6 at Pinjar Park. Harry Waring and Pinjar Park, both larger 

populations, are the only populations that have private alleles (Fig. 2). 

Across all loci, the total number of alleles (Na) and expected heterozygosity 

(He) averaged 2.5 and 0.39 for small populations, and 2.9 and 0.46 for large 

populations, respectively (Table 3). These values were not significant different 

between small and large populations (Na, t3 = 1.08, P =0.30; He, t3 = 0.89, P =0.38 ). 

The average inbreeding coefficient (F) = 0.25 for small populations, which was 

significantly greater than 0 (t3= 4.2; P = 0.02), and average of F = 0.17 for large 

populations,  was not significantly different from 0 (t3 = 1.2; P = 0.34) (Table 3).  

 

Population differentiation and genetic structure 

Partitioning of the total genetic variance using AMOVA indicated that 92% was 

partitioned within populations, and 8% among, suggesting little genetic 

differentiation among populations and weak genetic structuring.  An ordination by 

principal component analysis (PCA), showed no strong clustering of populations, 

with the Chiquita Park population the most genetically distinct (Figure 3). Mantel 

test result (R2 = 0.1056) was not significantly different from 0 (P = 0.128), indicating 

no relationship between genetic distance and geographic distance (Fig. 4 and 5). 
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Discussion 

 

Utilizing three microsatellite loci, we found no significant differences in 

genetic variation between small and large populations of Banksia ilicifolia, as 

measured by allelic diversity and heterozygosity.  However, we did find a 

significantly higher average inbreeding coefficient in smaller populations compared 

to larger populations.  A significantly positive inbreeding coefficient is the result of a 

deficiency of heterozygotes compared to Hardy-Weinberg equilibrium, and is an 

indication that these small populations have elevated inbreeding. 

The genetic diversity estimates for B.ilicifolia found in the present study are, 

in general, higher than those reported by Broadhurst and Coates (2004) who 

employed allozyme markers. For example, the mean number of alleles per locus and 

expected heterozygosity in their study were 1.4 and 0.08, respectively, as against 3.1 

and 0.43 in the present study. Our findings and those of Broadhurst and Coates 

(2004) are consistent with qualitative reports that PCR based markers detect more 

variation than allozyme, although, the essential ‘genetic structure’ conclusions are 

the same (Peakall et al. 2005). The only other study that we are aware of that deals 

with assessment of long term genetic consequences in naturally fragmented 

populations in the genus Proteaceae is England et al. (2002). Employing six 

microsatellites, they found within population genetic diversity estimates (3.2-4.2 

allelles/locus; Hexp=0.42-0.53) in the rare, fire-dependant, predominantly outcrossing 

Grevillea macleayana that were similar to ours. 

Variation at three microsatellite loci revealed weak genetic structuring in B. 

ilicifolia, a surprising result as recent ecosystem fragmentation superimposed upon 

the ancient natural pattern of population subdivision is thought to produce substantial 

genetic structuring in many plant species (Young et al. 1996; Newman and Pilson 

1997; Young and Clarke 2000).  This result suggests that although geographically 

naturally fragmented across a 100 km north-south distribution, these populations 

were not genetically isolated, at least prior to recent habitat fragmentation with 

urbanization.  In contrast, microsatellite variation in Grevillea macleayana 

(Proteaceae) displays significant population differentiation and marked genetic 

structure despite population separation of less than 20km (England et al. 2002). They 

argued that genetic drift and/ or limited gene flow might have been important in 
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generating substantial genetic structure across the range of this species (England et 

al. 2002), where honeybees are assumed to be the main pollinator.  We suggest that 

highly mobile nectarivorous birds, such as honeyeaters, play an important role in 

extensive movement of pollen both within and among populations that prevents 

strong genetic differentiation and introduces novel genetic variation into these 

populations, and for other bird pollinated Banksia species (Collins and Spice 1986).  

Extensive pollen flow contributes to the maintenance of genetic variation within 

populations despite small size and geographic fragmentation.  This observation 

suggests that metapopulation processes, whereby geographically fragmented 

populations are not genetically isolated, is a critical natural component of the 

evolutionary and ecological dynamics of this species.  A disruption of these 

dynamics may reduce the viability of local populations. Interestingly, despite 

sampling populations that were between 3 km and 150 km apart (Table 5), we found 

no relationship between genetic distance and geographic distance for our genetic data 

in B. ilicifolia.  This surprising result supports conclusions that despite historic and 

natural population fragmentation, these populations are connected by substantial 

levels of gene flow. 

In addition to the role of highly mobile pollinators, other factors contribute to 

the maintainenance of high levels of genetic variation within these populations.  We 

have shown (Heliyanto et al. 2005) that B.ilicifolia is a preferentially outcrossing 

species with very strong inbreeding depression at the early stages of growth. As a 

consequence of the breeding system, surviving individuals in natural populations are 

highly outbred.  

 Due to its ability to resprout after fire through regeneration via aerial 

epicormic buds (George 1981; Taylor and Hopper 1988; Lamont and Markey 1995), 

B. ilicifolia trees have a long life span, which influences the high genetic variation 

detected.  These trees are likely to be survivors of historically larger populations pre-

dating habitat fragmentation and population size reduction.  As such, the negative 

genetic effects of these processes have not been realized, but significantly higher 

inbreeding coefficients in small populations indicate, in the absence of gene flow into 

these populations, genetic erosion in future generations due to inbreeding. We have 

demonstrated that inbreeding depression is associated with inbreeding in B. ilicifolia.  

As a consequence of reduced population size and habitat fragmentation, inbreeding 

depression may result in an increased risk of extinction in these small populations, 
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above and beyond more immediate potential ecological impacts such as pollinator 

service, weeds, and poor recruitment.  As a result, for the management and 

conservation of this species, and other recently fragmented outcrossing species, we 

suggest that genetic issues require attention along with the more immediate 

ecological concerns for the long-term viability of populations and species. 
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Table 1. Studied populations of Banksia ilicifolia. The habitats of all small 
populations demonstrated a greater degree of disturbance than those of the 
large populations, as indicated by a weedy understory 

 

Site                            Population size    Longitude             Latitude          Altitude (m)                                        

 

Large: 
1. Harry Waring             >100               32o10’48”                       115o50’32”        50     
               
2. Pinjar                         >1000             31o40’24”                       115o48’49”        27            
     
3. Lancelin/Mimegara   >1000             31o01’05”                       115o32’07”         60               

     
4. Rowe/Hopeland         >300              32o20’06”                       115o54’51”         28           
 
Small: 
5. Beechboro/Reid            17                31o51’48”                      115o55’32”         75            
     
6. Caporn St                      17                31o43’52”                      115o48’35”         47             
     
7. Chiquita Park                12                31o 45’27”                     115o49’36”            72             
     
8. Kensington Bushland    18              31o51’48”                        115o49’36”          50            
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Table 2. Characteristics of the three microsatellite loci used in this study 

Locus name             Repeat motif                                       Primer sequence (5’-3’) 

C3                        GTT(n)                                          F: 5'-TGGGCACATACTACATCATTG-'3 
                                                                                            R: 5'-TTCAGGGGACTCAAAGACC-'3 
 
C5                        GTT(n)                                          F: 5'-TTGCTAGTGTTGTTGCTGTC-'3 
                                                                                            R: 5'-GGTGTCAAAGACCATGATTC-'3 
 
B1                       CT(n)AC(n)                                    F:5’-TCCGCATTTCAGGATTAGC-‘3 
                                                                                  R:5’-GGAGCACTTGGTCATC-‘3 
 
 

 
:  
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Table 3. Genetic variability at three microsatellites in 8 population of Banksia ilicifolia. 
POP              ……….Locus………….                                  POP            ………..Locus……….. 
 
HW: L1 L2 L3         Mean         BR: L1 L2         L3     Mean 
-------------------------------------------------------------------------------------------------------------------------------- 
N 26 19 26          23.7 N 7 6            9        7.3  
Na 2 5  2            3  Na 2 3            2        2.3  
Ho 0.69 0.16 0.31       0.4 Ho 0.29 0.33       0.11  0.24  
He 0.50 0.66 0.31       0.49 He 0.25 0.63       0.11  0.33  
F              -0.39 0.76 0.01       0.13 F              -0.17 0.47      -0.06  0.08 
  
LM:     CS:     
N 19 13 14          15.3 N 9 6             8        7.7  
Na 2 6 1             4  Na 2 5             2        3    
Ho 0.58 0.15 0             0.24 Ho 0.56 0             0.25   0.3  
He 0.45 0.70 0             0.57 He 0.50 0.78        0.22   0.5  
F              -0.29 0.78 0             0.25 F              -0.11 1.00       -0.14   0.3  
          
PJ:     CP:     
N 15 13 15            14.3 N 3 1             3         2.3  
Na 2  5  3              3.3 Na 2  1             2         2  
Ho 0.80 0.54 0.47         0.6 Ho 0  0             0.33    0.1  
He 0.48 0.68 0.45         0.54 He 0.44 0             0.28    0.4  
F              -0.67 0.21         -0.03       -0.16 F 1.00 0            -0.20    0.4  
          
RH:     KB:     
N 27  19  26              24 N 12  12            11     11.7  
Na 2  5  2                3 Na 2  5               2      3  
Ho 0.37 0.16 0.04           0.19 Ho 0.25 0.42         0.27   0.3  
He 0.47 0.73 0.11  0.44 He 0.41 0.73         0.35   0.5  
F 0.21 0.78 0.65  0.55 F 0.40 0.43         0.22   
0.35  
mean 
 
Mean Large                 Mean Small   
Na 2.90    Na 2.5    
Ho 0.36    Ho 0.24    
He 0.46    He 0.39    
F 0.17                    F 0.25*            

N, number of plants genotyped; Na, number of allele per locus; Ho, observed heterozygosity; He, 
expected heterozygosity; F, fixation index. HW=Harry Waring, LM=Lancelin Mimegara; PJ=Pinjar; 
RH=Rowe and Hopeland; BR=Beechboro/Reid;CS=Caporn Street; CP=Chiquita Park; 
KB=Kensington Bush. *, greater than zero based on t-test at 5% level.
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Table 4.  Allele frequencies by Populations for three microsatellite loci in Banksia ilicifolia 
     
Locus Allele Pop1 Pop2 Pop3 Pop4 Pop5 Pop6 Pop7 Pop8 
 
Locus1 160 0.462 0.342 0.600 0.630 0.143 0.500 0.667 0.292 
 187 0.538 0.658 0.400 0.370 0.857 0.500 0.333 0.708 
          
Locus2 203 0 0.077 0 0 0.250 0.333 0 0.375 
 205 0.053 0 0 0.158 0 0.167 0 0.292 
 207 0.158 0.077 0.154 0.211 0 0.167 0 0.083 
 209 0.237 0.462 0.462 0.105 0.250 0.167 0 0.167 
 211 0.500 0.038 0.038 0.105 0 0 0 0 
 213 0 0.269 0.269 0.421 0.500 0.167 1.000 0.083 
 215 0 0.077 0.077 0 0 0 0 0 
 217 0.053 0 0 0 0 0 0 0 
          
Locus3 211 0.808 1.000 0.700 0.942 0.944 0.875 0.833 0.773 
 214 0.192 0 0.233 0.058 0.056 0.125 0.167 0.227 
 217 0 0 0.067 0 0 0 0 0 

 
Pop1=Harry Warring (HW); Pop 2=Lancelin Mimegara (LM); Pop3=Pinjar (P); Pop4=Rowe Hopeland(RH); Pop 
5=Beechboro/Reid(BR); Pop 6=Caporn Street; Pop 7=Chiquita Park (CP); Pop 8=Kensington Bush(KB). 
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Table 5. Distance (Nei’s) (above diagonal) and geographic distance (kms)(below 
diagonal) between each pair of populations. HW=Harry Waring, LM=Lancelin Mimegara; 
PJ=Pinjar; RH=Rowe and Hopeland; BR=Beechboro/Reid;CS=Caporn Street; CP=Chiquita Park; 
KB=Kensington Bush. 
 
 HW PJ LM RH BR CS CP KB 
HW X .148 .142 .153 .257 .150 .448 .191 
PJ 56.4 X .084 .092 .214 .113 .221 .214 
LM 132.3 77.5 X .113 .059 .084 .282 .125 
RH 18.5 74.1 150.7 X .186 .075 .110 .202 
BR 36.1 23.6 100.9 54.4 X .124 .247 .107 
CS 50 6.4 83.4 69.8 18.3 X .267 .047 
CP 47 9.4 86.7 66 15 3.3 X .437 
KB 24.1 32.2 108 44 14 25.2 22.2 X 
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Figure 1. Distribution frequency by locus based on three microsatellite loci across 8 

populations of B.ilicifolia. Pop1=Harry Warring (HW); Pop 2=Lancelin Mimegara (LM); 

Pop3=Pinjar Park (P); Pop4=Rowe/Hopeland (RH); Pop 5=Beechboro/Reid (BR); Pop 

6=Caporn Street; Pop 7=Chiquita Park (CP); Pop 8=Kensington Bush (KB). 

 

Figure 2. Allellic patterns for three microsatellite loci across 8 populations of B.ilicifolia. 

Pop1=Harry Warring (HW); Pop 2=Lancelin Mimegara (LM); Pop3=Pinjar Park (P); 

Pop4=Rowe/Hopeland (RH); Pop 5=Beechboro/Reid (BR); Pop 6=Caporn Street; Pop 

7=Chiquita Park (CP); Pop 8=Kensington Bush (KB). 

 

Figure 3. Principal component analysis, showing the genetic similarities of 8 Banksia 

ilicifolia populations for three microsatellite loci. Pop1=Harry Warring (HW); Pop 

2=Lancelin Mimegara (LM); Pop3=Pinjar (P); Pop4=Rowe Hopeland (RH); Pop 

5=Beechboro/Reid(BR); Pop 6=Caporn Street; Pop 7=Chiquita Park (CP); Pop 

8=Kensington Bush (KB). 

 

Figure 4. Relationship between geographic distance (kms) and genetic distance (Nei’s) 

for each pair of B. ilicifolia populations 
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Chapter 6 

SUMMARY AND GENERAL DISCUSSION 

 

Introduction 

Understanding factors affecting the survival of small populations remains one of the 

primary challenges confronting modern conservation biologists worldwide. Human 

impacts on natural systems often fragment once continuous habitats into smaller, 

more isolated patches, often increasing the risk of extinction of local populations as a 

consequence of the effects of isolation and reduced size (Burgman and Lindenmayer, 

1998). Moreover, many plant species with highly specialized habitat requirements 

often naturally occur in small populations that are scattered over the landscape. 

While the prime habitat of such species may be protected, the immigration corridors 

and sub-optimal habitats that historically connected each population may be lost 

(Simberloff and Cox, 1987). It is therefore of critical importance to understand the 

evolutionary dynamics of small populations, and in particular the factors that 

determine whether such populations are likely either to go extinct or persist for 

extended periods. , 

 There are two different approaches that can be used to understand the 

extinction probabilities of small populations (Stacey and Taper, 1992). The first 

approach is to follow the fate of rare species and determine the population-level 

parameters that are most sensitive to disturbance. However, this approach may not be 

justifiable, particularly if the researchers put a threatened species at greater risk 

(Burgman and Lindenmayer, 1998). The second approach is to examine species that 

are not necessarily endangered or rare but that naturally occur in small and highly 

fragmented populations. Since these species and populations have managed to 

survive through time, they can be considered to have successfully “solved” the 

problem of habitat fragmentation. Such species can provide model systems that allow 

us to unravel the demographic parameters that enable such populations to remain 

viable.  I have used this approach to study the ecological genetic consequences of 

local endemism, population size and natural population fragmentation in  Banksia 

ilicifolia (Proteaceae).  
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Holly-leaved banksia (Banksia ilicifolia R.Br.) is a tree belonging to the 

Proteaceae family. Although widespread throughout the southwest of Western 

Australia (SWWA), it has a naturally fragmented distribution, with generally small 

populations restricted to swales and wetland fringes with depth to groundwater less 

than 10 m (Groom et al. 2000; Groom, 2004).  Apart from this inherent level of 

population disjunction, extensive land clearing  in the southwest of Western 

Australia over the past 200 years has created further habitat degradation (Broadhurst 

and Coates, 2004). As such, it provides an excellent model to better understand the 

ecological genetic consequences of local endemism, population size and natural 

population fragmentation. My research was directed at understanding the role of the 

breeding system, genetic variation and edaphic factors in the evolutionary dynamics 

of this naturally fragmented species, with the following key questions (Chapter 1): 

(i) Is there evidence for inbreeding depression in B. ilicifolia? 

(ii) Is there a relationship between narrow ecological amplitude and 

inbreeding in B. ilicifolia? Therefore: 

(iii) Does wide outcrossing increase ecological amplitude in B. ilicifolia? 

(iv) Is there an effect of population size on the magnitude of inbreeding 

depression in B. ilicifolia?  

(v) Is there a relationship between population size and genetic variation in 

B. ilicifolia? 

Outline of Thesis  Findings 

1. Evidence for inbreeding depression in B. ilicifolia 

It is generally perceived that species with restricted ranges and few individuals are 

more likely to be self-compatible and exhibit low levels of inbreeding depression 

than are geographically widespread congeners (Karron, 1987). Moreover, the 

continued survival of plants in changing habitats, following natural or anthropogenic 

habitat fragmentation, depends a great deal on their reproductive biology (Liu and 

Koptur, 2003). With this knowledge in mind, I assessed the breeding system in order 

to understand its role in the evolutionary dynamics of B. ilicifolia. In addition, this 

experiment also aimed at producing relatively outbred and inbred offspring for the 

subsequent growth study (Chapter 3).  

 120 



To fullfil these objectives, artificial hybridizations were conducted  in a 

natural B. ilicifolia population in Perth, Western Australia. The percentage of 2000 

flowers converted to fruits and seeds was evaluated across 24 recipient plants 

following (1) self-pollination, (2) local outcross-pollination (same population), (3) 

non-local outcross-pollination (pollen sourced from another population 30 km away), 

(4) unpollinated but bagged flowers and (5) unpollinated, unbagged flowers (natural 

pollination). The relative performance of the resulting seed was evaluated by seed 

weight, germination rates and, in an unplanned component of the study, resistance to 

a fungal pathogen. The percentage of flowers converted to fruits following self 

pollination was low (0.9%), but demonstrated self-compatibility. Fruit set following 

cross pollination (3.6 and 3.3% for non-local and local crosses, respectively) was 

significantly greater than that following self pollination, open pollination (0.4%) and 

autogamous (0.04%) treatments. Low fruit set for open-pollinated flowers, compared 

with self- and outcross-pollination treatments, suggested pollen limitation. Pollen 

tubes were observed in 15 and 20% of upper styles of flowers hand-pollinated with 

self and outcrossed pollen, respectively. Seed germination was dependent on pollen 

source, where fewer selfed seeds germinated (37%) than did both non-local and local 

outcrossed seeds (83 and 91%, respectively). Selfed seedlings showed poorer 

survival (33.3%) following fungal attack than both non-local and local outcrossed 

seeds (69.2 and 68.5%, respectively). Only 13% of the selfed seeds survived to be 2-

month-old seedlings, compared with 63% for non-local and 57% for local outcrossed 

seeds. Ultimately, for 2000 flowers hand-pollinated with self pollen, only three 

seedlings survived to an age of 16 weeks, compared with 37 and 45 seedlings for 

local-cross and non-local cross treatments on 2000 hand-pollinated flowers, 

respectively. These results indicate that in this population, B. ilicifolia is partially 

self-compatible, but preferentially outcrossing with marked early acting inbreeding 

depression.  

This study provides the first assessment of the breeding system of Banksia 

ilicifolia, and the results are consistent with almost all other studies of the breeding 

system in the Proteaceae (Goldingay and Carthew, 1998). The only difference was 

the percentage of styles with pollen tube following artificial pollination; my pollen 

tube data showed that the percentage selfed and percentage outcrossed flowers 

containing pollen tubes penetrating into the styles (i.e. 15 and 20%, respectively) 
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were not significantly different from each other. These values are somewhat lower 

than expected when compared with values from other studies on pollen-tube 

development in the Proteaceae (see Table 3 in Goldingay and Carthew, 1998).  

Strong early inbreeding depression, where outcrossed seedlings are more 

vigorous than selfed seedlings on native soils (see also Chapter 3), imply that 

elevated inbreeding may severely impact on the short term viability, and long term 

evolutionary potential of small fragmented populations of Banksia ilicifolia. 

Although realized outcrossing rates are not yet known for B.ilicifolia, other species 

in the genus are typically completely, or highly, outcrossed (Goldingay and Carthew,  

1998). In the closely related species B. cuneate, outcrossing rates varied between 

0.65 and 0.95, with increased inbreeding detected in small, highly disturbed 

populations (Coates and Sokolowski,  1992). Therefore, high outcrossing rates might 

be expected in B. ilicifolia populations, but small and fragmented population may 

show higher selfing rates and increased inbreeding (Sampson et al. 1989; Coates and 

Sokolowski, 1992; England et al. 2001). 

2. Increased ecological amplitude through heterosis following wide outcrossing  

in B. ilicifolia . 

To further assess the possible negative effect of inbreeding in relation to the narrow 

distribution range of the species, a new experiment (Chapter 3)  was set up.  In this 

study, seedlings generated by hand-pollination from three pollen sources (selfed, 

local outcross and non-local outcross) (Chapter 2) were used, and the growth of the 

seedlings was assessed across a range of substrates (native sandy soil, non-native 

sandy soil, and non-native lateritic soil) and stress conditions (waterlogged and 

water-stressed). Characters studied included number of leaves, total leaf area, total 

root length, shoot dry mass, root dry mass, type and amount of carboxylates exuded 

and total plant P concentration. Although not always statistically significant, 

outcrossed seedlings outperformed selfed seedlings in all measures, with the 

magnitude of inbreeding depression ranging from mild (6% for number of leaves per 

plant) to strong (37% for projected leaf area per plant).  Moreover, the non-local 

outcrossed progeny tended to outperform local outcrossed progeny over different 

substrates and extreme water conditions.  In non-native lateritic soils, root and shoot 

dry weight of local outcrossed seedlings was approximately half that of non-local 
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outcrossed seedlings.  Non-local outcrossed seedlings on lateritic soils exuded 

approximately four times as much carboxylates as all other seedlings.  These results 

show that wide outcrossing leads to heterosis in B. ilicifolia, and improved 

performance on non-local soils, facilitated in part by an improved capacity to 

overcome soil constraints through greater root carboxylate exudation. Soil type 

significantly influenced seedling growth, with weaker root development and lower 

total plant P uptake on lateritic soils compared with that on the two sandy soils, 

which gave comparable results. Waterlogging and water deficit decreased growth, 

production of cluster roots, root exudation and total plant P uptake. These results 

imply that the interaction of narrow ecological amplitude and the genetic 

consequences of small naturally fragmented populations may partially explain the 

narrow range of this local endemic, but that metapopulation dynamics such as rare 

long-distance pollen dispersal may provide opportunities for increased genetic 

variation and increased ecological amplitude.  

These results suggest that even complete outcrossing between individuals 

within a typical population of B. ilicifolia, reinforces narrow ecological amplitude, 

while heterosis, following wide outcrossing between individuals from genetically 

differentiated populations, can increase ecological amplitude.  Therefore, in the 

absence of wide outcrossing, there might be an interaction between narrow 

ecological amplitude, small relatively isolated populations and mating that acts to 

prevent the wider distribution of this species, and may contribute to local endemism 

more generally.  While wide outcrossing has been shown to play an important part in 

the “genetic rescue” of locally inbred populations (Richards, 2000; Ingvarsson, 2001; 

Tallmon et al., 2004), I suggest that wide outcrossing, facilitated by inter-population 

dispersal, may provide a natural mechanism for increasing ecological amplitude, and 

extending the distribution beyond current environmental constraints, of species.  An 

ability to increase the range or ecological amplitude of a species will depend on a 

multitude of factors, including the frequency of wide outcrossing, the strength of 

heterosis in the products of wide outcrossing and a balance between population 

genetic differentiation and inbreeding within small fragmented populations.  A 

capacity for long-distance dispersal of pollen and seed, thereby facilitating wide 

outcrossing, has been demonstrated in some Banksia species (Coates and 

Sokolowski, 1992; He et al. 2004). 
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3. Effect of population size on the magnitude of inbreeding depression in B. 

ilicifolia 

I extended my earlier research identifying preferential outcrossing, inbreeding 

depression and heterosis with wide outcrossing in B. ilicifolia, and asked whether 

there is an effect of population size on the magnitude of inbreeding depression in 

Banksia ilicifolia (Chapter 4). Seedlings generated from field-sampled seed from 

relatively large populations (> 100 plants) and relatively small populations (< 20 

plants), were grown under uniform conditions in a greenhouse. Following the 

introduction of an unplanned and uncontrolled fungal pathogen, the survival rate of 

seedlings from larger populations was double (36%) that of smaller populations, 

signifying an effect of inbreeding depression under high stress conditions.  However, 

germination rates and other measures of growth performance were independent of 

population size. These results imply that there is a negative fitness consequence 

associated with small population size in B. ilicifolia that may impact on the short- 

and long-term viability of these small populations.  

 Increased mortality of offspring originating from small populations  was also 

found by Fischer and Matthies (1998). However, I did not find any association 

between population size and seedling growth beyond seedling survival. The 

inconsistent association between population size and plant fitness is not uncommon 

(David, 1998; Slate et al. 2004) and can be attributed to the presence or absence of 

linkages between polygenic characters (fitness) and the measured genetic diversity 

markers (Ouborg and Van Treuren, 1995). Similarly, weak association between 

seedling mortality/resistance, following disease incidence, and fitness has also been 

reported in plant species and was, in some cases, attributable to the absence and 

presence of a pleiotropic gene effect (Parker, 1990).  

 An extreme example of the relationship between population size and an effect 

on fitness in Banksia has been described for B. goodii, where Lamont et al. (1993), 

found complete reproductive failure (no seed set) in small clonal populations which 

was attributed to an absence of pollinators.  This is an example of the Allee effect 

(Allee, 1931), where low population size leads to low per capita reproductive output.  

This effect is most pronounced in plants that rely on animal pollinators, such as 

banksias.  While I did not directly measure fruit set, there appeared to be little 

difference between small and large populations. However, the number of seeds that 
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were predated by insects was generally higher in the larger populations, and probably 

related to fewer natural enemies and greater quantity of natural resources (food 

plants as suggested by Lee et al. 2002).   

 These results imply that genetic effects (inbreeding depression), rather than 

non-genetic effects (e.g. pollinator service), are potentially compromising the 

viability of small B. ilicifolia populations.  However, while reasonable seed set 

indicates that pollinators remain present and are servicing the pollen dispersal needs 

of these plants, the nature and frequency of pollinator movements in small 

populations may be different to large populations. More limited cross-pollination 

would affect the “genetic quality” of seeds in small populations.  For populations 

recently fragmented and potentially isolated by, for example, urbanisation, a genetic 

rescue program through wide-outcrossing (Chapter 3)  may be required to restore lost 

genetic variation and viability. 

4. Relationship between population size and genetic variation in B. ilicifolia. 

In the final chapter,  I report measurements of genetic variation in the eight 

populations from which seed were sourced for the growth experiment (Chapter 4) to 

investigate whether there is a relationship between population size and genetic 

variation. For the four small populations, all plants were sampled whereas for the 

large populations, an arbitrary sample of 30 plants from across the population was 

assessed.  Genetic variation was assessed at three microsatellite loci.  On average, 

small populations contained 2.5 alleles per locus, expected heterozygosity (He) was 

0.39, and the inbreeding coefficient (F) was 0.246, which deviated significantly from 

0 (t3=4.2, P=0.02).  On the other  hand,  large populations on average contained 3.1 

alleles per locus, expected heterozygosity (He) was 0.46, and the inbreeding 

coefficient (F = 0.168) was not significantly different from 0 (t3=1.2, P=0.34). The 

partitioning of the total genetic variation into within-population and among-

populations variation was assessed by an Analysis of Molecular Variance 

(AMOVA), with RST = 0.08, signifying little genetic differentiation among 

populations and weak population genetic structure.  These results suggest that recent 

habitat fragmentation has had little effect on genetic variation in, and differentiation 

among, small and large populations, but that higher genetic erosion is expected in 

small populations compared to large populations.  
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In conclusion, and in response to the five key questions posed above, 

although B. ilicifolia showed partial self-compatibility, it is preferentially 

outcrossing, with strong inbreeding depression at the early stages of growth. 

Consequently, the breeding system of B. ilicifolia promotes  genetic variation and a 

high genetic load, but habitat fragmentation may impact on the long-term viability of 

small, isolated populations exposed to elevated inbreeding. The magnitude of 

inbreeding depression was related to population size and expressed under stressful 

conditions. Products of wide outcrossing (over 30 km) showed a heterosis effect over 

local outcrossing, indicating increased ecological amplitude of offspring following 

interpopulation mating. These results suggest that the breeding and mating biology of 

B. ilicifolia counters the negative genetic erosion effects of narrow ecological 

amplitude and small population size.  Recent habitat fragmentation, and reductions in 

population size and increased isolation, is impacting on these processes, as 

demonstrated by an increased coefficient of inbreeding in small populations 

compared to large populations.  However, further research is required to assess the 

ultimate consequences of these genetic effects for population viability.  

Reduced population size, as a result of habitat fragmentation, is often 

associated with increased levels of genetic drift and inbreeding, leading to a loss of 

genetic variation, fixation of deleterious alleles and finally, loss of individual fitness 

if inbreeding depression is associated with inbreeding (Franklin, 1980; Frankel and 

Soule 1981; Charlesworth and Charlesworth 1987; Hobbs and Yates, 2002). The 

resulting loss of individual fitness may decrease the potential for evolutionary 

adaptation to changing environments (Ellstrand and Elam, 1993) and increase the 

probability of extinction of the population (Lande and Barrowclough, 1987).  In 

support to this expectation,  assessments of population genetic variation in rare 

and/or small populations have shown  that rare or highly restricted plant species 

generally exhibit lower levels of genetic diversity than more common or widespread 

species (Schwaegerle and Schaal, 1979; Schaal and Schmidt, 1980; Moran and 

Hopper, 1983; Karron, 1987; Hamrick and Godt, 1989). In addition, results of studies 

comparing rare and geographically restricted species with their widespread 

congeners also show that rare species often have significantly lower levels of genetic 

variation (Karron 1987; Gitzendanner and Soltis, 2000).  On the contrary, my study 

found little differences in genetic variation between small and large populations of 

Banksia ilicifolia, as measured by allelic diversity and heterozygosity (Chapter 5).  
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Variation at three microsatellite loci also revealed weak genetic structuring in B. 

ilicifolia, a surprising result as recent ecosystem fragmentation superimposed upon 

the ancient natural pattern of population subdivision is thought to produce substantial 

genetic structuring in many plant species (Young et al. 1996; Newman and Pilson, 

1997; Young and Clarke, 2000), including Proteaceae (e.g. Grevillea macleayana, 

England et al. 2002). This result suggests that although geographically naturally 

fragmented across a 100 km north-south distribution, these populations were not 

genetically isolated, at least prior to recent habitat fragmentation with urbanization. 

England et al. 2002 argued that genetic drift and/ or limited gene flow might 

have been important in generating substantial genetic structure across the range of 

Grevillea macleayana, where honeybees are assumed to be the main pollinator agent. 

I suggest that highly mobile nectarivorous birds, such as honeyeaters, play an 

important role in extensive movement of pollen both within and among populations 

that prevents strong genetic differentiation and introduces novel genetic variation 

into these populations. This may also be the case in, other bird pollinated Banksia 

species (Collins and Spice, 1986).  Extensive pollen flow contributes to the 

maintenance of genetic variation within populations despite small size and 

geographic fragmentation.  This observation suggests that metapopulation processes, 

whereby geographically fragmented populations are not genetically isolated, is a 

critical natural component of the evolutionary and ecological dynamics of this 

species.  A disruption of these dynamics may reduce the viability of local 

populations. Interestingly, despite sampling populations that were between 3 km and 

150 km apart, I found no relationship between genetic distance and geographic 

distance for the genetic data in B. ilicifolia (Chapter 5).  This surprising result 

supports conclusions that despite historic and natural population fragmentation, these 

populations are connected by substantial levels of gene flow. 

In addition to the role of highly mobile pollinators, other factors contribute to 

the maintainenance of high levels of genetic variation within these populations.  I 

have shown  that B.ilicifolia is a preferentially outcrossing species with very strong 

inbreeding depression at the early stages of growth (Chapter 2). As a consequence of 

the breeding system, surviving individuals in natural populations are highly outbred.  

 Due to its ability to resprout after fire through regeneration via aerial 

epicormic buds (George, 1981; Taylor and Hopper, 1988; Lamont and Markey, 

1995), B. ilicifolia trees have a long life span, which influences the high genetic 
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variation detected.  These trees are likely to be survivors of historically larger 

populations pre-dating habitat fragmentation and population size reduction.  As such, 

the negative genetic effects of these processes have not been realized, but 

significantly higher inbreeding coefficients in small populations indicate, in the 

absence of gene flow into these populations, genetic erosion in future generations 

due to inbreeding. I have demonstrated that inbreeding depression is associated with 

inbreeding in B. ilicifolia.  As a consequence of reduced population size and habitat 

fragmentation, inbreeding depression may result in an increased risk of extinction in 

these small populations, above and beyond more immediate potential ecological 

impacts such as pollinator service, weeds, and poor recruitment.  As a result, for the 

management and conservation of this species, and other recently fragmented 

outcrossing species, I suggest that genetic issues require attention along with the 

more immediate ecological concerns for the long-term viability of populations and 

species. 

 

Priorities for future research  

The work presented in this thesis provides little more than the first steps towards 

better understanding of the role of the breeding system, genetic variation and edaphic 

factors in the evolutionary dynamics of naturally fragmented species. The number of 

questions remaining to be answered in order to understand the evolutionary dynamics 

of this naturally fragmented species is far more than those answered. However, 

several key areas are presented in this thesis and these open opportunities for further 

research. I outline specific details of further research as follows: 

Study on the spatial ecology of the species. This covers actual spatial pattern of the 

distribution of populations of the species, their dynamics (time of origin, if possible, 

and time of disappearance, where relevant), tree and seed longevity, and dispersal 

distances of both seeds and pollen.  

Study of the effects of gene flow and local adaptation on the survival of small, 

isolated populations of plants.  This covers a) the relationship between spatial 

configuration and amount of gene flow through pollen and seeds (measured by using 

molecular markers) in two species with contrasting modes of dispersal. b) the 
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influence of inbreeding on seed- , flower-  and pollen-traits associated with the 

potential  for gene flow, and on traits associated with individual persistence, as a 

function of the  amount of gene flow, and c) the impact of artificially enhanced gene 

flow on the balance between inbreeding and outbreeding  depression in isolated 

populations. 
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