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                                                                                           Summary 

I 

Summary 

Two eucalypt clines were examined using morphological, ecophysiological and 

molecular analyses.  The species complexes examined were an ironbark complex 

(Eucalyptus melanophloia x E. whitei) and a box complex (E. brownii x E. 

populnea).  Both of these complexes demonstrate continuous morphological 

variation across their clines.  The origin of these morphological clines has 

previously been interpreted as the product of secondary contact between allopatric 

species.  In this study, an analysis of morphological variation across the clines did 

not identify an increase in trait variance in the intermediate populations, which 

suggests that previous theories concerning the origin of these clines may not be 

valid. 

 

Genetic structuring in nuclear and chloroplast DNA was examined across the 

clines to investigate whether the morphological clines were the product of 

secondary contact between two independent evolutionary lineages, or whether the 

clines represent a single evolutionary lineage that has undergone primary 

differentiation.  The microsatellite analyses indicated that there was little genetic 

structuring across either cline, and that there were only low levels of population 

differentiation.  The lack of hierarchical structuring in the distribution of nuclear 

genetic variation suggests that these clines are unlikely to be the product of recent 

gene flow between two formerly allopatric species/populations.   

 

A nested clade analysis of the JLA+ region of the cpDNA provides additional 

evidence to reject the null hypothesis that the morphospecies classifications 

represent distinct evolutionary lineages.  Instead the analyses indicate that each 

cline represents a single cohesion species and a single evolutionary lineage.  The 

phylogeographic distribution of cpDNA haplotypes is likely to have resulted from 

restricted seed mediated gene flow with isolation by distance.  A more cogent 

explanation for the clines, based on the genetic data, is that they have arisen 

through the process of continuous morphological diversification that has been 

promoted by a directional selection gradient.   

 

 



                                                                                           Summary 

II 

 

Drought experiments were conducted in the glasshouse to investigate whether 

differences in physiological performance under water stress helps to explain the 

maintenance of the ironbark cline.  Under increasing water stress, the 

morphotypes showed differences in their ability to maintain water status and 

photosynthetic rates, yet there was no obvious pattern to these differences across 

the cline.  Physiological differences are therefore inadequate to explain the 

maintenance of the ironbark cline and highlight the compensatory role that 

morphological variation may play in alleviating water stress. 

  

The value of adopting the cohesion species concept and a hypothesis-testing 

framework to assess species status is demonstrated in this study.  This framework 

provided a statistical approach to distinguish independent evolutionary lineages 

from interspecific populations and provides evidence to refute the current species 

status of the species complexes studied.   

 

Eucalypt classification is predominantly based on morphology, which results in 

taxonomic classification that may not reflect genealogical relationships.  This is 

due to the disparity between morphological and phylogenetic relationships.  I 

therefore suggest that current presumptions regarding the prevalence and 

importance of hybridisation within the genus may reflect taxonomic 

classification.   An accurate assessment of the prevalence and importance of 

hybridisation requires species classification to be based on genealogical 

relationships.   
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1.0   General introduction 

"The country along Tower Hill Creek and from Torrens Creek to Richmond was 

nothing but a desert.  No storms fell there, bringing relief, but whirlwinds churned 

and worried the earth, drying up waterholes and silting up tanks.  Even the lean, 

enduring ironbark tree died - stark witnesses to the consuming drought." p.233 

(Bennett, 1928) 

1.1 Clinal variation 

Variation is frequently distributed continuously throughout a species range, with 

clinal patterns of morphological variation being commonly observed in eucalypts 

(Ashton & Sandiford, 1988; Hopper et al., 1978; Jordon et al., 1993; Phillips & 

Reid, 1980; Pryor, 1956; Thomas & Barber, 1974).  A cline is the gradual 

transition in a character across a geographical area.  Clines have long been of 

interest to evolutionary biologists as they often represent the interface between 

intra- and inter-specific processes and therefore provide insight into the processes 

of divergence and speciation.    

Clinal patterns of variation are generally interpreted in terms of primary 

differentiation or secondary contact.  The first of these interpretations is that a 

cline is a direct response to spatially varying selection pressures and/or 

environmental gradients (Endler, 1977).  The second and alternative interpretation 

is that a cline results from secondary contact between populations that have 

differentiated in allopatry (Mayr, 1942).  The fundamental difference between 

these two contrasting interpretations is that in the first, a cline represents a single 

evolutionary lineage that has differentiated in parapatry.  Whereas in the second 

interpretation, a cline represents the product of gene flow between two formerly 

allopatric and independent evolutionary lineages.  In most cases it is difficult to 

establish which process is primarily responsible for generating and maintaining 

the clinal patterns of variation as they both result in similar patterns of variation 

(Endler, 1977).   This problem has been further exacerbated as biologists have 
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struggled to reconcile patterns of variation with species concepts (Harrison, 1993) 

and thus with levels of population differentiation.   

1.2 Phylogeography and Cohesion species 

Species classification in the past has been based predominately on the 

morphospecies concept.  This provided a pragmatic approach to classification that 

aimed to achieve a theory neutral description of the similarities and differences 

between taxa.  Biologists now suggest that taxonomic nomenclature should also 

reflect evolutionary history and relationships (Wiley, 1981) and should be based 

on theory grounded descriptions.  In an attempt to incorporate phylogeny into 

species classification, various concepts have defined species in terms of 

evolutionary lineages (Templeton, 1998b).  However as species delineation lies at 

the interface between phylogeny and tokogeny (Harrison, 1991; Templeton, 

1994), it is difficult to distinguish independent evolutionary lineages from 

interspecific subpopulations (Templeton et al., 2000).  

The concept of phylogeography (Avise et al., 1987) provided a theory grounded 

approach to test the cohesion of populations and/or lineages, without being 

restricted to the taxonomic preconceptions based on morphological divergence 

(Schaal et al., 1998).  Phylogeography is an integrative discipline that examines 

processes that govern the spatial distribution of genealogical lineages (Avise, 

1998).  Phylogeography bridges the fields of population genetics and 

phylogenetics to provide a new perspective on the role that gene flow plays in 

structuring populations.   

Until recently, studies investigating population or lineage cohesion have not 

utilised hypothesis-testing procedures despite their widespread use in science 

(Templeton, 2001).  Templeton (Templeton, 2001; Templeton et al., 2000) 

formalised a phylogeographic hypothesis-testing framework that integrates 

patterns and processes to statistically test hypotheses to identify cohesion species 

(Templeton, 1989; Templeton et al., 2000).  Templeton  defines a cohesion 

species as “an evolutionary lineage or set of lineages with genetic exchangeability 

and/or ecological interchangeability.”  This species concept is more applicable 
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than most other species concepts as it overcomes issues of asexuality and 

hybridisation (Hull, 1997; Hull, 1999).  Cohesion lineages can show limited 

hybridisation without losing their lineage status, as long as they remain 

identifiable when tested using quantifiable criteria (Templeton, 1994).   

The cohesion species concept and its associated tests were adopted for this study 

as they provided a framework to test statistically whether a cline represents a 

single evolutionary lineage, and thus a case of primary differentiation.   

 

1.3 Primary differentiation 

For newly introduced alleles to contribute to a population’s mean level of 

variation, there must be a fundamental change in the proportion of that allele 

within the population.  Without such a change, adaptation or differentiation will 

not occur.  Natural selection, genetic drift and gene flow are the primary forces 

that change allele frequencies and thus drive primary differentiation.   

1.3.1 Selection  

Theory of Natural Selection proposes that contemporary patterns of variation that 

exist at the phenotypic level, result primarily through natural selection acting on 

the variation within the population.  Natural selection modulates allele frequency 

through the preferential survival of organisms that carry a beneficial gene.  

Natural selection works because different forms have different biological 

properties that are associated with different demographic properties (Endler, 

1986).  Phenotypes that are sub-optimal in design will be subject to natural 

selection, such that the differential selection of phenotypes reflects differences 

among genotypes (Lewontin, 1974).   

Quantitative traits are affected by selection in four main ways.  These include 

directional, stabilising, disruptive and frequency-dependent selection.  Directional 

selection occurs when an extreme form of the trait has the highest fitness, and 

results in a directional shift in the population mean, for that trait, towards the form 

with highest fitness.  This pattern may eventuate when an allele (e.g. A) yields 
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increased fitness relative to another allele (e.g. a) such that individuals possessing 

the genotypes AA or Aa are favoured and therefore persist.  When directional 

selection predominates for extended periods of time, a shift in the population 

mean for a trait will occur, such that the new population mean yields highest 

fitness.  Once this has occurred there can be a switch from directional selection to 

stabilising selection.  Stabilising selection maintains allelic variation within a 

population (Page & Holmes, 1998).  The extreme forms are selected against in 

each generation; yet reappear in the next generation due to independent 

assortment.  Disruptive selection occurs when extreme forms demonstrate greater 

levels of fitness than the average form, such that the form possessing the average 

trait decreases in frequency.   

Frequency dependent selection differs from the other forms of selection, as the 

fitness of a trait is dependent on the frequency of individuals within the 

population that possess the trait.  There are two forms of frequency dependent 

selection, namely positive and negative.  Positive frequency dependent selection 

describes a situation where a trait has higher fitness when it is more common 

within the population.  Some pollinators (e.g. bees) induce positive frequency 

dependent selection on plant populations, as they show increased pollination rates 

on specific flowers types that are more common (Smithson & Macnair, 1996; 

Smithson & MacNair, 1997).  Negative frequency dependent selection describes a 

situation where a trait has higher fitness when it is in lower frequencies.  This 

form of selection is commonly observed in plant/pathogen associations (e.g. 

Puccinia sp.) resistance (Brunet & Mundt, 2000a; Brunet & Mundt, 2000b; 

Chaboudez & Burdon, 1995). 

It is important to note that selection can also cause a change in allele frequency 

indirectly through gene linkage.  When an allele of a specific gene has a selective 

advantage, alleles on other genes in the same linkage group may also show an 

increase in their frequency (Price & Langen, 1992). 
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1.3.2 Genetic drift 

Genetic drift results in stochastic changes to the allele frequencies in a finite 

population (Xu, 2000).  Genetic drift occurs when populations undergo stochastic 

changes in allelic frequencies as a consequence of random sampling of gametes 

within a generation.  If this random survival of gametes continues for sufficient 

generations, eventually all the alleles in a generation will have descended from 

the single allele in an ancestral generation.  This is termed allelic fixation.  The 

probability of an allele going to fixation through random genetic drift is 

dependent on the frequency of the allele in the population at the time that it arose 

and can be expressed by 1/(2N), where N is the number of individuals in the 

population (Page & Holmes, 1998).  Consequently, smaller populations are more 

likely to experience allele fixation.  As drift is random, changes in allelic 

frequencies are also random and therefore traits can change independently within 

and among populations (Armbruster & Schwaegerle, 1996) and thus facilitate 

further trait divergence. 

1.3.3 Gene flow 

Whilst mutations represent the ultimate source of genetic variation, gene flow is 

another important process that can maintain and increase levels of genetic 

variation.  Gene flow maintains variation through countering the effects of small 

population size, through the movement of alleles from one subpopulation to 

another (Slatkin, 1985; Slatkin, 1987).  The exchange of alleles between 

populations homogenises allele frequencies between populations and determines 

the relative effects of selection and genetic drift (Balloux & Lugon, 2002). 

In natural systems, various barriers (geographical, topographical, anthropogenic) 

retard the homogenising effects of gene flow, such that connectivity throughout 

the whole population is reduced.  This can create a series of subpopulations, with 

smaller effective population sizes (Ne), that are more likely to experience the 

random loss of alleles.   
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Gene flow can increase levels of genetic variation by re-establishing connectivity 

between populations that have been geographically isolated.  In these situations 

gene flow provides an avenue for alleles, which have arisen in independent gene 

pools, to be reciprocally transferred between the formerly isolated populations.  

The increase in genetic variation is dependent on the level of genetic 

differentiation between the interacting populations.  

1.3.4 Clinal patterns under primary differentiation 

Clinal differentiation requires subpopulations to experience a significant shift in 

allele frequencies.  For this to occur, the loss of alleles through selection must not 

be countered by the introduction of alleles via gene flow from parapatric 

subpopulations.  In other words, the homogenising effects of gene flow must be 

minimal relative to the effects of selection.   

Clinal patterns of variation can be generated and maintained through differential 

selection across environmental gradients, such that the morphological cline 

parallels the environmental gradient (Fig. 1-1).  Across the environmental 

gradient, changes in selection pressures permit slightly different morphological 

forms to persist thus resulting in a cline.  The morphotypes at either end of the 

cline typically show fixed morphological differences.  Unlike clines that are 

generated through secondary contact (Section 2.4), clines that are controlled by 

selection tend to show no relationships in trait variance around the mean across 

the cline (Fig. 1-2).  Under the cohesion species concept, a cline derived from 

primary differentiation should represent a single evolutionary lineage and be 

identified as a single species. 
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Figure 1-1 Morphological cline parallel to environmental gradient 

 

 

 

 

Figure 1-2 Trait variance across the cline formed through primary differentiation 
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1.4 Secondary contact  

Clines formed through secondary contact represent the product of gene flow 

between two formerly allopatric and independent evolutionary lineages.  

Allopatric populations differentiate and adapt to their local environments through 

the independent accumulation of mutations and differences in local selection 

pressures and drift events.  If a change in a population’s distribution patterns 

occurs, which results in the break down of isolating barriers (e.g. geographical), 

gene flow between the two populations may be established and they are said to 

have experienced secondary contact.   

1.4.1 Clinal patterns under secondary contact 

Secondary contact can have a significant effect on levels of genetic variation as it 

facilitates the reciprocal diffusion of alleles between gene pools and gives rise to 

progeny that possess alleles from both ancestral populations.  The intermediate 

morphotypes typically demonstrate increased quantitative trait variance as a 

consequence of high heterozygosity and positive linkage disequilibria (Harrison, 

1993) (Fig. 1-3).  

 

 

Figure 1-3 Increased quantitative trait variance due to secondary contact 
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The capacity for secondary contact to generate patterns of clinal variation varies 

between genes, and is dependent on dispersal and selection (Harrison, 1993).  

When gene flow is occurring freely, an allele that increases fitness in all 

environments is likely to spread rapidly across the population, and thus results in 

a temporary cline.  In many cases clines are stable, with the extreme 

morphological forms at either side of the cline retaining their fixed morphological 

differences.  This stability may be explained by differences in fitness between the 

intermediate and the extreme morphological forms (Harrison, 1993).   

Differences in selection pressures across the cline can cause the intermediate 

forms to demonstrate higher fitness in the middle of the cline and lower fitness at 

the extremes.  As a result, this prevents the movement of alleles from one end of 

cline to the other, as intermediate forms migrating to the ends of the cline are 

selected against.  The geographical extent of the extreme morphological forms 

remains constant, as in the middle of the cline they are selected against due to 

their reduced fitness.  The differential selection pressures on the different 

morphological forms maintains fixed differences across the cline, such that 

selection maintains the fixed differences despite gene flow (Harrison, 1993).  

Another explanation for stable clines is that the geographical intermediate area 

may be an environment where neither the hybrid nor the pure forms can establish 

and reproduce sufficiently to facilitate gene flow across the whole cline.  As a 

result there is minimal gene flow across the cline and differences between the 

extreme forms remain fixed.   

Clines that have formed through secondary contact can also remain stable as a 

consequence of hybrid unfitness.  Hybrid unfitness may stem from a heterozygote 

disadvantage at a locus or maladapted hybrid recombinants (Hewitt, 1988).  In 

these tension zones (Key, 1968), the heterozygotes or hybrid recombinants leave 

fewer offspring, which eventually are removed by selection (Hewitt, 1988).  This 

therefore restricts gene flow across the hybrid zone and prevents admixture of the 

parental genotypes.  Under the cohesion species concept, a cline formed through 

secondary contact should contain two distinct evolutionary lineages. 
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1.5 Clines through morphological plasticity 

A third way clinal patterns of variation can be generated is through phenotypic 

plasticity.  Phenotypic plasticity occurs when a single genotype can produce 

different phenotypes in different environments (Bradshaw, 1965) and thus allows 

plants to maintain dominance in wide range of environments (Sultan, 1987).  

Studies have reported that populations from highly heterogeneous environments 

demonstrate greater plasticity than those in less variable environments, and that 

plasticity is an adaptation to environmental unpredictability (Dunn & Sharitz, 

1991; Moran et al., 1981).     

Clinal patterns of variation may form in plastic traits when a population spans an 

environmental gradient that triggers the plastic response.  It is important to note 

that phenotypic plasticity is a trait and may be subject to natural selection and 

thus evolutionary change.  Plasticity is a trait that selection can act upon, as the 

direction and degree of plastic response to the environmental stimuli may be 

genetically variable and known to respond to selection (Schlichting & Pigliucci, 

1998).  
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1.6 Thesis objectives 

This thesis examines the evolutionary significance of intra- and inter-specific 

gene flow in generating and maintaining high levels of diversity within the genus 

Eucalyptus.  Many species of eucalypt demonstrate clinal variation throughout 

their range; this thesis investigates the processes responsible for generating and 

maintaining two separate morphological clines.  Morphological, molecular and 

physiological variation, across the clines of two eucalypt complexes, is examined 

to establish whether the clines are the product of primary differentiation, 

secondary contact or morphological plasticity. 

 

The objectives of this thesis are to: 

• Examine morphological variation across two eucalypt clines to determine 

whether there is evidence of primary differentiation, secondary contact or 

morphological plasticity (Chapter 3). 

• Examine whether differences in physiological performance between 

morphotypes helps explain the maintenance of one of the clines  

(Chapter 4). 

• Examine the distribution of genetic variation across the clines to establish 

levels of contemporary gene flow and also assess whether the clines 

represent a single cohesion species (Chapter 5). 

• Review current evolutionary models and taxonomic approaches used 

within Eucalyptus (Chapter 6).  
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2.0   Study area and species 

“Some day when people are burning off the dry grass, a bush fire will be started 

which will destroy the skeletons of ironbark forest, and with them the last traces 

of the Big Drought will disappear." p. 253 (Bennett, 1928) 

 

This study focuses on two eucalypt species complexes that belong to the informal 

subgenus Symphyomyrtus, the largest of the informal subgenera of Eucalyptus, 

consisting of several hundred species (Brooker & Kleinig, 1999).  The species 

complexes studied are in the section Adnataria, a widespread section distributed 

throughout the northern half of the continent (Brooker & Kleinig, 1999).  

Adnataria contains species commonly known as the ironbarks and boxes.  The 

species complexes studied include the ironbark cline, Eucalyptus melanophloia x 

E. whitei (section 2.1) and the box cline, E. brownii x E. populnea (section 2.2). 

2.1 Ironbark cline: E. melanophloia x E. whitei complex 

E. melanophloia F.Muell. (Silver leaf ironbark) is widely distributed throughout 

the Australian east coast states of Queensland and New South Wales (Fig. 2-1).  

E. melanophloia is a small to medium tree with juvenile leaves that are shortly 

petiolate then sessile, opposite, ovate and glaucous.  Adult leaves are very shortly 

petiolate, opposite, ovate to broad lanceolate and glaucous (Fig. 2-2).  Flowers are 

white, and flowering typically occurs from September to February (Brooker & 

Kleinig, 1999).   

E. whitei Maiden & Blakely (White’s ironbark) has a distribution restricted to 

central Queensland, from Aramac to north of Hughenden with small disjunct 

occurrences around Forsayth (Fig. 2-1).  E. whitei is a small to medium tree with 

juvenile leaves that are petiolate, lanceolate (Fig. 2-2), opposite for 6-10 pairs 

then alternate and are blue-grey in colour. Flowers are white and flowering 

typically occurs in February (Brooker & Kleinig, 1999).   

A morphological cline extends between the putative pure E. melanophloia morph 

in the east, which has leaves that are broad-ovate, sessile and more horizontally 

orientated, to the putative E. whitei morphotype in the west, which has leaves that 
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are narrow, petiolate and vertically orientated (Fig. 2-2).  It is reported that these 

putative species intergrade extensively (Brooker & Kleinig, 1999).  An ordination 

of the mean annual rainfall and mean annual temperature for each species 

occurrence cells indicates that E. whitei occurs in the drier and warmer limits of 

the range occupied by E. melanophloia (Fig. 2-3) (refer to Appendix 8.1 for 

methodology).  The morphological cline spans a west-east rainfall gradient across 

the Desert Uplands Biogeographic Region in Queensland (refer to section 4.3.1 

for geological description), from 455 mm p.a. in the west to 670 mm p.a. in the 

east. 

   

 

Figure 2-1 Ironbark species distribution throughout Queensland and NSW, Australia.  Box 
marks study area. Refer to Appendix 8.1 for methodology. 
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Figure 2-2 Clinal transition from E. whitei (left) to E. melanophloia (right) 
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2.2 Box cline: E. brownii x E. populnea complex 

Eucalyptus brownii Maiden & Cambage (Reid River Box) is distributed 

throughout central eastern Queensland (Fig. 2-4).  E. brownii is a small to 

medium tree and has adult leaves that are narrow-lanceolate, alternate and 

petiolate.  Flowers are white, and flowering typically occurs from September to 

October (Brooker & Kleinig, 1999).   

E. populnea F.Muell. (Poplar box) is widespread and abundant throughout central 

Queensland and extends south to the western plains of New South Wales (Fig. 

2.4).  E. populnea is a small to medium tree and has adult leaves that are broad-

lanceolate or ovate to orbicular, alternate and petiolate.  Flowers are white, and 

flowering typically occurs from February to March (Brooker & Kleinig, 1999).     

The morphological cline extends from the northern limits of the E. populnea 

morphotype and intergrades into the narrower-leaved E. brownii morphotype 

(Fig. 2-5).  The ordination of the mean annual rainfall and mean annual 

temperature for each species occurrence cells indicates that E. brownii 

predominantly occurs in the warmer and wetter limits of the range occupied by E. 

populnea (Fig. 2-6) (refer to Appendix 8.1 for methodology). 
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Figure 2-4 Distribution of E. brownii and E. populnea throughout Queensland and NSW, 
Australia.  Box marks study area.  Refer to Appendix 8.1 for methodology. 

 

Figure 2-5 Clinal transition from E. brownii (left) to E. populnea (right)
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Fig 2-6 MDS of mean annual rainfall (R) and mean annual temperature (T) for E.brownii and E. populnea 
occurrence cells.  Line graphs show the percent of occurrence cells occupied by each species across a range of 
mean annual temperatures and mean annual rainfalls.  Refer to appendix 8.1 for methodology.
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3.0   Morphological Variation 

"The monotony, the fierce unmitigated heat, the deathlike stillness, combined to 

induce a sort of stupor.  As if it were a dream they threaded the black stunted ironbark 

trees, that stood at regular spaces with their lean boughs from which tough grey leaves 

depended vertically, exposing only the upper edge to the merciless sun. "Forest 

without shade" she murmured, and thought that Dante would have added another 

circle to the Inferno if he could have made the journey across the Sandstone Desert to 

Torrens Creek, a creek without water! - "A fine creek," Robert said in good faith."   

p. 166. (Bennett, 1928) 

 

3.1 Introduction 

Historically eucalypt classification has relied primarily on morphological 

characters, as these traits are readily observed and thought to reflect phylogenetic 

relationships.  With the increasing use of molecular techniques, studies are now 

beginning to reveal that morphological cohesion does not always reflect genetic 

and evolutionary lineage cohesion.  Consequently taxonomic classification that is 

based solely on morphological characters may be inaccurate, and the levels of 

differentiation between putative taxa may not be truly depicted (Burgess & Bell, 

1983; House & Bell, 1994; House & Bell, 1996).  This lack of congruence 

between phylogenetic interpretations based on morphological and molecular 

datasets highlights the significant role that the environment plays in determining 

an individual’s phenotype and hence in species classification.   

Given the widespread distribution of eucalypts and the range of environments that 

they occupy, at both a local and continental scale, it is not surprising that 

eucalypts demonstrate high levels of variation that proves problematic for 

taxonomists.  Problems associated with eucalypt classification may result from 

the high levels of variation within eucalypt species being frequently understated 

(Ashton & Sandiford, 1988) and a classification system that does not 

accommodate high levels of species variation. 
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The high level of morphological variation found within Eucalyptus, is often 

attributed to secondary contact or more specifically to hybridisation.  Studies 

suggest that reticulate evolution is probably common at the lower taxonomic 

levels, and that hybridisation has been an important evolutionary process that has 

shaped extant patterns of variation (Potts & Jackson, 1986).  An extensive review 

of the patterns of natural and manipulated hybridisation within the genus indicates 

that the frequency of natural hybridisation reflects the hierarchy of taxonomic 

affinity, although there are some notable exceptions (Griffin et al., 1988).  Across 

the genus natural hybridisation was reported as being relatively restricted with 

only 15% of combinations expected on geographic and taxonomic grounds, yet at 

the subgeneric level, a review of 528 eucalypt species indicated that 55% (289) of 

species were recorded as hybridising (Griffin et al., 1988).   

The results obtained from this review must be interpreted with caution as 

hybridisation was assessed by examining morphological character correlations 

and morphological intermediacy in the ‘hybrid’ individuals relative to the putative 

species.  Consequently it is possible that the frequency of hybridisation is 

inflated, as character relationships can result from evolutionary processes other 

than hybridisation (Barber & Johnson, 1987; Dobzhansky, 1974; Heiser, 1973) 

(Refer to Section 1.3 and 1.5).  Additionally, the validity of the review is 

dependent on accuracy of eucalypt classification at the time of compilation.  In 

most cases, species were defined purely on morphological grounds 

(morphospecies), with hybrids simply being derived from crosses between 

morphologically extreme forms.  As a result, the progeny is called a hybrid 

simply because the parental types have been classified as species.  In this case, the 

hybrid may not represent the unification of two formerly independent 

evolutionary lineages that had achieved reproductive isolation. 

Conversely, problems associated with quantifying the extent of hybridisation may 

be an underestimate, as biometric approaches that rely on character correlations 

and morphological intermediacy may lack sufficient sensitivity to detect hybrids.  

A study by Rieseberg and Ellstrand (1993) reviewed 46 studies investigating 

morphological character expression in plant hybrids and revealed that only 45% 
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of morphological characters displayed an intermediate expression in the first 

generation.  The remainder of the morphological characters were the same as one 

parent (45%) or were extreme relative to either parent (10%).  Consequently in 

many cases, the use of biometric approaches to identify hybrids has proved 

unsuccessful.  

The distribution of morphological variation across clines can however, provide 

some additional insight into the processes that may be responsible for its origin 

and maintenance.  Often clines that are the product of secondary contact show an 

increase in quantitative trait variance towards the middle of the cline, due to high 

heterozygosity and positive linkage disequilibria (Harrison, 1993).  This has been 

observed within eucalypt hybrid zones, including the E. risdonii X E.amygdalina 

complex (Potts & Reid, 1985) and the E. regnans and E. macrorhynchai complex 

(Ashton & Sandiford, 1988).  In the E. preissiana x E. buprestium x E. 

sepulcralis complex (Hopper et al., 1978) however, these patterns were not 

apparent.  The distribution of variation in secondary contact clines can also be 

affected by environmental gradients.  Where habitat gradients are gentle, zones in 

which the morphologically intermediate morphotypes occur are typically broad, 

however when environmental gradients are steep, intermediate zones may be 

much reduced due to the competition imposed by the parental species (Endler, 

1977; Grant, 1971) or because the parental types have higher fitness on either side 

of the gradient.   
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3.2 Objectives  

The distribution of morphological variation across each cline was investigated to 

determine whether the patterns of variation were consistent with those expected 

through primary differentiation, secondary contact or morphological plasticity 

(refer to Chapter 1).   

There were two objectives.  The first was to investigate whether there was a 

genetic basis for the morphological differences in the ironbark complex.  This 

was tested by examining whether seedlings grew true to their parental type under 

controlled glasshouse conditions.  If the morphological differences have a genetic 

basis, the seedlings are expected to grow true to their parental type, and thereby 

provide evidence to reject the hypothesis that the cline is the product of 

phenotypic plasticity responding to differences in environmental conditions 

across the cline. 

Provided that phenotypic plasticity can be dismissed as a likely cause for the 

cline, then the second objective is to explain the patterns of variation in terms of 

primary differentiation (selection) or secondary contact.  This was assessed across 

both species complexes, by comparing the observed patterns of variation with the 

predicted patterns of variation under a scenario of primary differentiation or 

secondary contact.  A cline that is the product of primary differentiation should 

demonstrate continuous variation and should not show an increase in trait 

variance towards the middle of the cline (Fig. 1-2).  Conversely if the cline was 

the product of secondary contact, it is expected that an increase in trait variance 

towards the middle of the cline should be detected (Fig. 1-3).  
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3.3 Methods 

3.3.1 Sampling 

To examine the morphological variation in the E. melanophloia x E. whitei 

complex, foliar and fruiting material was collected from thirty sites, spaced at 5 

km intervals along gazetted roads that spanned the east-west cline (Fig. 3-1).  For 

the E. populnea x E. brownii complex, foliar material was collected from ten 

sites, spanning the north-south cline (Fig. 3-1).  Fruiting material was not 

available at time of sampling so the morphological analysis was restricted to the 

leaf variation.  Sites were located 20m perpendicular to the road, to avoid areas 

that could have been disturbed during road construction.  Some sites were 

unsuitable for collection, due to tree clearing, drought death/recovery (which 

demonstrated coppice growth that was not typical of the adult morphology) or the 

subject species were not present.   

At each site, a sample of mature leaves and fruit from 10 sexually mature 

individuals was randomly harvested.  Previous studies of morphological variation 

within Eucalyptus have indicated that a sample size of 5-10 individuals per 

population is sufficient (Ladiges et al., 1989; Marginson & Ladiges, 1988).  Leaf 

and fruit material sampled was restricted to the upper canopy (sun leaves), as 

previous studies have indicated that leaves sampled from the lower part of the 

crown (shade leaves) are larger than those found in the upper canopy (sun leaves) 

(Ladiges & Ashton, 1974).  One branch was sampled per tree for foliage or 

fruiting material. 

To ensure that the “pure” morphotypes were sampled outside of the putative 

contact zone, sampling was extended into the “pure” morphotype ranges.  
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Figure 3-1 Sampling sites across both species complexes.   
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3.3.2 Measurements 

3.3.2.1 Foliar morphology 

From each tree, dimensions from the third and fourth leaf pair from the branch 

apex were measured.  These characters include: inter-node lengths (N1, N2), 

petiole length (P), lamina length (L), lamina width (W), length to widest point 

(Dmax), basal angle (B) and apex angle (A) (Fig. 3-2).  Inter-node length was not 

measured for the box complex, as it is not recognised as a diagnostic character to 

discriminate the two putative species (Brooker & Kleinig, 1999).  

 

 

Figure 3-2 Leaf traits measured. Inter-node lengths (N1, N2), petiole length (P), lamina 
length (L), lamina width (W), length to widest point (Dmax), basal angle (B) and apex angle 
(A) 
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3.3.2.2 Seedling Morphology: E. melanophloia & E. whitei only  

To determine whether the seedlings bred true to their parental types, the seedlings 

were grown in a controlled environment and their morphologies were examined.   

Seed was collected from ten trees per site at six sites that spanned the east west 

transect.  Seed from each tree was initially grown in germination trays using a 

commercial peat-sand mixture (80% peat, 20% sand) as the growth medium.  

After one month seedlings were randomly selected, divided and transplanted to 

15cm pots containing commercial potting mix.  At three months, 6-

seedlings/parent-plant were randomly selected and were used for the 

morphometric analysis. The same nine foliar characteristics that were measured in 

the adult trees were measured on the seedlings.  

3.3.2.3 Fruit Morphology: E. melanophloia & E. whitei only 

Fruit was sampled from 10 trees at 30 sites across the east west transect.  From 

each tree, four inflorescences were randomly sampled.  One fruit was measured 

per inflorescence.  The following fruit characteristics were measured: length (l), 

width (w), pedicel length (pl), pedicel width (pw) and number of valves (v) (Fig. 

3-3).   

 

Figure 3-3 Fruit traits measured. Length (l), width (w),  

pedicel length (pl), pedicel width (pw) and number of valves (v) 
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3.3.3 Analysis 

Patterns of variation in morphology were assessed using the PATN pattern 

analysis package (Belbin, 1995).  It has been suggested that statistical problems 

can arise with the use of ratios in analyses (Atchley et al., 1976) and that their use 

as quantitative characters for the purpose of discriminating between taxa should 

be avoided (Phillips, 1983).  In this study leaf dimension ratios were included in 

the morphological analysis, because the use of ratios relate to shape rather than 

size differences and hence they may add additional information (Frampton & 

Ward, 1990; Passioura & Ash, 1993).  To minimise unwanted correlations 

associated with the use of ratios, a preliminary analysis including all 

characteristics (eg. L, W) and their ratios (eg. L: W) was completed.  The variable 

(eg. L or W or L: W) that explained the least amount of variation (lowest 

correlation coefficient within ordination space) was removed, and the analysis 

was then repeated using the reduced number of variables (Passioura & Ash, 

1993). 

Ordination and cluster analysis were used to determine whether morphological 

variation was distributed continuously or in discrete clusters.  Cluster analysis 

was performed using the agglomerate un-weighted pair-group method using 

arithmetic averages (UPGMA).  Ordination was performed using Semi Strong 

Hybrid (SSH) multidimensional Scaling (Belbin, 1991).  Minchin (1987)  has 

shown that multidimensional scaling (MDS) is the most robust ordination 

technique available.  SSH is an improved version of hybrid scaling as defined by 

Faith, Minchin and Belbin (1987).  Two dimensions were chosen for the 

ordination analysis, as the dimensionality yielded low stress and reduced 

dimensionality simplifies biological interpretation.  The morphological characters 

for each tree were regressed into the ordination space.  Principal Axis Correlation 

(PCC) was then assessed by the PATN package to assess the relative importance 

of each foliar character in differentiating the sites.  PCC is essentially a multiple-

linear regression program designed to see how well a set of attributes fits into an 

ordination space (Belbin, 1991).  The PCC values for each foliar character were 
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plotted as vectors.  The direction of the vector gives an indication of how 

important (Correlation coefficient) a character is in differentiating the individuals. 

3.3.3.1 True Breeding 

To determine whether the morphological differences were environmentally 

induced, the parent population means were regressed against the seedling 

population means.  If a correlation between parent-offspring trait means existed, 

the hypothesis that the morphological differences were solely attributable to 

environmental conditions could be rejected.  This would indicate that there is a 

genetic basis for the morphological differences.  

3.3.3.2 Trait variance 

Two correlation approaches were used to assess whether there was any 

geographic relationship to the distribution of site foliar trait variance.  The first 

method involved examining whether there was a correlation between a trait’s 

coefficient of variation (CV) and the geographic distance from the mid point of 

the study area.  The second approach involved examining how the CV was 

geographically distributed across the study area.  Aerial geographic distances 

(km) were used instead of site number, as the positioning of sites was influenced 

by road proximity and therefore inter-site aerial geographic distances were not 

uniform.  
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3.4 Results 

3.4.1 Ironbark complex:  E. melanophloia & E. whitei (east-west transect) 

3.4.1.1 Mature Leaf characteristics 

Significant correlations in average leaf shape and trait dimensions were detected 

across the morphological cline.  There was a morphological transition from leaves 

that were relatively narrow in the west (Site 1: L = 70.74 mm, W= 9.43mm, 

W:L= 0.14), to those that were broad-ovate in the east (Site 30: L = 59.99 mm, 

W= 23.99mm, W:L=0.29) (Fig. 3-4).  This transition in lamina morphology was 

also reflected by an increase in the leaf width: length ratio (W: L) and also by an 

increase in leaf apex and basal angles.  In the eastern part of the study area, angles 

exceeded 180o, which indicated that the apex or base was indented.  Mean leaf 

apex and basal angles in the west were 51.75o and 66.13 o respectively (site 1) and 

in the east 112.17o and 184.79o (Site 30) (Fig 3-5).  Leaves became more sessile 

towards the east as indicated by the decrease in petiole length (Fig. 3-6).  The 

petiole length ranged from 12.93mm at site 1(west) to 0.25mm at site 30 (east).   
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Figure 3-4 Variation in mature leaf length ( , R2=0.13, p<0.001) and width ( , R2=0.36, 

p<0.001) from west to east across the ironbark complex.  Bar indicates ±SD 
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Figure 3-5 Variation in apex ( , R2=0.18, p<0.001) and basal ( , R2=0.58, p<0.001) leaf 
angles from west to east across the ironbark complex.  Bar indicates ±SD 
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Figure 3-6 Variation in petiole length from west to east across the ironbark complex. 

(R2=0.61, p<0.001).  Bar indicates ±SD 
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Leaves progressively became more opposite towards the east as indicated by the 

decrease in N1 length (Fig. 3-5).  The inter-node length (N2) separating the 3rd 

and 4th leaf pairs increased towards the east (Fig. 3-7).     

The UPGMA cluster analysis, which was based on the average site foliar trait 

means, distinguished the western sites (1-7) from the rest of the sites (Fig. 3-8).  

When the dendrogram was truncated at the 3-group level, the intermediate 

morphotypes were differentiated from the eastern morphotype, with the exception 

of site 28.  Group 1 ( ) contained all sites (1-7) that were typical of the E. whitei 

morphotype.  Group 2 ( ) contained sites (8-21, 23, 28) characterised by a 

morphology intermediate to the two putative pure forms, whilst group 3 ( ) 

mainly consisted of the eastern sites (22, 24-27, 29, 30) and was typical of the E. 

melanophloia morphotype.  The topology of the dendrogram appeared robust as 

trees constructed using both the Bray-Curtis (shown) and the Gower Metric 

association measures yielded the same topology.  Table 3-1 shows the average 

leaf dimensions for the morphological groups. 
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Figure 3-7 Variation in node l ( , R2=0.14, p<0.001) and node 2 ( , R2=0.11, p<0.001) 
lengths from west to east across the ironbark complex.  Bar indicates ±SD  
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Figure 3-8 UPGMA dendrogram of site average foliar characteristics. 

 

 

Table 3-1 Adult leaf trait dimensions for UPGMA groups.  See Fig 3-2 for leaf traits.   

 

To examine whether morphological variation was distributed discretely, sites in 

the MDS plot were assigned their UPGMA symbol (Fig. 3-9).  The MDS plot of 

the mean tree trait characteristics indicated that despite the morphological groups 

being clearly identifiable.  Based on site means there was a transition between the 

UPGMA groupings.  Sites characterised by an intermediate morphology ( ) were 

distributed between group 1 and 3, yet there was greater overlap in foliar 

characteristics with the group 3 ( ).  The PCC analysis indicated that leaf width 

(r2 = 0.90) and leaf width: length ratio (r2 = 0.90) were the two most diagnostic 

foliar traits to differentiate morphotypes however, petiole length and basal angle 

were also important (r2 = 0.89) (Table 3-2). 

Group Length Width W:L Petiole Dmax Dmax:L Apex Basal N1 N2 
1 ( ) 76.81 14.03 0.19 5.60 16.72 0.28 54.15 81.28 4.80 18.92
2 ( ) 67.91 19.01 0.28 3.29 18.56 0.28 68.73 106.93 2.09 22.74
3 ( ) 66.22 22.81 0.36 2.26 20.87 2.93 96.79 147.57 1.51 23.78
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Figure 3-9 Two-dimensional MDS plot of mature foliar characteristics.  Vector direction 
indicates the how the traits differentiate the morphotypes.   

 

Table 3-2 Principal Axis Correlation (PCC) of tree average foliar characters in the 2D 
ordination space. 

Foliar character R2 
Width (W) 0.90 

Width: Length (W: L) 0.90 
Petiole length (P) 0.89 
Basal Angle (B) 0.89 
Apex Angle (A) 0.67 

Dmax: Length (Dmax: L) 0.64 
Node 1 (N1) 0.54 
Node 2 (N2) 0.52 

 

When trait coefficient of variation (CV) was examined to see whether there was 

any spatial correlation across the cline, it was evident that there was no 

relationship between the character variance and distance from the mid point as 

p>0.05 in all cases (Table 3-3).  A significant positive correlation was detected 

between the coefficient of variation for two traits (P, N1) and distance from site 1 

(Fig. 3-10, Fig. 3-11).   
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Table 3-3 R2 and P-values for the regression of trait CV with distance from cline geographic 
mid-point and distance from site 1, the most westerly site.  P <0.05 highlighted. 

Foliar Trait To mid-point From Site 1 
 R2 P-value R2 P-value 

Length (L) 0.00 0.86 0.01 0.76 
Width (W) 0.04 0.31 0.02 0.47 

Width: Length (W: L) 0.01 0.53 0.09 0.61 
Petiole length (P) 0.10 0.09 0.33 0.001 
Basal Angle (B) 0.00 0.95 0.001 0.9 
Apex Angle (A) 0.01 0.70 0.006 0.69 

Dmax 0.03 0.39 0.04 0.31 
Dmax: Length (Dmax: L) 0.01 0.54 0.01 0.26 

Node 1 (N1) 0.10 0.053 0.38 0.001 
Node 2 (N2) 0.03 0.34 0.12 0.052 
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Figure 3-10 CV of petiole length across the study area (R2=0.32, p<0.0001) 
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Figure 3-11 CV of N1 length across the study area (R2=0.40, p<0.001) 

3.4.1.2 Fruit Characteristics 

The UPGMA cluster analysis and the MDS plot (not shown) for mean site fruit 

dimensions indicated that there was no clear differentiation in fruit morphology 

across the cline (Fig. 3-12). Mean site fruit characteristics did not provide clear 

separation between morphotypes. 
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Figure 3-12 UPGMA of site average fruit characteristics 
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3.4.1.3 Seedling Leaf Characteristics 

The seedlings showed a similar transition in leaf shape to that of the mature 

foliage.  All measured traits yielded significant correlations in trait values with 

distance from site 1 (Fig. 3-13 to 3-16).   

The UPGMA cluster analysis identified two groups, the first being the western 

sites (1and 5) and the second being the more eastern sites (Fig. 3-17).  Within the 

second group, the intermediate sites (7 and 22) were distinguished from the 

eastern sites (28 and 30).  This pattern in leaf morphology was also reflected in 

the two-dimensional MDS plot which indicated that the seedlings from the 

intermediate sites had a leaf morphology that was more similar to that of the 

eastern morphotypes than the western morphotypes (Fig. 3-18).  The PCC 

analysis indicated that Width: length ratio explained the greatest amount of the 

variation (0.97).  Width (0.96) was the second most important leaf character to 

differentiate the morphotypes.  Basal angle was another trait that had a high 

correlation coefficient being 0.94 (Table 3-4). 
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Figure 3-13 Variation in seedling leaf length ( , R2= 0.27, p<0.001) and width ( , R2=0.69, 
p<0.001) across the east west transect.  Bar indicates ±SD  
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Figure 3-14 Variation in petiole length across the east west transect (R2= 0.60, p<0.001).  Bar 
indicates ±SD 
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Figure 3-15 Variation in apex ( , R2=0.56, p<0.001) and basal ( , R2=0.77, p<0.001) leaf 
angles across the east west transect.  Bar indicates ±SD 
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Figure 3-16 Variation in node l ( , R2= 0.35, p<0.001) and node 2 ( , R2= 0.37, p<0.001) 
lengths across the east west transect.  Bar indicates ±SD 
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Figure 3-17 UPGMA of seedling site average foliar characteristics 
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Figure 3-18 Two-dimensional MDS plot of seedling foliar characteristics.  Symbols are based 
on parental UPGMA groupings.  Vector direction indicates the how the traits differentiate 
the morphotypes.   

 

 

 

Table 3-4 Principal Axis Correlation (PCC) of site average foliar characters in the 2D 
ordination space. 

Foliar character R2 
W:L 0.97 

Width (W) 0.96 
BASAL (B) 0.94 
APEX (A) 0.84 

N3 0.83 
Petiole (P) 0.78 

N2 0.76 
N1 0.76 

Dmax 0.71 
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3.4.1.4 True breeding 

The key traits that differentiated the morphotypes (refer to Table 3-2) yielded 

significant correlations between site mean seedling dimension and site mean 

parental dimension (p<0.05) (Fig. 3-19 to 3-22).   
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Figure 3-19 Correlation between parent and offspring leaf width (p<0.05, B=0.84, R2=0.67) 
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Figure 3-20 Correlation between parent and offspring leaf width to length ratio (p<0.05, 
B=0.83, R2=0.68) 
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Figure 3-21 Correlation between parent and offspring basal angle (p<0.05, B=0.87, R2=0.76) 
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Figure 3-22 Correlation between parent and offspring petiole length (p<0.05, B=0.92, 
R2=0.83) 
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3.4.2 Box complex: E. populnea x E. brownii (north-south transect) 

Significant correlations in average leaf shape and trait dimensions were detected 

across the morphological cline.  Leaves showed a transition in leaf shape from 

those that were relatively narrow in the north (Site 1: L = 109.21 mm, W= 22.69 

mm, W: L=0.21), to those that were ovate-orbicular in the south (Site 10: L = 

59.28 mm, W= 59.44mm, W: L=1.01) (Fig. 3-23).  This change in leaf shape was 

reflected in leaf length: width ratio and also the significant increase in apex and 

basal angles with distance from site 1(Fig. 3-24).  Petiole length also showed an 

increase in length with distance from site (Fig. 3-25).   

The UPGMA cluster analysis distinguished the northern and southern 

morphotypes based on average population foliar traits (Fig. 3-26).  When the 

dendrogram was truncated at the 4-group level (dotted line) intermediate morphs 

were distinguished.  The intermediate morphs (4 and 5) showed greater 

morphological affinity to the more northern morphs (1 to 3) whereas the 

morphotype from site 6 showed greater affinity to the southern morphotypes, but 

formed its own cluster (Group 3).  Group 4 consisted of the more southern sites (7 

to 10).  Table 3-5 shows the average leaf dimensions for the UPGMA groupings. 

 

 



                                                        Chapter 3: Morphological variation 

43 

 

 

 

 

 

Distance from site 1 (km)

Le
ng

th
 (m

m
)

0

20

40

60

80

100

120

140

160

0 100 200 300 400 500 600 700 800

 

Figure 3-23 Variation in mature leaf length ( , R2=0.58, p<0.01) and width ( , R2=0.69, 
p<0.01) across the north-south transect.  Bar indicates ±SD 
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Figure 3-24 Variation in apex ( , R2=0.77, p<0.01) and basal ( , R2=0.62, p<0.01) leaf 
angles across the north-south transect.  Bar indicates ±SD 
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Figure 3-25 Variation in petiole length across the north-south transect (R2=0.57, p<0.01) .  
Bar indicates ±SD 
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Figure 3-26 UPGMA of site average foliar characteristics. 
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Table 3-5 Average dimensions for UPGMA groups 

Group Length Width W:L Petiole Dmax Dmax:L Apex Basal 
1 ( ) 106.53 23.60 0.24 18.66 34.82 0.38 57.02 55.40 
2 ( ) 83.13 30.94 0.39 20.33 34.97 0.43 95.48 65.23 
3 ( ) 66.11 43.14 0.68 27.51 31.04 0.48 121.07 97.68 
4 ( ) 55.67 51.72 0.94 32.26 29.25 0.52 182.93 112.10

 

The two-dimensional MDS plot based on the trees’ average foliar traits, shows a 

clear morphological transition between the populations (Fig. 3-27).  The foliar 

character vectors on the MDS plot indicates that four foliar characters (W: L, L, 

A, B) were most important in differentiating the morphotypes.  These four foliar 

characters each yielded correlation coefficients that exceeded 0.9 (Table 3-6).  

The leaf length: width ratio and leaf length were the most important foliar 

characteristics that differentiated the populations, with an r2 = 0.97 and r2 = 0.96 

respectively.   
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Figure 3-27 Two-dimensional MDS plot of mature foliar characteristics. 
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Table 3-6 Principal Axis Correlation (PCC) of tree average foliar characters in the 2D 
ordination space. 

Foliar character R2 
Width: Length (W: L) 0.97 

Length(L) 0.96 
Apex Angle (A) 0.93 
Basal Angle (B) 0.92 

Dmax: Length (Dmax: L) 0.89 
Petiole length (P) 0.69 

 

 

There was no spatial correlation between the character variances and geographic 

distance from the mid point (Table 3-7).  Several traits (W:L, Dmax: L, A) 

showed a significant negative relationship between the coefficient of variation for 

the trait and the distance from the most northerly site (Table 3-7, Fig. 3-28 to 3-

30).   

 

Table 3-7 R2 and P-values for regression of trait CV with distance from cline geographic 
mid-point and also distance from site 1, the most northern site.  P<0.05 highlighted. 

Foliar Trait To mid-point From Site 1 
 R2 P-value R2 P-value 

Length (L) 0.06 0.51 0.07 0.46 
Width (W) 0.03 0.24 0.26 0.13 

Width: Length (W: L) 0.16 0.61 0.48 0.03 
Petiole length (P) 0.02 0.67 0.01 0.76 
Basal Angle (B) 0.02 0.68 0.18 0.23 
Apex Angle (A) 0.12 0.34 0.48 0.03 

Dmax 0.07 0.44 0.02 0.68 
Dmax: Length (Dmax: L) 0.00 0.89 0.40 0.04 
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Figure 3-28 CV of leaf W:L from north to south across the box complex (R2=0.47, p<0.05) 
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Figure 3-29 CV of leaf Dmax: L from north to south across the box complex (R2=0.40, p<0.05) 
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Figure 3-30 CV of leaf apex angle from north to south across the box complex (R2=0.48, 
p<0.05) 

 

3.5 Discussion  

The morphological analysis of leaf traits indicated that both species complexes 

demonstrated high levels of morphological variation and that this was distributed 

continuously across the cline.   

The analysis of seedling morphology indicated that seedlings derived from 

different parental stock showed significant differences in leaf morphology. The 

seedlings from the western stock had leaves that were narrower, longer and more 

petiolate than those derived from the eastern parental stock.  The seedlings 

showed a similar transition in leaf morphology to the parental types, which 

indicated that under constant glasshouse conditions the seedlings bred true to their 

parental types and retained their morphological differences.  The tight correlation 

in leaf morphology between the seedling and the parental types indicates that the 

clinal pattern of morphological variation demonstrated in the field was not the 

product of phenotypic plasticity under differing environmental conditions.  One 

would expect that if the cline resulted from phenotypic plasticity, seedlings from 
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different ends of the cline would show greater similarity in morphology under a 

controlled environment.   

Although the cline did not appear to be the product of phenotypic plasticity, it is 

possible that plasticity plays a minor role in determining leaf morphology.  This is 

supported by lower levels of morphological variation in the seedlings grown 

under controlled glasshouse conditions, relative to the adult plants grown under 

field conditions.  Phenotypic plasticity has been observed within E. nitens 

(Shepard et al., 1976), with temperature affecting the number of branches, the 

number of leaf pairs on the main stem and the total number of leaf pairs, 

individual leaf area and leaf thickness.   

3.5.1 Primary differentiation vs. Secondary contact 

Comparing population trait averages and patterns of trait covariance among 

populations from differing environments has been widely used in ecology and 

evolutionary biology to infer the relative contribution of natural selection versus 

genetic constraints (Armbruster & Schwaegerle, 1996; Endler, 1986; Price & 

Langen, 1992).  Here the extent of trait variance across the morphological cline is 

interpreted in terms of primary differentiation (selection) and secondary contact.  

In this study both species complexes demonstrated a continuous gradual transition 

in leaf traits across the cline.  Such patterns of variation are of limited value in 

determining the origin of the cline, as they are consistent with patterns expected 

under primary differentiation and secondary contact followed by repeated back 

crossing.    

The distribution of trait variance across both clines provided some evidence to 

suggest that the cline may be the product of primary differentiation.  In the 

ironbark complex, two traits (P, N1) showed a positive linear relationship 

between the level of trait variation around the mean and distance from the most 

western site (1).  In the box complex, several traits demonstrated negative 

relationships between trait variance and distance from the most northerly site.  

These traits (W:L, Dmax:L, Apex angel) which all describe leaf shape, showed 

lower levels of variation around the mean in the more southern populations.  In 

both species complexes, traits with lower coefficients of variation were obtained 
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in the morphotypes that occupy habitats characterised by lower annual rainfall or 

higher annual temperature (Fig. 2-3, 2-6).  As these traits are strongly associated 

with drought avoidance or reducing heat load (refer to chapter 4), it may indicate 

that the underlying environmental gradient that parallels the clines may drive 

selection and may be coupled to these stresses.  Clinal variation has been 

suggested as an adaptive response to the environment in several species of 

eucalypt including, E. pauciflora (Pryor, 1956), the E. viminalis Labill. x E. 

alrympleana complex (Phillips & Reid, 1980) and possibly in the E. saligna x E. 

botryoides complex (Passioura & Ash, 1993). 

Variation around the mean did not increase towards the middle of the cline, as 

would have been expected under secondary contact.  Similar patterns of variation 

have also been obtained in the E. preissiana x E. buprestium x E. sepulcralis 

complex (Hopper et al., 1978).  Hopper et al. (1978) proposed that these patterns 

may reflect the recency of origin or that natural selection has stabilised the 

intermediate morphotypes, after several generations of backcrossing and/or 

intercrossing among themselves.  It must be noted however, that patterns in trait 

variance that are typical of hybrid zones may become obscured through extensive 

introgression and back crossing as these processes can attenuate the contribution 

of each parental type and therefore reduce variance levels (Wynn, 1986). 

   

In summary, these results indicate that the patterns of trait variance are likely to 

be the product of primary differentiation and that the predominant selection 

pressures may be associated with drought and heat stress.  Two important 

questions arise from this analysis.  Firstly, if primary differentiation is responsible 

for the cline, do differences in physiological performance between morphotypes 

help explain the maintenance of the cline? (For further information refer to 

chapter 4)  Secondly, if primary differentiation is not responsible for the cline, 

could the patterns of trait variation that are associated with secondary contact 

have been homogenised through repeated backcrossing and/or intercrossing? (For 

further information refer to chapter 5)  
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4.0   Ecophysiology 

" Glorious heavy rain fell in November, heralding years of bounteous rainfall that 

renewed the land, but could not make alive again beasts and birds and the starved 

ironbark trees, and could not bring back health and vigour to the men who had so 

hardly battled through." p. 244 (Bennett, 1928)  

 

4.1 Introduction 

Water availability is a primary factor governing species distributions (Bornkamm 

& Kehl, 1989; Noy-Meir, 1973), and as a result drought tolerance and avoidance 

have been recognised as important characteristics that define the distribution of 

parapatric eucalypt species and lead to mosaics of species in the landscape 

(Clayton-Green, 1983; Davidson & Reid, 1989b; Sinclair, 1980).  Previous 

studies have also indicated that extreme drought events can have an important 

resetting mechanism on the spatial boundaries of populations and communities 

and that exposure to severe water stress may be important in determining species 

distribution patterns (Baldwin, 1992; Fensham & Holman, 1999).   

Significant differences in drought performance also exist at an intra-specific level 

and have been demonstrated within Eucalyptus, with trees and/or seedlings from 

different biogeographical provinces showing differences in growth (E. 

microtheca: (Li, 1998; Mustafa, 1989; Schiller, 1995; Tuomela, 1997), water use 

efficiency (WUE) (E. camaldulensis: (Farrel et al., 1996)) and resistance to 

desiccation (E. viminalis: (Ladiges & Ashton, 1974)).  Battaglia and Williams 

(1996) suggest that these differences in response to water stress can help explain 

the differential growth of each species at different levels of water supply and that 

these differences can explain the patterns of species distribution observed at a 

regional scale (Williams & Eamus, 1997).  For a genus that shows considerable 

morphological and ecological variation, relatively few studies have examined 

physiological performance in order to explain limits to species ranges (Bachelard, 

1986b; Battaglia & Williams, 1996; Davidson & Reid, 1989a; Denmead et al., 

1993; Myers & Landsberg, 1989) and the maintenance of morphological clines.  
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This may be a result of problems associated with small-scale environmental 

heterogeneity confounding spatial distributions, consequently it is rare in nature 

that a morphological cline can be clearly related to a fundamental environmental 

gradient.  In this study however, a morphological cline between E. melanophloia 

and E. whitei, is clearly related to a rainfall gradient within a singular 

geomorphological setting, and thus provides an opportunity to investigate 

whether the maintenance of the morphological cline may be explained by 

differences in morphotype performance under varying levels of water availability.  

The morphological cline ranges from the putative pure E. whitei, in the west, 

which has leaves that are narrow, petiolate and vertically orientated, to the 

putative pure E. melanophloia form in the east, which has leaves that are broad-

ovate, sessile and more horizontally orientated (Refer to chapter 3).  It is 

generally accepted that plant species that are more adapted to arid environments 

typically have smaller leaves with a thick cuticle, high leaf reflectivity, low 

stomatal densities and increased tomentum (Abrams & Kubiske, 1990a; Abrams 

et al., 1994).  Furthermore, studies of leaf orientation in other plant communities 

indicate that leaves with increased leaf inclination are more prevalent in woody 

plants with evergreen foliage that endure hot, dry conditions (Ezcurra et al. 1991). 

The fact that the western forms have leaf characters that are more typical of plant 

species that occupy drier environments, suggests that the western form (E. whitei) 

reflects adaptation to drier environments.  
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4.2 Objectives  

The long-term persistence of eucalypts suggests that species within this genus 

have evolved various mechanisms to avoid, minimise or tolerate the effects of 

drought stress to maintain physiological functioning.  This chapter reviews the 

effects of water stress on the physiological performance of morphotypes from the 

E. melanophloia x E. whitei morphological cline.  Based on morphological 

grounds and the presence of a rainfall gradient, it is intuitive that western 

morphotypes (E. whitei) are more adapted to drier environments than the eastern 

morphotypes (E. melanophloia), as the western forms have leaf characteristics 

that are more typical of plant species that inhabit drier environments.   

The objective is to assess whether, under water stress, the morphotypes exhibit 

differences in physiological performance, which together with morphological data 

(see Chapter 3), may help explain the maintenance of the morphological cline.  

To meet this objective, two components of the morphotypes’ physiological 

performance under water stress are examined.  The first component examines the 

morphotype water status with increasing water stress. The second component 

examines the photosynthetic performance of the morphotypes under water stress.  

 

To assess whether differences in physiological performance help to explain the 

maintenance of the morphological cline, two hypotheses will be tested.  The first 

hypothesis is that the western morphotypes that are found in the lower rainfall 

areas are more adapted to drier conditions and will therefore postpone signs of 

water stress by maintaining lower water potentials under increasing water stress 

than those maintained by the eastern morphotypes.  The second hypothesis is that 

morphotypes found to the west will show greater photosynthetic efficiency under 

water stress than the eastern morphotypes, as it is likely that the photosynthetic 

functioning of the western morphotypes is less sensitive to water stress. 
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4.3 Methods 

4.3.1 Geology and rainfall of study area 

The E. whitei x E. melanophloia cline spans the east-west axis of the Desert 

Uplands Biogeographic region.  The cline spans an extremely uniform Tertiary 

sand sheet with lateritized deep loamy red earths (Galloway, 1967a; Galloway, 

1967b; Wright 1968).  The cline spans a rainfall gradient of 516 mm p.a. in the 

west to 670 mm p.a. in the east (Fig. 4-2).   

4.3.2 Field experiments 

The study area was divided into three regions (western, intermediate, eastern, Fig. 

4-1), with each region containing two sites.  Field measurements were conducted 

in September (1999) and December (1999).  At each site, soil moisture and tree 

water potential measurements were made and seed was collected for water stress 

experiments to be conducted in the glasshouse. 

The field measurements of plant water relations provided an estimate of the extent 

of water stress experienced during the wet and dry seasons (Fig. 4-2).  These 

estimates were then used as a guide for water stress levels induced during the 

course of the glasshouse experiments.  
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Figure 4-1 Sampling sites across ironbark complex.  Rain stations ( I, III, III).  
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Figure 4-2 Average monthly rainfall at rain stations (I, II, III) across cline see Fig. 4-1.  
Arrows indicate field trips.  Number of years of rainfall records in parentheses.  Annual 
rainfall across cline:  I = 516mm, II = 561mm and III = 722mm. 
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4.3.2.1 Soil Moisture 

Soil samples, at each site, were collected from three randomly located holes at a 

depth of 15 cm and 50 cm.  The samples were kept in air-tight containers and the 

percentage of water in the sample on a dry-mass basis was calculated 

gravimetrically.  Twenty grams of soil at each depth were dried at 105oC for 24 

hours at which a stable dry weight was obtained. 

To assess whether there was a significant gradient in soil moisture across the 

study area at the time of sampling, site average soil moisture values were 

correlated against distance from the most westerly site (site 1).   

 

4.3.2.2 Water relations 

Water status was assessed using a pressure chamber (Scholander et al., 1965; 

Scholander et al., 1964) which measures the xylem water potential of the plant to 

give an indication of the internal water stress of the plant.  To assess the plant’s 

water status, the pressure chamber technique was used to measure the water 

potential of a leaf (Scholander et al., 1965).  Scholander et al. (1965) showed that 

evaporation of water from the leaf together with the resistance of water flow from 

the soil to the leaf creates a negative hydrostatic pressure in the xylem.  When a 

leaf is cut, the xylem sap therefore is drawn into the leaf until it becomes 

restricted by a cross wall (Turner, 1988).  By applying pressure to the excised 

leaf, the xylem sap will eventually resurface, and at this balance point, the applied 

pressure equals that of the hydrostatic pressure of the xylem.  This technique 

requires a leaf or the stem of several leaves to be cleanly cut and then inserted 

into the chamber.  The sample is placed in the chamber such that only the severed 

tip protrudes through a rubber seal out of the chamber lid.  The airtight chamber is 

slowly pressurised with an inert gas and the severed tip is closely monitored for 

sap being forced out of the xylem vessels.  The pressure is then recorded at first 

sight of sap moisture.  The pressure is then released and the sample removed.  

It is important to note that if the sample is cut whilst the plant is transpiring, the 

pressure chamber does measure the potential of the xylem at the point of excision.  
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This is because in a transpiring plant there is a gradient in water potentials from 

the root to the shoot (De Roo, 1969).  For this reason pre-dawn estimates of leaf 

water potential were made using a pressure bomb.  Measurement of leaf predawn 

water potential (ΨPd), when the plant is not transpiring, is a particularly useful 

measure of water status as ΨPd approaches equilibrium with the water potential of 

the leaves and the roots (De Roo, 1969; Turner, 1988). 

Three trees (GBH > 15cm, Ht > 10m) were selected at each site.  These trees 

were separated from other trees by at least 30m.  All leaf samples were collected 

from mature fully sunlit leaves on the northern side of the tree or sapling.  Once 

leaves were sampled they were immediately placed in a plastic bag and then 

placed in the pressure bomb.  Every effort was made to minimise the time interval 

between sampling and measurement.  Three leaves were sampled per tree and the 

average water potential value was calculated. 

In the glasshouse water potential measurements were limited to a maximum 

reading of -4 Mpa, due to instrument limitations.  Consequently only samples that 

had water potential less than -4 Mpa were included in the analysis.   

Significant differences in water potential were assessed by Kruskal-Wallis 

ANOVA and post-hoc pairwise comparisons by Mann-Whitney U test.   

 

4.3.3 Glasshouse 

Seed was collected from 30 trees at each site.  Seed collection was limited to trees 

that were spaced at least 30m apart to reduce the likelihood of sampling trees 

from the same family group.  Seed from each tree was initially grown in 

germination trays using a commercial peat-sand mixture (80% peat, 20% sand) as 

the growth medium.  After one month seedlings were randomly selected, divided 

and transplanted to 15cm pots containing commercial potting mix.   

The experiment was organised in a complete random-block design with two 

factors (6 sites and 2 watering regimes).  The position of the blocks within the 

glasshouse was regularly rearranged to reduce the effect of confounding 
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variables.  The water stress experiment was conducted during July 2000 when the 

saplings were 6 months old. 

Prior to imposing water stress, all pots were fully saturated, drained overnight and 

then weighed (Field Water Capacity, FWC).  The water stress experiment 

consisted of two watering regimes.  The control plants were maintained at field 

capacity using a two-day cyclical watering regime.  Every two days the control 

pots were weighed to measure water loss and then re-watered to compensate for 

the water deficit.  The water stressed group did not receive any additional water 

for the remainder of the experiment and were weighed every three days to assess 

the percent deviation from FWC. 

From each site 15 plants, each from different parent trees, were randomly 

assigned to each watering regime.  The water stress experiment continued for 13 

days.   

4.3.3.1 Water relations  

Pre-dawn measurements of water potential were made using a pressure bomb 

(Scholander et al., 1965).  Leaf water potential measurements were made on one 

leaf selected from the uppermost fully expanded leaves.  The same procedure for 

water potential measurement as used in the field was employed in the glasshouse. 

Water potential versus FWC regression curves were constructed for each site and 

pairwise F-tests were carried out to test for differences.  For each site, the 

regression analysis yielded the total sum-of-squares (SS) and degrees of freedom 

(df).  In each pairwise comparison the sum-of squares and degrees of freedom 

were then added to yield SSseparate and dfseparate.  A single regression curve was 

then calculated for both sites combined to yield SScombined and dfcombined.  The F 

statistic was then calculated from equation 1, and tests the null hypothesis that 

there is no difference between the curves constructed for each site.  An 

insignificant p-value indicates that the observed pattern is due to chance alone. 

 

Equation 1.   F = 
dfSS

dfdfSSSS
separateseparate

separatecombinedseparatecombined
−−  



                                                                    Chapter 4: Ecophysiology 

59 

 

 

 

4.3.3.2 Chlorophyll fluorescence 

Measurement of chlorophyll fluorescence provides a non-destructive means of 

assessing photosynthetic functioning of photosystem II (PSII) (Krause & Weis, 

1991).  The primary function of PSII is to use light energy to reduce oxidized 

plastoquinone (PQ) to its fully reduced form (PQH2) using electrons from water 

(Govindjee, 1995).  The reduced PQH2 is then oxidised by the cytochrome b6–

cytochrome-f complex which facilitates the transport of electrons from PSII to 

PSI (Govindjee, 1995).  The functioning of photosystem II is sensitive to a variety 

of environmental stresses, and monitoring chlorophyll fluorescence characteristics 

can provide valuable information on stress effects on leaves (Long et al., 1994).  

During water stress, the photosynthetic functioning of photosystem II (PSII) 

shows a decline in its capacity to use high irradiance light, as leaves tend to 

absorb more light than can be utilised in photosynthesis (Osmond, 1981).  This 

light-dependent loss in photosynthetic functioning of PSII is termed 

photoinhibition and results in a decline in the quantum efficiency of 

photosynthesis (i.e. mol CO2 or mol O2 produced per mol photons absorbed) (Ball 

et al., 1997).   

Measurement of minimum chlorophyll fluorescence (Fo) and maximum 

chlorophyll fluorescence (Fm) were made using a Mini-PAM 2000 fluorometer 

(Walz, Germany) and a Plant Efficiency Analyser (PEA, Hansatech Instruments 

Ltd., King’s Lynn, Norfolk, England).  The maximum photochemical efficiency 

(photochemical quantum yield, φII) of Photosystem II  (PSII) was determined by 

the ratio of the variable to maximum fluorescence (Fv/Fm = (Fm-Fo)/Fm) (Genty et 

al., 1989).  A decline in Fv/Fm is a good indicator of photoinhibition when plants 

are subject to high irradiance and environmental stresses such as drought and heat 

(Araus et al., 1998; Araus & Hogan, 1994; Yang et al., 1996).  Changes in the 

Fv/Fm ratio are correlated with changes in the quantum efficiencies of CO2 

fixation (Genty et al., 1989) and may indicate either reversible photoprotective 

down regulation or an irreversible inactivation of PSII (Araus & Hogan, 1994).  

Large reductions in the Fv/Fm ratio indicate the inactivation of the Photosystem II 

reaction centres and the steady increase in the Fo values is usually interpreted as 
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an indication of photodamage (Osmond & Grace, 1995).  Fv/Fm was measured on 

dark-adapted leaves.  Preliminary investigation indicated that 30 minutes was 

adequate time for the leaves to become dark-adapted.   

The apparent rate of photosynthetic electron transport of PSII (ETR) was obtained 

by ETR = ∆f/fm’ x PPFD x 0.5 x 0.84, where 0.5 assumes equal excitation of 

both PSII and PSI and 0.84 is the mean reflection factor (Ehleringer, 1981). The 

ETR gives a measure of the maximum quantum yield.   

At noon on each measurement day, six plants from each site and each water 

regime were measured.  On each plant, measurements were made on three leaves 

that were in a fully sunlit position and were fully expanded.  Multiple linear 

regression analysis was used to examine whether morphotypes showed 

differences in their photosynthetic efficiencies under water stress.  Field water 

capacity (FWC) and distance from most westerly site were the variables used in 

the regression model.  Distance from the most westerly site, was used as a 

surrogate for site, as this variable was continuous and better reflected the 

geographic proximity of the sites.  To detect any differences associated with 

distance, an F-test was conducted on the relative increase in the sum-of-squares, 

going from the more complex model (photosynthetic efficiency= FWC + distance 

+ error) to the simpler model (photosynthetic efficiency= FWC + error) with the 

relative increase in degrees of freedom. 

 

4.4 Results 

4.4.1 Field  

Across the study area, the soil texture was uniform to 50cm and was a sandy 

loam.  In both September and December significant correlations (p<0.001) 

between soil moisture (at 15cm and 50cm) and distance from the most westerly 

site were detected.  In September the mean moisture content ranged from 0.54 to 

2.6% at 15 cm and 1.15 to 3.4% at 50cm (Fig. 4-3).  In December the soil 

moisture content was significantly greater than in September (p<0.001), and 

ranged from 1 to 5.35% at 15cm and from 2.5 to 5.9% at 50cm (Fig. 4-4).  
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Figure 4-3 September soil moisture content.  A gradient in soil moisture content at depth 
15cm (P<0.001) and depth 50cm (P<0.001) across the study area.  Regression line shows 
correlation between soil moisture and distance from western site. 



                                                                    Chapter 4: Ecophysiology 

62 

 

 

 

 

 

 

 

Figure 4-4 December soil moisture content.  A gradient in soil moisture content at depth 
15cm (P<0.001) and depth 50cm (P<0.001) across the study area.  Regression line shows 
correlation between soil moisture and distance from most western site. 
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There were significant differences in water potentials between the sites (p<0.05) 

and between sampling times (p<0.05).  The September mean predawn water 

potentials ranged from –1.69 to –5.97 Mpa (Fig. 4-5).  In December, following a 

period of rain, the mean predawn water potentials became less negative and 

ranged from –0.19 to –0.97 Mpa (Fig. 4-6).  Pre-dawn water potentials were 

significantly more negative in September than in December (p<0.0001).  There 

was no clear relationship in water potential from west to east across the cline. 

The field data provided a measure of the water potentials that are experienced 

after three months of less than average rain (September) and after a month of 

above average rainfall (November) (Fig. 4-7) and thus provided an indication of 

the extent to which water stress induced in the glasshouse reflected conditions in 

the field. 
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Figure 4-5 Field water potentials.  Box plot of predawn water potential obtained across the 
study area in September.   
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Figure 4-6 Field water potentials. Box plot of predawn water potential obtained across the 
study area in December. 

 

-100

-50

0

50

100

150

200

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

C
om

pa
ris

on
 to

 lo
ng

-te
rm

 a
ve

ra
ge

 (m
m

)

I II III

Rain station

 

Figure 4-7 Monthly rainfall relative to long-term average at the rain stations.  Refer to Fig. 
4-1 for rain station localities.  Monthly rainfall deficits for 1999 are negative. 
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4.4.2 Glasshouse 

4.4.2.1  Water Potential 

To assess the water status of the saplings in response to decreases in soil 

moisture, exponential regression curves were constructed for each site using data 

from both watering regimes combined (Fig. 4-8).  The pairwise F-tests on the 

predawn water potential regression curves indicated that across a range of soil 

moisture levels there were significant differences in leaf water potential between 

the morphs (Fig. 4-8).  Morphotypes from site 1, the most western site, showed 

the least negative water potential with respect to FWC at moisture levels greater 

0.66 FWC, however below this level the water potential decreased rapidly.  The 

regression curves constructed for the remainder of the morphotypes showed little 

difference at a range of FWC values.  At soil moisture levels below 0.64 FWC all 

curves showed a rapid decrease in water potential with respect to FWC.  The r2 

values for the predawn lines ranged from 0.79 to 0.83.    

The water potentials reached in the glasshouse experiments indicate that water 

stress levels experienced by the plants were comparable to those experienced 

during a naturally occurring drought period.  In the water stressed group, the 

mean site predawn xylem potential ranged from -0.39 Mpa (site 3, day 4) to -3.63 

Mpa (site 5, day 13).   
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Figure 4-8 Predawn water potential versus Field water capacity (FWC) regression curves 
constructed for each site over the duration of the experiment.  A FWC of 1 represents fully 
saturated soil.  The F statistic matrix indicates significant pairwise differences between the 
regression curves constructed for each site.   

 

 

4.4.2.2 Chlorophyll Fluorescence   

The water stressed group showed a 15% increase in mean minimum fluorescence 

(Fo) as the FWC decreased (Fig. 4-9).  A significant linear relationship was 

detected when Fo values were regressed with field water capacity (p < 0.005).  In 

the control group, a relationship between Fo values and the FWC was not 

detected, and the inclusion of the variable distance into the regression model did 

not result in a significant reduction in the total variation. 
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Minimum Fluorescence versus Field Water Capacity
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Figure 4-9 Minimum fluorescence versus field water capacity.  The regression analysis 

indicated a significant relationship between minimum fluorescence values and field water 

capacity for the water stressed group.  All sites were included in the regression analysis.  The 

regression line is based on the following model: Fo= FWC + Distance + Error. 

 

 

In the treatment group there was a 5% increase in the maximum fluorescence (Fm) 

values over the duration of the experiment (Fig. 4-10).  This increase followed a 

linear relationship when regressed with field water capacity (p < 0.01).  The 

inclusion of the distance variable into the regression model did not result in a 

significant decrease in the total variation.  In the control group no significant 

relationships were detected.  
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Maximum Fluorescence versus Field Water Capacity
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Figure 4-10 Maximum fluorescence versus field water capacity. The regression analysis 
indicated a significant relationship between maximum fluorescence values (Fm) and field 
water capacity for the water stressed group. All sites were included in the regression 
analysis.  The regression line is based on the following model: Fm= FWC + Distance + Error. 

 

Despite the reduction in FWC, an associated reduction in the maximum 

photochemical efficiency (Fv/Fm) was not detected (Fig. 4-11).  In the control 

group, Fv/Fm ratio remained relatively constant for the duration of the experiment 

and ranged from 0.80 to 0.82.  The photochemical efficiency in the treatment 

group also remained constant and no positive relationships between 

photochemical efficiency and FWC were detected.  The inclusion of distance into 

the model did not result in a significant reduction in the error term. 

The electron transport rate (ETR) regression curves indicated that the 

morphotypes from the intermediate (3&4) and the eastern (5) sites showed 

considerable decline in the maximum ETR as water stress increased (Fig. 4-12).  
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On day 13, sites 3, 4 and 5 showed a 42%, 66% and 43% decline in mean 

maximum ETR relative to their respective control groups.  The morphotypes from 

the western sites (1 & 2) and the most eastern site (6) showed smaller declines in 

mean site maximum ETR with declines of 7%, 18% and 15% respectively.  The 

maximum ETR in the control group did vary during the experiment, however it 

was consistently higher than the maximum ETR obtained for the water stressed 

group at each site on each monitoring day.   
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Figure 4-11 Maximum photochemical efficiency versus field water capacity. No relationship 
was detected between maximum photochemical efficiency (Fv/Fm) and field water capacity.  
All sites were included in the regression analysis.  The regression line is based on the 
following model: Fv/Fm = FWC + Distance + Error. 
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Figure 4-12 Daily Maximum Electron Transport Rate regression curves versus 
Photosynthetic Photon Flux Density (PPFD).  Control groups are represented with a dotted 
line.  Water stress group is represented with a solid line.  The water stress group are 
distinguished by day.    
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4.5 Discussion 

4.5.1 Water relations 

It was hypothesised that the western morphotypes would show greater 

physiological tolerance to water deficits and be able to postpone drought stress by 

maintaining lower water potentials as drought conditions increased.  There was 

little support for this hypothesis as most morphotypes showed little difference in 

their ability to maintain water status at increasing levels of water stress.  The most 

western morphotype (site 1) could maintain a lower rate of water potential 

decrease than the more eastern sites at FWC < 0.66, which may indicate that at 

medium levels of water stress this morphotype may be more capable of 

postponing the onset of drought stress.  However, despite there being significant 

differences between regression curves that were constructed for the morphotypes, 

there was no obvious pattern to water stress tolerance across the study area.  At 

moisture levels around 0.6 FWC, all morphotypes showed a similar sharp 

decrease in water potential with respect to FWC and below this moisture level 

none of the morphotypes showed any ability to maintain or control their water 

status.  

4.5.2 Chlorophyll Fluorescence 

Numerous studies have indicated that water deficits reduce growth and the 

photosynthetic rates of eucalypt seedlings (Bachelard, 1986b; Myers & 

Landsberg, 1989; Pereira et al., 1986; Metcalf et al., 1990; Stoneman, 1993; 

Stoneman et al., 1994).  In this study, all morphotypes showed a decrease in 

photosynthetic rates as water stress increased when compared to their respective 

control group.  This was indicated by a reduction in the daily maximum electron 

transport rate (ETR) as water stress increased.  The extent of the decline was not 

uniform across all morphotypes, with the intermediate morphotypes (sites 3 & 4) 

and an eastern morphotype (sites 5) showing the greatest decline in ETR relative 

to their control group.   

The maximal quantum efficiency of PSII (Demmig-Adams & Björkman, 1987), 

the Fv/Fm ratio, in the control group remained relatively constant for the duration 
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of the experiment and ranged from 0.80 to 0.82, which was similar to the average 

Fv/Fm values (0.75-0.85) obtained for non-stressed plants (Bolhar-Nordenkampf 

et al., 1989).  In the treatment group, there was only a small decline of 7% in the 

Fv/Fm ratio, indicating that water stress only had a minimal effect on the 

photochemical efficiency of PSII in the dark-adapted state.  A decline in Fv/Fm is 

a good indicator of photoinhibition when plants are subject to high irradiance and 

environmental stresses such as drought and heat (Araus et al., 1998; Araus & 

Hogan, 1994; Yang et al., 1996). In the glasshouse light intensities were relatively 

low, which may have been inadequate to cause photoinhibitory responses and 

therefore would not have induced a large decline in Fv/Fm.   

The ability of the morphotypes found at sites 1, 2 and 6 to maintain a high 

maximum ETR at low water potentials (-3.5 to -4.0 Mpa) indicates that these 

morphotypes are capable of maintaining higher photosynthetic rates during water 

stress.  This may be achieved by either tolerating cytoplasmic desiccation or by 

postponing the effects of water stress, both of which have been identified in 

eucalypts.  A tolerance to cytoplasmic desiccation has been observed in several 

eucalypt species (Sinclair, 1980) and also between ecotypes of the one species 

(Ladiges, 1976; Ladiges & Ashton, 1974).  Ladiges (1974, 1976) suggests that 

more xeric ecotypes have the ability to maintain relatively high rates of 

transpiration, and hence photosynthesis, by a physiological resistance of the 

protoplasm to desiccation.   

Osmotic adjustment is another mechanism that can delay the onset of water stress 

(Bachelard, 1986a; Myers & Neales, 1986) and thereby reduce the effects of 

water deficits on physiological functioning.  Osmotic adjustment involves 

increasing net solutes of leaf cells (Hsiao, 1973; Turner & Jones, 1980), which 

enables plants to maintain a positive turgor despite low soil water potentials.  This 

adaptation to prevent water deficits has been demonstrated in several eucalypt 

species including E. behriana, E. microcarpa and E. polyanthemus (Myers & 

Neales, 1986), E. microtheca (Li, 1998), E. marginata (Stoneman et al., 1994) 

and E. globulus (Correia et al., 1989). 
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4.5.3 Adaptation, Persistence and Distribution 

This study was designed to investigate whether the maintenance of the 

morphological cline could be explained by physiological differences that were 

specifically induced by water stress.  The results indicated that in a controlled 

environment, water stress alone, did not induce any identifiable patterns in 

physiological performance of the morphs from across the cline.  The most 

western morphotype did demonstrate the greatest physiological tolerance to 

moderate water stress by its ability to maintain water status and photosynthetic 

rates at higher water deficits.  However, there did not appear to be a gradual 

transition in physiological tolerance to water stress over the study area with the 

remainder of the sites showing little difference in water status and photosynthetic 

rates over a range of soil moisture values.  This is counter to the original 

hypothesis that the maintenance of the morphological cline would be adequately 

explained by physiological differences that are specifically associated with water 

stress.  Under natural conditions, additional factors such as temperature, light 

intensity and relative humidity are likely to have induced more pronounced and 

detectable physiological differences, as the functional role of morphology would 

have been incorporated into plant performance.  Under glasshouse conditions 

however, the advantages that morphological difference confer were likely to 

minimal. 

It could be suggested, that morphological plasticity combined with environmental 

differences explain the presence of this morphological cline.  However 

morphological congruency was observed between the parental morphology and 

the morphology of seedlings grown in a controlled environment, which indicates 

that the seedlings bred true and that the morphological differences are inherited 

(Chapter 3).   

Local-scale environmental heterogeneity or morphological adaptation providing 

release from the stressful conditions may also result in the long-term persistence 

of this morphological cline and the maintenance of morphotype diversity.  Local 

scale environmental heterogeneity can provide refugia for morphotypes that 

would otherwise be out competed outside these small refugia.  Battaglia and 
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Williams (1996) demonstrated that local scale soil depth variation influenced soil 

moisture and thus changed the vegetation composition at a site.  This explanation 

does not seem applicable in this study however; as soils were deep and textures 

uniform (to 50cm) across the study area (Galloway, 1967a; Galloway, 1967b; 

Wright, 1968).  It is therefore unlikely that small-scale heterogeneity would 

provide refuge for the less competitive morphotypes.    

One explanation for the maintenance of this cline is that differences in foliar 

morphology alleviate environmentally induced stress unequally between the 

morphotypes.  It is important to note that these performance differences may not 

have been apparent under glasshouse conditions.  A possible reason for this is that 

the benefits conferred by the morphological differences are likely to be more 

pronounced under field conditions, which are characterised by higher solar 

radiation, higher temperatures and lower relative humidity. 

The pronounced morphological differences that exist across the cline are likely to 

have a large effect on the energy balance of a leaf.  The eastern morphotypes 

possess leaves that are more typical of leaves from more mesic environments 

characterised by an increased leaf width: length ratio, reduced petiole length and 

subsequently a leaf orientation close to horizontal.  Towards the western end of 

the transect, there is a gradual transition in leaf characteristics that includes 

alternate leaves, a decrease in leaf width: length ratio, increase in petiole length 

and hence a more vertical leaf orientation.  Not only were petiole lengths longer 

in the west, but they also showed lower levels of variation around the mean 

(Chapter 3).  It is possible that selection has caused a reduction in variation, as 

petiole length is tightly associated with plant performance (Niinemets, 1998).   

Vertical leaf canopies are frequently associated with dry environments and are 

generally explained in terms of leaf temperature and plant water economy.  

Vertical leaf canopies reduce light interception and can subsequently cause 

reductions in heat loads and transpiration but also permit greater light penetration 

through the canopy (Cowan, 1981; Delucia et al., 1991; James & Bell, 1996; 

McMillen & McClendon, 1979).  By arranging leaves vertically, such that the 

angle of illumination to the leaf surface is low (<20o), the amount of 
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photosynthetically active radiation (PAR) that is reflected is greatly increased, 

thereby decreasing the amount of PAR absorbance (Kirschbaum, 1986).  A 

decrease in light absorbance will result in a decline in photoinhibition of the 

photosynthetic apparatus under high light conditions (James & Bell, 1996).  

Roden and Pearcy (1993) showed that in Populus, a shade intolerant species 

which has vertically angled leaves (McMillen & McClendon, 1979), leaf 

fluttering causes a substantial increase in canopy photosynthesis by sequentially 

exposing both sides of the leaves to the sun.  Reductions in leaf width and leaf 

area can also cause significant reductions in leaf heat loads as convective cooling 

is increased (Gates, 1980).  A reduction in heat load is a critical factor influencing 

plant performance, as it plays a role in all physiological processes (Sa-ardavut et 

al., 1984).  Other morphological traits, that were not examined in this study are 

also likely to play an important role in controlling plant performance including 

leaf area, leaf thickness, cuticle thickness and stomata density (Abrams, 1986; 

Abrams & Kubiske, 1990b; Kubiske & Abrams, 1992; Ridge et al., 1984).  

 

In summary, this chapter highlights the important role that morphological 

adaptations may perform in compensating for physiological performance 

limitations.  In this closely related group, the advantages conferred by site-

specific morphological adaptations are more likely to play a decisive role in the 

maintenance of the distinct morphological cline than are small differences in 

physiological performance.  Site-specific morphological differences may provide 

a simpler, quicker and more effective way of acquiring advantageous characters 

that can facilitate further ecological diversification, than what could be achieved 

through physiological evolution.  This form of adaptation may be particularly 

prevalent in Eucalyptus as this group, is morphologically diverse and occupies a 

wide range of habitats. 
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5.0   Genetic variation 

“We are not comfortable if a thing we have seen isn’t attached to a name.  An 

object can hardly be said to exist until it has a name, even an approximate name.” 

(Bail, 1998) 

5.1 Introduction 

A correlation between quantitative traits and environmental factors does not 

provide adequate evidence to reject the hypothesis that a cline is the product of 

secondary contact.  These correlations merely indicate that a causal relationship 

may exist between specific traits and environmental factors (Endler, 1986).  A 

more effective means of testing the hypothesis that a cline is the product of 

secondary contact is by examining the distribution of genetic variation across the 

cline.   

Molecular approaches provide a framework to examine quantitatively the genetic 

cohesion of the populations that span the cline by determining the extent of 

genetic differentiation, level of gene flow and the spatial distribution of 

genealogies.  Molecular markers enable the extent of population differentiation 

and levels of gene flow across the cline to be investigated in both a historical and 

contemporary context.  By incorporating a temporal dimension into the analysis 

our power to detect past secondary contact events is increased.  The use of 

molecular markers has increased our interpretative ability by reducing much of 

the ambiguity that is associated with interpretations based on morphological 

evidence.  By assessing the distribution of genetic variation, the hypothesis of 

secondary contact would be rejected if there were evidence of past and present 

gene flow between the extreme morphotypes.   

Until recently, it has been difficult to assess the importance of secondary contact 

in generating clinal patterns of variation in plants because biologists have 

struggled to reconcile patterns of variation with species concepts (Harrison 1993).  

In Eucalyptus this problem may be prevalent as the high levels of variation within 

a species are frequently understated (Ashton & Sandiford, 1988).  Given that 

eucalypts have been predominantly classified on morphological grounds, it is 
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likely that many morphological clines are called hybrid zones simply because 

biologists have adopted a morphospecies concept and have classified the extreme 

morphological forms as species.  In describing clines it is important to adopt 

terminology that reflects the phylogenetic relationship between the extreme 

forms.   

5.1.1 Population structuring 

It is likely that much of the variation seen today in Eucalyptus arose in response 

to a series of range expansion and contraction events (Bowler, 1982; Hope & 

Kirkpatrick, 1989; Nix, 1982) that were induced by changes in environmental 

factors that were associated with climate fluctuations during the Oligocene – 

Middle Miocene (MacPhail & Truswell, 1989; Martin, 1998; Truswell, 1993) and 

in the last 200,000 years (Singh et al., 1981).  These range contraction and 

expansion events would have resulted in significant changes in geographic 

structuring of variation as populations coalesced, became fragmented (Humphries 

et al., 1991) or became extinct.  By examining variation in both nuclear DNA and 

chloroplast DNA (cpDNA), processes that have been responsible for shaping 

patterns of variation can be interpreted from both a contemporary and historical 

perspective.   

5.1.1.1 Contemporary structuring 

Today microsatellites are the Mendelian marker used in most population genetic 

studies to examine contemporary patterns of genetic variation.  Microsatellites are 

tandem repeats of short nucleotide sequences that have repeat units of between 

one and five base pairs (Jarne & Lagoda, 1996).  There are three families of 

microsatellites, these being, pure (CACACACACA), compound 

(CACACAGAGAGA) and interrupted (CACATTCACACATTCATT) (Weber, 

1990).      

In most instances microsatellites are more suitable markers than allozymes and 

RAPDS as they are highly polymorphic, co-dominant and are considered 

selectively neutral.  Some recent studies suggest however, that some 

microsatellites that occur in coding regions of DNA, may in fact have an upper 
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limit to their repeat length (i.e. number of alleles) and thus may be under selective 

constraint (Sutherlands & Richards, 1995; Watkins et al., 1995).  Whether similar 

constraints are present in non-coding regions is still unknown.  Selective 

neutrality is an essential assumption of the use of genetic markers, as most genetic 

statistics rely on the notion that changes in allelic frequencies are due to 

biological processes (gene flow, mutation, drift) rather than selection.   

Whilst high number of alleles per locus makes microsatellites effective in the 

differentiation of individuals within populations, the underlying process of 

generating such variability remains unclear and proves problematic in data 

analysis.  These problems are associated with the rate and the manner in which 

microsatellites evolve.  Despite the obvious benefits of being highly variable, 

high mutation rates do pose problems as a result of increased homoplasy which 

limits the suitability of using microsatellites to study processes that occurred over 

extended periods of time.  When mutation rates are high, there is a greater 

probability that two different alleles will mutate to become the same, that is 

identical-in-state (IIS), when they are not identical-by-descent (Jarne & Lagoda, 

1996).   

There are three main models used to explain microsatellite evolution.  The first is 

the infinite allele model (IAM, (Kimura & Crow, 1964)), in which every mutation 

creates a new allele at the mutation rate (u).  As every mutation in the IAM model 

creates a new allele, homoplasy is not problematic in analysis.  The second model 

is the K-allele model, in which there are K alleles and mutation from one allele to 

another allele occurs at the probability of u /(K-1) (Jarne & Lagoda, 1996).  The 

third model is the stepwise mutation model (SSM, (Kimura & Otha, 1978)), in 

which mutations add or subtract a microsatellite repeat unit to or from the allele, 

thereby creating a new allele.  Under the SSM, mutations that add or subtract 

repeats are equally likely (Jarne & Lagoda, 1996) and differences in allele size 

(i.e. the number of repeat units) reflects the extent of relatedness, such that alleles 

of similar size are more closely related than alleles of vastly different size.  

Consequently it is said that the SSM has a memory of allele size (Balloux & 
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Lugon, 2002).  Both the K-allele and SSM are prone to homoplasy, as mutations 

do not necessarily create new allelic states. 

Presently there are two main estimates of differentiation used to examine 

population structuring.  Wrights’ (1931; 1943) fixation index FST estimates the 

probability that two alleles, drawn at random from different subpopulations are 

identical.  FST is based on allelic frequencies and assumes IAM, whereas Slatkins’ 

(1995) RST, an analogue of the FST, assumes SSM and the distance measure takes 

into account allele length variations.  In calculating RST, allele length variations 

are standardised to allow for differences in sample size and allelic variation at 

each locus.  RST is based on SSM and is thought to reflect the evolution of 

microsatellites more accurately (Slatkin, 1995).   

Caution must be applied when microsatellites are used to assess deviations from 

Hardy-Weinberg equilibrium.  Point mutations in the primer site of an allele can 

prevent its amplification and thus the allele will not be visualised on the screening 

gel.  Consequently null alleles inflate estimates of homozygous individuals, 

because heterozygous individuals, that possess a null allele, will be scored as 

homozygous.  Null alleles are not as problematic in assessing population 

structuring as in calculating outcrossing rates etc. as these statistics are based on 

relative allelic frequencies. 

Estimates of differentiation provide an indirect approach to determine level of 

gene flow (Nem) (Wright, 1951).  When mutation and drift are assumed to be at 

equilibrium, a non-linear relationship exists between the level of population 

differentiation and the product of effective population size (Ne) and the migration 

rate (m) between populations (FST=1/(1+4 Nem) (Wright, 1951).  Nem is a useful 

parameter as it indicates the efficiency of gene flow in preventing population 

divergence (Giovindarju, 1988). 

Ennos (1994) has demonstrated that by comparing the levels of genetic 

differentiation obtained from biparental-nuclear and maternally inherited 

organelle (e.g. cpDNA) markers it is possible to determine the relative rates of 

pollen and seed mediated gene flow between populations.  This is calculated by 
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comparing levels of differentiation obtained for nuclear and organelle DNA, 

whilst taking into account modes of inheritance and effective population sizes.  

5.1.1.2 Historical structuring  

Changes in DNA sequence over time are intrinsic to divergence, and our ability to 

model accurately these changes backwards-in time remains the key to rebuilding 

patterns of past population structuring and the processes therein.  Fundamental to 

this process, is our ability to incorporate the rate and type of evolutionary change 

into our models of sequence evolution.    

In contrast to the molecular markers used to assess contemporary structuring, the 

markers used to examine past structuring target regions of DNA that show lower 

mutation rates to reduce the incidence of homoplasy.  This characteristic is 

important, since the patterns of genetic structuring occurred over an extended 

period time and in the distant past.  This provides increased time for multiple 

mutations to occur at the same position along the DNA sequence.     

In plants, the chloroplast DNA (cpDNA) is generally considered the most suitable 

genetic marker to study evolutionary relationships (Palmer et al., 1988).  

Chloroplast DNA evolves slowly with rates of nucleotide substitution being 2 to 3 

times slower than plant nuclear DNA (Palmer et al., 1988).  Chloroplast DNA 

does not recombine and in most angiosperms (Birky, 1995), including eucalypts 

(Byrne et al., 1993) is maternally inherited.     

In the past phylogenetic reconstruction has predominately used various tree-

building techniques (maximum parsimony, MP; Minimum evolution, ME; 

Maximum likelihood, ML; Neighbourhood joining, NJ; etc) based on the 

appropriate distance model.  This has proved successful when examining 

hierarchical interspecific relationships, however when studying evolutionary 

relationships that are potentially below the species level, the relationships 

between genes from different individuals are not necessarily hierarchical (Posada 

& Crandall, 2001).  These methods may be unreliable, as they do not account for 

anastomosing gene flow between individuals, fewer mutational differences and 

recombination.  Gene evolution at a population level may not be best represented 

by a bifurcating tree (Posada & Crandall, 2001).  Population genealogies are often 
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multifurcated, descendant genes coexist with persistent ancestors and 

recombination events produce reticulate relationships (Posada & Crandall, 2001).  

To accommodate population level processes, several haplotype networking 

approaches (median-joining (Bandelt et al., 1999; Bandelt et al., 1995), statistical 

parsimony (Templeton et al., 1992), molecular variance parsimony (Excoffier & 

Smouse, 1994) etc) have been developed to estimate intraspecific genealogies.  

As haplotype networks do not assume bifurcation, they reflect the haplotype 

relationships more accurately and can include extinct or un-sampled haplotype 

variants (Posada & Crandall, 2001).   

By incorporating the predictions of coalescence theory (Kingman, 1982), 

haplotype networks can also provide valuable temporal information regarding the 

spatial distribution of haplotypes.  This approach has been formalised in nested 

clade analysis (NCA) (Templeton et al., 1987), which converts a haplotype 

network into a hierarchical set of nested branches or clades (Templeton, 2001) 

using the nesting algorithm detailed in Templeton et al. (Templeton et al., 1987) 

and in Templeton and Sing (Templeton & Sing, 1993).  NCA incorporates 

predictions of coalescence theory with the geographic distribution of haplotypes 

(0-step clades) and information on their phylogenetic relationships to test 

hypotheses regarding historical processes that are responsible for contemporary 

distribution patterns (Maskas & Cruzan, 2000).  NCA tests the hypothesis that 

within each nesting level, the geographic distribution of clades is random using 

exact permutation tests.  If this hypothesis can be rejected, an inference key 

(Templeton et al., 1995) is used to infer the biological processes (e.g. restricted 

gene flow, isolation by distance, allopatric fragmentation) that are responsible for 

the non-random spatial distribution of clades.  Biological inferences are based on 

a clades’ geographical range (Dispersion distance, Dc), how far it lies from the 

geographical center of all it closest evolutionary neighboring clades 

(Displacement distance, Dn) and the differences between Dc and Dn obtained for 

the interior and tip clades, (I-T)c and (I-T)n respectively (Templeton et al., 1995).   

NCA is useful in investigating the origin of morphological clines as it identifies 

parts of the haplotype network that correspond to distinct evolutionary lineages 
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(Templeton, 2001).  If NCA identifies a single evolutionary lineage across the 

cline, secondary contact can be dismissed in favour of primary differentiation as 

being the causal factor.  NCA is a hierarchical analysis, which provides a 

temporal dimension to analysis and also increases the power of the analysis 

(Posada & Crandall, 2001), as contradicting results may be detected at different 

nesting levels.  This is particularly important when the spatial and phylogenetic 

cohesion of haplotypes at lower nesting levels suggest a single lineage, whilst at 

higher nesting levels NCA may identify to distinct evolutionary lineages.  These 

conflicting patterns would suggest that secondary contact has occurred in the 

distant past and since then, there has been extensive admixture of genes.  If the 

temporal dimension was not incorporated into the analysis, the historical 

secondary contact event may have gone undetected.    

It is important to note that phylogenetic reconstruction based on cpDNA may be 

discordant with organismal phylogenies (Rieseberg & Soltis, 1991).  This 

discordance is due to ‘chloroplast capture’ or incomplete lineage sorting (Wendel 

& Doyle, 1998).  Chloroplast capture occurs through hybridisation followed by 

extensive back crossing with a pure parental species (Avise, 1994).  Chloroplast 

capture can eventually lead to an individual possessing the nuclear genotype of 

the original pollen parent, and therefore similar morphology, whilst possessing 

the cpDNA of the maternal parent.  Chloroplast capture has been proposed as a 

possible cause for the sharing of cpDNA across several species of eucalypt 

(Freeman et al., 2001; McKinnon et al., 2001; Steane et al., 1998).   

Incomplete lineage sorting results in closely related species sharing an ancestral 

haplotype which further complicates phylogenetic reconstruction (Wendel & 

Doyle, 1998).  This can be misinterpreted as interspecific gene flow.  Lineage 

sorting is likely to be more problematic when the time between speciation events 

are short (Pamilo & Nei, 1988) because newly acquired alleles can take 

considerable time to reach fixation (Nei, 1987).  
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5.2 Objectives 

The origins of clinal patterns of variation are open to conjecture in the absence of 

historical information (Passioura & Ash, 1993) or rigorous experimentation and 

analysis.  This chapter examines both contemporary and historical population 

structuring to determine whether the observed patterns of variation are consistent 

with those expected under secondary contact.  By examining contemporary 

population structuring it will be possible to assess the extent of population 

differentiation and gene flow across the cline.  If the cline were the product of 

recent secondary contact, populations would be expected to show significant 

population structuring that follows isolation by distance across the cline.   

If the cline is the product of hybridisation between previously allopatric 

populations, this should be reflected in the cpDNA haplotype network and 

through the nested clade analysis.  We would expect the each putative pure 

morphospecies to be represented by different ancestral haplotypes and some of 

the newly derived haplotypes, whilst the putative hybrid populations are 

represented by both ancestral haplotypes and also by recently derived haplotypes 

radiating from the ancestral haplotypes (Fig. 5-1b).  Conversely, if the 

morphological cline were the product of primary differentiation, we would expect 

the ancestral haplotype and the more recently derived haplotypes, to be found in 

all morphotypes (Fig. 5-1a).  Together this information will help clarify the 

taxonomic status and evolutionary history of the species complexes. 

 

 

Figure 5-1 Haplotype type network under primary differentiation and secondary contact.  
Assumptions of schematic figure include complete lineage sorting and no chloroplast capture.   
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5.3 Methods 

5.3.1 Sampling 

Sampling was carried out at seven sites across the E. whitei x E. melanophloia 

cline.  The sites were selected such that two sites were from the western part of 

the study area (sites 1 and 2), three sites from the intermediate sites (3, 4 and 5) 

and two from the eastern end of the study transect (sites 6 and 7) (Fig. 5-2).  

Sampling was conducted at all 10 sites that spanned the E. populnea x E. brownii 

cline (Fig. 5-3).  Sampling was extended into the “pure” morphotype ranges to 

ensure that the “pure” morphotypes were sampled outside of the putative contact 

zone.  

Leaf samples were collected from 30 trees at each site.  Trees that were sampled 

were separated by at least 30m to reduce the possibility of sampling from the 

same family groups.  Leaf samples were immediately placed in liquid nitrogen 

until retuning to the laboratory where they were then placed in a –70oC freezer.  

 

  

 

Figure 5-2 Sampling across the ironbark complex 
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Figure 5-3 Sampling across the box complex 

5.3.2 DNA extraction 

Poly-vinyl pyrolidone (PVP) powder (5.0 mg) was added to 100mg of leaf 

sample, which then were ground under liquid nitrogen using a mortar and pestle.  

DNA was then extracted from the ground tissue samples using the QIAGEN 

Dneasy Plant Mini-kit (QIAGEN Industries).  DNA samples were then stored at  

–70oC. 

5.3.3 Microsatellite Protocol 

An extensive primer library (EMBRA: Eucalyptus microsatellites from Brazil) 

has been developed for E. nitens (Brondnai et al., 1998) and their transferability 

within subgenera has been shown to be high (Byrne et al., 1996).  Two sets of 

five EMBRA primers were used for the final microsatellite analysis for each 

species complex as they amplified consistently and were highly polymorphic 

(Table 5-1).      
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Table 5-1 Primer designation, type of repeat and optimised annealing temperature 

Primer Repeat Ironbarks Boxes Tm (oC) 
EMBRA 5 (AG)22   49 
EMBRA 6 (AG)19   52 
EMBRA 10 (CCT)3(AG)14   56 
EMBRA 12 (AG)22   50 
EMBRA 18 (AG)3GG(AG)19   56 
EMBRA 19 (AG)23   50 

 Used;  unused; Optimised annealing Temperature (Tm) 

 

PCR reactions were performed in 12.5µl mixture containing: 8.45 µl of H2O; 1.25 

µl of 10x reaction buffer (Biotech); 1.00 µl of MgCl2 (25mM); 0.25 µl of 10mM 

dNTP (Biotech); 0.50 µl of each primer (forward and reverse, 10mM); 0.05 µl of 

Taq polymerase (Biotech); and 0.5 µl of template DNA.  The optimal annealing 

temperature was established by calculating the melting temperature of the primer 

(Tm) minus 5oC, where Tm= 2(A + T bp) + 4(C+G bp) followed by temperature 

gradient PCR, where Tm was the intermediate temperature.  The PCR cycling 

conditions were: 95 oC for 3 mins, followed by 35 cycles of optimised Tm for 30 

sec, 72 oC for 30 sec, and a final extension step at 72 oC for 7 min.   

PCR product was diluted (1:1) with formamide loading dye and was then 

denatured at 95oC for 5 min.  Each individual sample (1µl) was then loaded into a 

preheated (40oC) vertical acrylamide gel that was fitted in a Corbett Research 

Gelscan 2000.  TAMRA 350 size standards (PE Applied Biosystems) were 

loaded every 8 samples.  Two specific control samples were also loaded to check 

for gel reliability.  Samples were pulsed into the gel for 20 sec at 1200 volts. The 

total run-time for each gel was typically 25-35 min according to the size of the 

amplified fragment.   

PCR product was visualized using the One D-Scan software package.  Bands 

were assigned to allele size using known information about repeat unit length.  
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5.3.4 cpDNA Protocol 

5.3.4.1 DNA sequencing 

The entire JLA+ region was amplified using the forward primer rpl2 

(GATAATTTGATTCTTCGTCGCC; Goulding et al., 1996) and the eucpsbA 

(GGAGCAATAACCAACACTCTTG; Freeman et al., 2001).  Amplification of 

the JLA+ region was performed using the same reaction conditions as for the JLA 

region (Vaillancourt & Jackson, 2000).  PCR products were cleaned using the 

Qiaquick columns (Qiagen) following the manufactures specifications.  Clean 

template DNA was sequenced in both directions using the primers rpl2 and 

eucpsbA, with the PE terminator dye and sequenced on an ABI-377 automated 

DNA sequencer.  

5.3.4.2 Outgroup heteroduplex analysis (OHA) using temperature gradient gel 

electrophoresis (TGGE) 

TGGE and outgroup heteroduplex analysis provides an effective technique to 

screen sequence variation in PCR products.  Combined, OHA and TGGE 

provides a resolution near to that of DNA sequencing whilst being more time and 

cost effective (Campbell et al., 1995).  TGGE relies on the denaturing 

characteristics of a DNA fragment, which varies according to the sequence of the 

DNA fragment (Fixman & Friere, 1977).  Differences in sequence base 

composition alter the temperature of denaturation which causes two different 

sequences to migrate dissimilar distances when electrophoresed.  Outgroup 

heteroduplex analysis involves denaturing and renaturing the combined PCR 

products of the sample DNA and the outgroup DNA.  If the outgroup DNA 

sequence varies from the sample DNA, a hybrid ‘heteroduplex’ DNA sample is 

formed (Campbell et al., 1995).  The number of base pair differences between the 

sample and outgroup, causes a change to the thermal stability of the heteroduplex, 

due to mismatching, which modifies the temperature of denaturation and thus 

distance of migration.  Using both TGGE and OHA has been shown to 

consistently detect differences of one base change (Campbell et al., 1995).   
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TGGE was performed on a horizontal gel apparatus.  Conditions for the 

perpendicular TGGE followed the manufacturer’s direction (Qiagen).  The PCR 

protocol followed that given in section 6.3.4.1.  The sample (50µl DNA, 20µl 10x 

ME buffer and dye, 130µl ddH2O) was loaded on to the horizontal gel (36ml 

Urea, 0.9ml ME buffer, 2.25ml 40% Glycerol, 7.5ml 30% Acrylamide (29:1), 

136µl 10% APS, 75µl TEMED) and electrophoresed for 4.5 hours at 300 V in 

1xME running buffer.  The direction of sample migration was perpendicular to a 

temperature gradient of 20 to 60 oC.  To visualise the DNA, the gel was silver 

stained according to the manufacturer’s direction (Qiagen).  Based on the melting 

curve obtained from the perpendicular TGGE, the optimised gradient of 15.6 to 

50.6 oC was calculated and used in the parallel TGGE.  Samples were 

heteroduplexed with the outgroup sample (1.5µl sample DNA, 1.5µl outgroup 

DNA, 0.8µl 10X ME Buffer and dye, 4µl 8M UREA) by denaturing at 95 oC for 5 

min and were then allowed to reanneal at 50 oC for 15 min, before cooling to 

room temperature.  In the ironbark complex, a box sample was used as the 

outgroup reference for all ironbark samples.  The reverse was the case for the box 

complex, with an ironbark sample being used as the reference outgroup.  Four 

specific TGGE haplotypes samples were also loaded to assist in gel scoring.  The 

heteroduplexed samples were electrophoresed for 3.5 hours at 300V parallel to 

the temperature gradient.  The gels were visualised with silver staining.  

Haplotypes were then scored.       
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5.3.5 Statistical analysis 

5.3.5.1 Microsatellite analysis 

The program Fstat (Goudet, 2002) was used for the analysis of the allelic 

variation.  For each population, mean number of alleles per locus, proportion of 

loci that are polymorphic, the observed heterozygosity (Ho)(averaged across all 

loci); the expected panmictic heterozygosity (He) (Nei, 1973) and Wrights 

Fixation index (F) were calculated.  Wrights’ (1978) estimators of FST 

(component due to subdivision among populations) and FIS (component due to 

inbreeding within population) were estimated by jack-knifing over loci.  Hardy 

Weinberg equilibrium was tested across all loci in all populations using exact P-

values from the GENEPOP software (Raymond & Rousset, 1995).  Linkage 

disequilibria were assessed using Fstat. 

Genetic differentiation among populations was estimated using the genetic 

measures FST (Weir & Cockerham, 1984) and RST (Michalakis & Excoffier, 1996) 

using the programs Fstat and Rst Calc (Goodman, 1997) respectively.  Both 

measures were used, as currently there is no consensus as to which estimator is 

more appropriate for the analysis of microsatellite data from real populations 

(Jarne & Lagoda, 1996).  The RST distance measure takes into account allele 

length variations by standardising all data to allow for differences in sample size 

and allelic variation at each locus and assumes a stepwise mutation model for the 

formation of new alleles.  Rst Calc calculates an unbiased estimation of Slatkin’s 

RST (Slatkin, 1995).  Ordination of distance matrices was performed in PATN 

using MDS, in two-dimensional space. 

To test for genetic structuring the clines were subdivided into three regions 

(ironbarks: west, intermediate, east; boxes: northern, intermediate, southern). 

Hierarchical analysis of molecular variance (AMOVA) was based on allele 

frequencies (FST) using the ARLEQUIN computer package, version 2.0 

(Schneider et al., 2000).  The hierarchical analysis was conducted at three levels: 

within populations, between populations within a region and between regions.   
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To test for isolation by distance, pairwise FST plotted as FST / (1- FST) were 

linearly regressed against their geographical distances (km) (Rousset, 1999).  

Significance of relationships was evaluated using Mantel’s Test (Mantel, 1967) 

with 10 000 random permutations using ARLEQUIN. 

5.3.5.2 cpDNA analysis 

Sequences were aligned and edited by eye using Bioedit (Hall, 1999).  INDEL 

mutations were removed from the analysis as it was unknown whether the INDEL 

mutations occurred in one mutation event or occurred over several mutation 

events.  This approach provided a more conservative estimate of sequence 

divergence.  

Model test was used to determine which DNA substitution model was the most 

suitable for the data set by comparing different nested substitution models in a 

hierarchical hypothesis testing framework (Posada, 2001).  Genetic variability in 

the chloroplast sequences was calculated using Arlequin version 2.0 package 

(Schneider et al., 2000).   

To test for genetic structuring, populations were subdivided into the same regions 

as were used in the microsatellite analysis. The AMOVA was conducted at the 

same three levels.  The JC distance model (Jukes & Cantor, 1967) was used to 

estimate the evolutionary divergence between haplotypes, as the rate of 

nucleotide substitution was equal for all nucleotides.  Using the JC distance 

model, the AMOVA procedure partitioned genetic variation hierarchically.  The 

resulting Φ-statistics and corresponding variance components were tested for 

significance using a nonparametric permutation procedure (1000 permutations) 

(Excoffier et al., 1992) in ARLEQUIN.  

For each species complex, a haplotype network was generated using the program 

TCS (Clement et al., 2000).  The program provides the 95% parsimoniously 

plausible branch connections between haplotypes and displays the number of base 

pair differences between haplotypes.  

The geographic distribution and phylogenetic relationships among the cpDNA 

haplotypes were examined using nested clade analysis (NCA) (Templeton, 1998a; 

Templeton et al., 1995).  The nesting algorithm (Templeton et al., 1987; 
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Templeton & Sing, 1993) works from the tips in and defines haplotypes (0-step 

clades) into clades (1-step clades) and continues until all haplotypes are nested 

within a 1-step clade.  Each nesting includes the nearest haplotype/clade that is 

separated by single mutation. The process is then repeated by nesting all the 1-

step clades into 2-step clades.  This hierarchical process is repeated until all 

clades are nested within a single clade (total cladogram).  Once the nesting 

procedure is complete the program Geodis (Posada et al., 2000) implements an 

exact permutation contingency test for each clade at each nesting level and then a 

chi-square statistic is calculated (Posada et al., 2000).  Geographic associations 

are estimated by the level of dispersion around the geographic centre of a 

haplotype or clade (Dc), and as the displacement of each haplotype from the 

geographic centre of its nesting clade (Dn) (Posada et al., 2000).  To determine 

what historical or contemporary processes may have been responsible for 

structure of the nested clades, the output of Geodis was interpreted using the 

inference key given in Templeton et al. (1995) (updated version 10/2001).   

To explore the effects of INDEL inclusion on the biological interpretation of the 

spatial and phylogenetic relationships among cpDNA haplotypes, the nested clade 

analyses were reanalysed with INDELs included.  These results are presented in 

the appendices 8.3, 8.4, 8.5, 8.7, 8.8, 8.9 and 8.10.  

To examine the extent of interpopulation pollen mediated gene flow relative to 

seed mediated gene flow, the relative rates of pollen and seed mediated gene flow 

were derived from measurements on genetic differentiation of nuclear and 

maternally inherited markers as shown by (Equation 5a; (Ennos, 1994). 
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5.4 Results 

5.4.1 E. melanophloia x E. whitei 

5.4.1.1 Microsatellite results 

All 5 Embra microsatellites loci were highly polymorphic with population mean 

number of alleles per locus ranging from 10.14 (Embra 10) to 17.86 (Embra 18) 

(Table 5-2).  The allele sizes ranged from 80bp (Embra 5) to 156bp (Embra 10).  

The locus mean observed heterozygosity (Ho) was considerably lower than the 

expected heterozygosity (He) across all loci.  For all populations and loci 

combined the overall He was 0.85 and the overall Ho was 0.59.  All populations 

showed a widespread deficiency in heterozygotes at the loci Embra 10 and 18.  

Despite the widespread deficiency, population 5 was the only population to show 

a deficiency in heterozygotes across all loci (Table 5-2).   

Embra 12 was the only locus to approach Hardy-Weinberg equilibrium (HWE) 

across all populations, as 5 of the 7 populations did not show significant 

deviations from HWE.  This was reflected by the highest locus mean observed 

heterozygosity (0.75).   

Tests for linkage disequilibrium indicated that all Embra loci were independent 

(Appendix 8-2). 

Estimates of FIS and FST indicate that there was a high correlation of genes within 

individuals (FIS = 0.307) and low levels of population differentiation (FST = 

0.023) (Table 5-3).  The low standard error of the FIS estimates indicates that 

variation in FIS across populations was low.  The expected outcrossing rate across 

loci was 0.53 (Table 5-2). 
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Table 5-2 Levels of genetic variation at 5 Embra microsatellite from 7 populations across the 
ironbark complex.  

 Population        
Locus 1 2 3 4 5 6 7 Means 

Embra 5         
# of Alleles 15 12 13 11 11 12 12 12.29 
Allele size 96-128 96-118 96-134 96-130 80-126 96-122 96-122 80-134 

Ho 0.93 0.67 0.77 0.63 0.37 0.82 0.55 0.68 
He 0.87 0.85*** 0.89* 0.81** 0.80*** 0.86* 0.82*** 0.84 
t 1.15 0.65 0.76 0.64 0.30 0.91 0.50 0.68 

Embra 6         
# of Alleles 14 15 14 16 13 15 13 14.29 
Allele size 120-152 120-152 122-150 122-154 124-152 122-150 122-148 120-154 

Ho 0.52 0.90 0.70 0.72 0.58 0.62 0.72 0.68 
He 0.88*** 0.91 0.84** 0.91*** 0.90*** 0.86*** 0.87*** 0.88 
t 0.42 0.98 0.71 0.65 0.48 0.56 0.71 0.63 

Embra 10         
# of Alleles 10 9 10 9 8 11 14 10.14 
Allele size 114-146 114-150 116-152 116-150 116-152 114-152 114-156 114-156 

Ho 0.32 0.23 0.18 0.29 0.11 0.20 0.38 0.24 
He 0.76*** 0.67*** 0.83*** 0.51*** 0.72*** 0.84*** 0.89*** 0.75 
t 0.27 0.21 0.12 0.40 0.08 0.14 0.27 0.19 

Embra 12         
# of Alleles 11 13 11 10 10 10 9 10.57 
Allele size 110-134 110-140 110-142 110-132 108-130 108-142 110-130 108-142 

Ho 0.82 0.73 0.77 0.77 0.63 0.83 0.71 0.75 
He 0.87* 0.83 0.84 0.83 0.86*** 0.83 0.80 0.84 
t 0.89 0.78 0.85 0.87 0.58 1.00 0.80 0.81 

Embra 18         
# of Alleles 16 15 18 19 18 18 21 17.86 
Allele size 94-142 98-144 96-138 86-142 84-142 92-132 92-138 84-144 

Ho 0.61 0.37 0.60 0.71 0.54 0.70 0.52 0.58 
He 0.91*** 0.92*** 0.92*** 0.92* 0.93*** 0.93*** 0.94*** 0.92 
t 0.50 0.25  0.50 0.48 0.63 0.41 0.60 0.38 
         

Mean n 27.33 28.83 28.67 30.67 26.00 27.00 29.33 28.26 
Mean # of 

Alleles 
13.2 12.8 13.2 13 12 13.2 13.8 13.03 

Mean Ho 0.64 0.58 0.60 0.62 0.44 0.63 0.57 0.59 
Mean He 0.86 0.83 0.86 0.80 0.84 0.86 0.86 0.85 

t 0.59 0.54 0.54 0.63 0.35 0.58 0.50 0.53 
Number of alleles (#); Size in base pairs; Observed heterozygosity (Ho); Expected heterozygosity (He); 
Outcrossing estimate (t); Significant deviations from expected outcrossing values and exact 
probabilities were calculated (dememorization no. = 1000, 100 batches, 2500 iterations) using the 
Markov Chain method (Guo & Thompson 1992):  *P<0.05, **P<0.01, ***P<0.0001.  Shading 
indicates nonsignificant deviation. 
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Table 5-3 Weir & Cockerham (1984) estimation of FIT, FST, FIS for the ironbark complex.  
Loci values are jack-knifed over populations.  Total values are jack-knifed over loci.  Std. 
Errors are in parentheses. 

Locus FIT FST FIS 
Embra 5 0.205 (0.07) 0.007 (0.00) 0.2 (0.07) 
Embra 6 0.237 (0.05) 0.01 (0.01) 0.229 (0.05) 
Embra 10 0.693 (0.05) 0.079 (0.04) 0.667 (0.05) 
Embra 12 0.112 (0.03) 0.011 (0.01) 0.102 (0.03) 
Embra 18 0.388 (0.05) 0.014 (0.00) 0.38 (0.05) 
Total 0.324 (0.1) 0.023 (0.01) 0.307 (0.09) 

 

 

Table 5-4 Pairwise estimates of multilocus RST (below diagonal) and FST (above diagonal) 
between populations across the ironbark complex. 

 1 2 3 4 5 6 7 
1  0.0030 0.0350**φ 0.0136* 0.0012* 0.0098* 0.0265*φ 
2 0.0016  0.0433** 0.0176***φ 0.0027 0.0132* 0.0322***φ 
3 -0.0059 0.0129  0.0742***φ 0.0395**φ 0.0189 0.0091* 
4 0.0362* -0.0016 0.0528**  0.0105 0.0210 0.0480***φ 
5 0.0485* 0.0062 0.0634* -0.0128  0.0042 0.0189**φ 
6 0.0331 0.0363 0.0293 0.0335 0.0441  0.0114**φ 
7 0.0428* 0.0363 0.0322 0.0286 0.0264 -0.0084  

*P<0.05, **P<0.01, ***P<0.0001; φ values significant with Bonferroni correction (P<0.05). 

 

Despite the low FST value, there was sufficient genetic differentiation of 

populations for several significant differences in the pairwise comparisons of the 

RST and FST distance measures (Table 5-4).  The overall RST, calculated by 

averaging over variance components, was 0.026; and the overall FST was 0.023.  

The RST pairwise population comparison values ranged from 0.0016 (1 vs. 2) to 

0.0428 (1 vs. 7).  The FST pairwise population comparison values ranged from 

0.0012 (1 vs. 5) to 0.0742 (3 vs. 4).   
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Figure 5-4 MDS plot of RST values for microsatellite data from the ironbark complex. 
 

 

 

Ordination of the population pairwise RST and FST distance measures in 2-

dimensional space produced quite different results (Fig. 5-4, 5-5).  In the RST plot, 

there was minor population structuring, with the majority of populations that were 

geographically closer, being positioned closer in two-dimensional space (Fig. 5-

4).  The eastern populations were well separated from the intermediate 

populations, which were well separated from the western populations.  Two of the 

intermediate populations (4 & 5) showed considerable genetic differentiation 

from all other populations. Population 3, the most western of the intermediate 

populations, showed greater affinity to the western populations (1 &2).   

The FST plot, on the other hand, showed no population structuring (Fig. 5-5).   
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Figure 5-5 MDS plot of FST values for microsatellite data from the ironbark complex. 

 

This result was supported by the lack of a linear relationship between FST / (1- 

FST) and geographic distance (P = 0.77) thus indicating an absence of isolation by 

distance.  The AMOVA analysis also indicated a lack of geographic structuring to 

the genetic variation at the regional level and only small but significant 

differentiation among populations within regions (FSC) and all populations (FST) 

(Table 5-5).  The vast majority of the molecular variation was explained by the 

within populations component 98%, whilst the amount of variation explained by 

the among populations within a region component explained 2% and the among 

regions component explained 0%.   

 

Table 5-5 Analysis of molecular variance for ironbark complex.  The three regions are: west, 
intermediate and east. 

 Microsatellite 
 % 

Variation 
F-Statistic P 

Among regions 0 FCT  = 0.00 0.62 
Among populations 
within regions 

2 FSC  = 0.02 <0.001 

Within populations 98 FST  = 0.02 <0.001 
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5.4.1.2 Chloroplast results 

A preliminary survey of sequences (529 bp), sampled from 5 individuals per site, 

indicated that there was insufficient variation and power to detect any cpDNA 

structuring.  To increase the power of the analysis, TGGE was used to increase 

sample sizes.  In total 168 individuals (average 24 individuals/population) were 

assayed, which yielded 11 haplotypes (Table 5-6, Appendix 8.3 for full 

sequence), with considerable sharing of the haplotypes among populations (Table 

5-7).  To ensure that the identified TGGE haplotypes did not show sequence 

variation, 48 samples that covered the range of haplotypes were sequenced.  The 

TGGE was effective at differentiating all haplotypes. 

Sequencing revealed 44 variable sites, however the majority of these sites were a 

consequence of INDEL mutations and only three sites (0.6%) were nucleotide 

substitutions (Table 5-6).  

When INDELS were excluded from the analysis the number of unique haplotypes 

decreased to 3 (Table 5-8).  The revised (ie. INDELS removed) haplotype II, was 

the most geographically widespread, being present in all populations (Table 5-8).   

Haplotype III was the most restricted haplotype being found only in populations 3 

and 4 (Fig. 5-6).   
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Table 5-6 List of JLa+ haplotypes for the ironbark complex when INDELs are included in the 
analysis.  Shading indicates most common base with mutations shown in rows below. 
Integers indicate number of length of repeat.  BP indicates position along sequence where 
mutation occurred. 

 

  Mutation 

Hap. TTCTTTACTTCAACATAAGAA ATCTT Poly T C Poly T A A 
Revised 

Hap. 
1   1 A 0 C  I 
2   1  1   II 
3   1  2   II 
4   1  1   II 
5   1  3   II 
6   2  2   II 
7   0  0  T III 
8   2  0   II 
9   2  0  T III 
10   3  2   II 
11   0  4   II 
BP 61 198 217 255 336 368 503 

 

 

 Table 5-7 Haplotype distribution across the ironbark complex. 

  Population 
Original Hap. 1 2 3 4 5 6 7 Revised Hap. 

1 1  1  18 6 13 I 
2 7 24 9    8 II 
3   11 6 1 11  II 
4   2    1 II 
5   1     II 
6 19 1 2 11    II 
7    9    III 
8     1   II 
9   1     III 
10      2  II 
11     2   II 
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Table 5-8 Haplotype distribution across the ironbark populations when INDEL mutations 
are excluded from the analysis. 

 

  Population 
Revised Hap. 1 2 3 4 5 6 7 

I 1  1  18 6 13 
II 26 25 25 17 4 13 9 
III   1 9    

 

 

 

Figure 5-6 Spatial distribution of cpDNA haplotypes across the ironbark complex. 
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The AMOVA analysis, which was based on three regions (western, intermediate 

and eastern), indicated that 50% of the molecular variation could be attributed to 

within population variation, 53% to among populations within regions and -3% 

among regions (Table 5-9).  Significant differentiation was detected among 

populations within a region (ΦSC = 0.51, p<0.001) and between all populations 

(ΦST = 0.49, p<0.001) but not among regions.  The insignificant ΦCT indicated a 

lack of geographic structuring among regions.  When the AMOVA analysis was 

repeated with population 5 being included in the eastern region, with population 6 

and 7, a greater proportion of the variation could be attributed to among regions 

component (43%) (Table 5-9).  The within population variation component 

explained 45% and the among populations within regions explained 12%.  

Despite the among regions component explaining a greater proportion of the 

variation, there were no significant differences between regions.  Significant 

differentiation was detected among populations within a region (ΦSC = 0.21, 

p<0.001) and between all populations (ΦST = 0.54, p<0.001). 

 

Table 5-9 Analysis of molecular variance for ironbark complex.  The three regions are: west, 
intermediate and east.      

Region Populations Populations 
West 1, 2  1, 2 

Intermediate 3, 4, 5 3, 4 
East 6, 7 5, 6, 7 

 % 
Variation 

Φ Statistic P % 
Variation 

Φ Statistic P 

Among regions -3 ΦCT  = -0.03 0.24 43 ΦCT  = 0.43 0.10 
Among populations 
within regions 

53 ΦSC  = 0.51 <0.001 12 ΦSC  = 0.21 <0.001 

Within populations 50 ΦST  = 0.49 <0.001 45 ΦST  = 0.54 <0.001 
 

 

The haplotype network is shown in Figure 5-7. Haplotype I was two mutation 

steps from the interior haplotype II, and three from haplotype III.  The exact 

permutation contingency test detected significant geographic structuring for the 

haplotypes within the clade 1-2 and also for the clades 1-1 and 1-2 nested within 

the total nesting level (Table 5-10).  The results of the nested clade analysis are 



                                                                    Chapter 5: Genetic variation 

101 

 

 

 

shown in the Table 5-11.  The NCA inference key indicated that the observed 

haplotype distribution within clade 1-2 was due to restricted gene flow with 

isolation by distance.  This interpretation is based on the significantly small Dn 

and Dc values for the tip clade (III), which indicate that these haplotypes are 

geographically restricted.  The significantly large (I-T)c and (I-T)n results from the 

interior haplotype being geographically widespread and having a large weighted 

displacement distance from the geographic centre of the clade, whereas the tip 

clade had small dispersion and displacement values.

 

 

 
 

 

 

Figure 5-7 (Left) Haplotype network 
for the ironbark complex.  The 
estimated cladogram with 95% 
plausible set of haplotype connections 
with clade nesting.  A solid branch 
indicates a single mutation. “-”indicate 
missing haplotypes that were not 
detected in the sample. The level of the 
nested clade is given; 1-x for 1-step 
clades, 2-x for 2-step clades and 3-x for 
the 3-step clades where x is the number 
identifying individual clades.  
Haplotype indicated by Roman 
numerals (I–III). Populations indicated 
by numbers (1–7).  Haplotype 
frequency is indicated in parentheses. 

 

Table 5-10 (Below) The permutational 
chi-squared probabilities for 
geographical structure of the clades 
identified in Fig. 5-7 for the ironbark 
complex.  Clades with a probability 
value less than 0.05 suggest significant 
geographical structure. Clades with no 
genetic or geographical variation are 
excluded 

 

 

 

 

Clade X2 statistic P 
1-2 33.26 0.001 
Total 85.96 0.001 
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The NCA inference key also indicated that the distribution of clades within the 

total cladogram was due to restricted gene flow/dispersal but with some long 

distance dispersal.  Restricted gene flow is inferred from both clades having 

restricted distributions, as indicated from the significantly small Dc values. 

Long distance dispersal is inferred from the significantly small (I-T)n, which 

results from the interior clade 1-2 having a small weighted displacement distance 

from the geographic centre of clade 2-2, whilst the tip clade has a large weighted 

Dn, thereby suggesting large displacement distance.  Clade 1-2 was assigned the 

interior haplotype as it had a greater outgroup probability, was more frequent and 

more widespread than clade 1-1.   

The inclusion of INDEL mutations in the analysis the haplotype network would 

have resulted in a more complex network (Appendix 8.4), however similar 

biological interpretation would have been obtained (Appendix 8.5, 8.6). 

 

Table 5-11 Results of nested clade analysis for the ironbark complex.  Haplotypes (0-step) 
are given at the top in bold and are boxed by the clade structure given in Fig. 5-7.  Where 
identified, interior haplotypes/clades are shaded. Proceeding down the page, higher-level 
clade designations are given in bold directly below the nested clade. Significantly small or 
large values for Dc, Dn, (I-T)c and (I-T)n are indicated by an ‘S’ or ‘L’, respectively. 
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5.4.2 E. populnea x E. brownii 

5.4.2.1 Microsatellite results 

All 5 Embra microsatellites loci were highly polymorphic with a mean number of 

alleles per locus ranging from 14.4 (Embra 18) to 17.5 (Embra 6) (Table 5-12).  

The mean locus allele size ranged from 94bp (Embra 18) to 170bp (Embra 6).  

The mean locus observed heterozygosity (Ho) was considerably lower than the 

expected heterozygosity (He) across all loci.  When all populations and loci were 

combined, the overall He was 0.88 and the overall Ho was 0.65.  All populations 

showed widespread heterozygote deficiencies at the loci Embra 18 and 19.  All 

populations, with the exception of population 9, showed a deficiency in 

heterozygotes at Embra 12.  At the locus Embra 6, populations 3 and 9 showed 

significant deviations from H-W.  No significant deviations from H-W were 

detected at Embra 10.  Tests for linkage disequilibrium indicated that all Embra 

loci were independent (Appendix 8-2). 

Estimates of FIS and FST indicate that there was a high correlation of genes within 

individuals (FIS = 0.3) and low levels of population differentiation (FST = 0.02) 

(Table 5-13).  The low standard error of the FIS estimates indicates that variation 

in FIS across populations was low.  The expected outcrossing value across loci 

was 0.59 (Table 5-12). 

Despite the low levels of population differentiation, there were significant 

differences in pairwise population comparisons for the RST and FST distance 

measures (Table 5-14).  The overall RST, calculated by averaging over variance 

components, was 0.052; and the overall FST was 0.021.  The FST pairwise 

population comparison values ranged from 0.00 to 0.04.   
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Table 5-12 Levels of genetic variation at 5 Embra microsatellite for the box complex. 

 Population           
Locus 1 2 3 4 5 6 7 8 9 10 Means

Em 6            
# 14 20 19 21 17 17 19 14 16 18 17.5 

Size 122 -
156 

114 - 
152 

96 - 
160 

122 - 
170 

96 - 
158 

120 - 
160 

114 - 
158 

114 - 
154 

96 – 
158 

120 - 
166 

96 – 
170 

Ho 0.79 0.8 0.72* 0.9 0.86 1 0.77 0.8 0.69* 0.89 0.82* 
He 0.92 0.94 0.95 0.94 0.94 0.93 0.95 0.92 0.93 0.94 0.94 
t 0.75 0.74 0.61 0.92 0.84 1.16 0.68 0.77 0.59 0.90 0.77 

Em 10            
# 16 18 21 18 15 14 19 16 14 18 16.9 

Size 122 - 
154 

116 - 
158 

114 - 
156 

116 - 
162 

116 - 
152 

116 - 
148 

116 - 
162 

116 - 
168 

114 - 
156 

116 - 
160 

114 - 
168 

Ho 0.79 0.83 0.89 0.9 0.74 0.93 0.8 0.9 0.73 0.89 0.84* 
He 0.94 0.93 0.92 0.94 0.91 0.93 0.95 0.92 0.92 0.93 0.93 
t 0.72 0.81 0.94 0.92 0.69 1.00 0.73 0.96 0.66 0.92 0.82 

Em 12            
# 14 12 15 17 15 15 18 16 14 18 15.4 

Size 112 - 
146 

114 - 
152 

110 - 
152 

112 - 
156 

112 - 
148 

114 - 
150 

112 - 
152 

112 - 
156 

116 - 
146 

112 - 
154 

110 - 
156 

Ho 0.41* 0.43* 0.41* 0.6* 0.29* 0.55* 0.7* 0.59* 0.86 0.68* 0.55* 
He 0.91 0.85 0.91 0.92 0.94 0.93 0.93 0.93 0.9 0.93 0.92 
t 0.29 0.34 0.29 0.48 0.18 0.42 0.60 0.46 0.91 0.58 0.43 

Em 18            
# 11 13 17 12 17 10 19 17 15 13 14.4 

Size 94 - 
138 

96 - 
122 

94 - 
130 

94 - 
134 

94 - 
130 

96 - 
118 

70 - 
140 

94 -  
136 

94 -  
130 

102 - 
136 

94 - 
140 

Ho 0.61 0.63* 0.43* 0.43* 0.54* 0.37* 0.63* 0.62* 0.75 0.36* 0.54* 
He 0.85 0.88 0.93 0.87 0.93 0.89 0.94 0.92 0.9 0.94 0.9 
t 0.56 0.56 0.30 0.33 0.41 0.26 0.50 0.51 0.71 0.24 0.43 

Em 19            
# 19 13 15 17 16 19 18 16 12 18 16.3 

Size 112 - 
160 

118 - 
164 

120 - 
160 

116 - 
166 

112 - 
156 

118 - 
160 

112 - 
158 

116 - 
156 

120 - 
154 

112 - 
160 

112 - 
166 

Ho 0.62* 0.47* 0.69* 0.38* 0.43* 0.34* 0.5* 0.34* 0.19* 0.79 0.47* 
He 0.77 0.58 0.77 0.69 0.74 0.72 0.77 0.75 0.62 0.82 0.72 
t 0.67 0.68 0.81 0.38 0.41 0.31 0.48 0.29 0.18 0.93 0.48 
            

Mean n 28.8 30 28.6 30 27.4 28.6 30 29.4 28.2 28 28.8 
Mean # of 

Alleles 
14.8 15.2 17.4 17 16 15 18.6 15.8 14.2 17 16.1 

Mean Ho 0.64* 0.63* 0.63* 0.64* 0.57* 0.64* 0.68* 0.65* 0.64* 0.72* 0.65* 
Mean He 0.88 0.84 0.9 0.87 0.89 0.88 0.91 0.89 0.85 0.91 0.88 

t 0.57 0.60 0.54 0.58 0.47 0.57 0.60 0.58 0.60 0.65 0.59 
Number of alleles (#); Size in base pairs; Observed heterozygosity (Ho); Expected heterozygosity (He); 
Outcrossing estimate (t); Significant deviations from expected outcrossing values and exact probabilities 
were calculated (dememorization no. = 1000, 100 batches, 2500 iterations) using the Markov Chain 
method (Guo & Thompson 1992):  *P<0.05.  Shading indicates nonsignificant deviation. 
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Table 5-13 Weir & Cockerham (1984) estimation of FIT, FST and FIS for the box complex.  
Loci values are jack-knifed over populations.  Total values are jack-knifed over loci.  Std. 
Errors are in parentheses. 

Locus FIT FST FIS 
Em 6 0.13 (0.03) 0.01 (0) 0.12 (0.03) 
Em 10 0.11 (0.02) 0.02 (0) 0.1 (0.02) 
Em 12 0.41 (0.06) 0.03 (0.01) 0.39 (0.06) 
Em 18 0.42 (0.05) 0.03 (0.01) 0.4 (0.05) 
Em 19 0.49 (0.06) 0.02 (0) 0.48 (0.06) 
Total 0.31 (0.08) 0.02 (0) 0.3 (0.08) 

 

 

 

Table 5-14 Pairwise estimates of multilocus RST (below diagonal) and FST (above diagonal) 
between box populations. 

 1 2 3 4 5 6 7 8 9 10 
1  0.04**φφ 0.02**φφ 0.03**φφ 0.01* 0.03**φφ 0.03**φφ 0.03**φφ 0.04**φφ 0.03**φφ
2 0.09**  0.02**φφ 0.01** 0.03**φφ 0.03**φφ 0.03**φφ 0.03**φφ 0.03**φφ 0.03**φφ
3 0.08** 0.02  0.02** 0.03**φφ 0.01* 0.02**φ 0.01** 0.03**φφ 0.01 
4 0.02 0.04* 0.03  0.02** 0.01* 0.02**φφ 0.01**φ 0.03**φφ 0.03**φ 
5 0.02 0.03 0.05* 0.05*  0.01* 0.02**φφ 0.02**φφ 0.03**φφ 0.01 
6 0.05* 0.05** 0.01 0.01 0.05*  0.01** 0.01** 0.02**φφ 0.01** 
7 0.12** 0.08** 0.02 0.07** 0.10** 0.05**  0.00 0.01** 0.01**φ 
8 0.11** 0.04* 0.00 0.05* 0.06* 0.03 0.00  0.02**φφ 0.01** 
9 0.09** 0.02 -0.01 0.04* 0.05* 0.01 0.03 -0.01  0.02**φ 
10 0.10** 0.11** 0.04* 0.10** 0.05* 0.08** 0.07** 0.05* 0.05*  

*P<0.05, **P<0.01; values significant with Bonferroni correction at φ<0.05, 

φφ<0.01. 
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The MDS plot of pairwise RST and FST values indicated that the populations did not 

show geographic structuring within two-dimensional space (Fig. 5-8; 5-9).  This result 

was supported by the lack of a linear relationship between FST / (1- FST) and 

geographic distance (P = 0.13) thus indicating an absence of isolation by distance.  

The AMOVA analysis also indicated a lack of geographic structuring to the genetic 

variation at the regional level and only small but significant differentiation among 

populations within regions (FSC) and all populations (FST) (Table 5-15).  The vast 

majority of the molecular variation was explained by the within populations 

component 97%, whilst the amount of variation explained by the among populations 

within a region component explained 3% and the among regions component explained 

0%.  
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Figure 5-8 MDS plot of RST values for microsatellite data for the box complex. 
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Figure 5-9 MDS plot of FST values for microsatellite data from the box complex. 

 

 

 

Table 5-15 Analysis of molecular variance for the box complex.  The three regions are: 
northern, intermediate and southern. 

 Microsatellite 
 % 

Variation 
F-Statistic P 

Among regions 0 FCT  = 0.002 0.74 
Among populations 
within regions 

3 FSC  = 0.031 <0.001 

Within populations 97 FST  = 0.028 <0.001 
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5.4.2.2 Chloroplast results 

The 489 bp assayed from the 28 individuals revealed 23 variable sites resulting in 

18 haplotypes (Table 5-16, Appendix 8.7 for full sequence).  Only one haplotype 

(Haplotype 3) was shared among populations, being found in populations 1 and 

10 (Table 5-17), the remainder of the haplotypes were unique to a particular 

population. 

When INDELS were excluded from the analysis, 10 variable sites (2%) were 

identified and the number of unique haplotypes decreased to 11, which resulted in 

greater haplotype sharing among populations (Table 5-18).  The TGGE was 

effective at differentiating all haplotypes. 

The revised (i.e. INDELS removed) haplotype III, showed the most widespread 

geographic distribution being present in 5 populations (1, 3, 6, 9 and 10) (Fig. 5-

10).  Haplotypes IV and V were also found in more than one population, being 

found in populations 2 and 7.  Five of the 11 haplotypes (VII, VIII, IX, X and XI) 

were singletons, being found only in one sample.   

The AMOVA analysis, which was based on three regions (northern, intermediate 

and southern), indicated that 65% of the molecular variation could be attributed to 

within population variation, 29% to among populations within regions and 6% 

among regions (Table 5-19).  Significant differentiation was detected among 

populations within a region (ΦSC = 0.31, p<0.001) and all populations (ΦST = 

0.35, p<0.001) but not among regions.   

 

 



                                                                    C
hapter 6: G

enetic variation 

109 

    

  



Chapter 5: Genetic variation 

110 

 

 

 

Table 5-17 Distribution of cpDNA haplotypes across box populations 

  Population 
Haplo. 1 2 3 6 7 8 9 10 

1 2        
2 2        
3 1       1 
4  3       
5  1       
6   2      
7   3      
8    1     
9    1     
10     2    
11     2    
12      1   
13      1   
14       1  
15       1  
16       1  
17        1 
18        1 

TOTAL 5 4 5 2 4 2 3 3 
 

Table 5-18 List of original haplotypes (Haplo.) revised JLa+ haplotypes (Rev. Hap) for the box complex 
when INDELs were excluded from the analysis. 

Haplo. Rev. Hap. T G G C G A T A A A 
1 I      C  C   
2 II     T     T 

3, 6, 9, 14, 
15, 17 

III           

4, 10 IV          T 
5, 11 V G         T 

7 VI  T        T 
8 VII G   A    C   
12 VIII G  C        
13 IX G          
16 X         C  
18 XI       G    

BP 62 101 144 187 207 224 257 287 412 422
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Figure 5-10 Spatial distribution of cpDNA haplotypes across box complex. 

 

Table 5-19 Analysis of cpDNA molecular variance for the box complex.  The three regions 
are: northern, intermediate and southern. 

 CpDNA 
 % 

Variation 
Φ Statistic P 

Among regions 6 ΦCT  = 0.06 0.24 
Among populations 
within regions 

29 ΦSC  = 0.31 <0.001

Within populations 65 ΦST  = 0.35 <0.001
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The haplotype network required the removal of one ambiguous closed loop that 

would have connected haplotype V to IX (Fig. 5-11).  The removal of this step 

was based on the predictions of coalescent theory and that haplotype IV was more 

frequent, widespread and had the greater outgroup probability of 0.26 as 

compared to haplotype IX which was less frequent, geographically more 

restricted and had an outgroup probability of 0.13.  From the haplotype network it 

is evident that most tip haplotypes were unique to a single population, whereas 

the interior haplotypes were geographically more widespread, being found in two 

or more populations.  Significant geographic structuring of the haplotypes/clades 

was detected when the dispersion distance (Dc) and displacement distance (Dn) at 

each nesting level was compared (Table 5-20).  The results of the nested clade 

analysis are shown in the Table 5-21.   

The geographic distribution of the haplotypes II, IV, V and VI that are nested 

within the clade 1-4 is suggestive of restricted gene flow with isolation by 

distance.  This inference is based upon the significantly small Dc values obtained 

for the tip haplotype VI and the small Dc values obtained for the tip haplotype II.  

These dispersion distances indicate that these haplotypes are geographically 

restricted.  The significantly large (I-T)c for the clade indicates that the dispersion 

distance of the interior haplotype is significantly greater than that of the tip 

clades.   

The geographic distribution of the 1-step clades that are nested within clade 2-2 is 

also indicative of restricted gene flow with isolation by distance.  This 

interpretation is derived from the significantly small Dc of tip clade 1-4, and the 

small Dc values obtained for the clade 1-5, which indicates a restricted 

distribution of these tip clades.  The significantly large (I-T)c results from the 

interior clade 1-1 having a larger weighted dispersion distance that that of the tip 

clades.  The inference of restricted gene flow with isolation by distance is 

strengthened as the clades with restricted distribution are found in diverse 

locations and their combined range reflects the geographic range of the interior 

clade. 
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Figure 5-11 Haplotype network for the box complex.  The estimated cladogram with 95% 
plausible set of haplotype connections with clade nesting.  A solid branch indicates a single 
mutation. The level of the nested clade is given; 1-x for 1-step clades, 2-x for 2-step clades 
and 3-x for the 3-step clades where x is the number identifying individual clades.  Haplotype 
indicated by Roman numerals (I–XI). Populations indicated by numbers (1–10).  Population 
haplotype frequency indicated in parentheses. 

 

Table 5-20 The exact permutation contingency test probabilities for geographical structure 
of the clades identified in Fig. 5-11 for the box complex. 

Clade X2 statistic P 
1-1 3.56 0.84 
1-4 26.87 0.001
2-1 3.0 0.34 
2-2 37.88 0.001
Total 22.77 0.001
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At the total cladogram level, the clade 2-2 was deemed the ancestral interior clade 

as it was geographically more widespread and contained a greater number of 

haplotypes.  The geographic distribution of the tip clade 2-1 and the interior 2-2 

within the total cladogram was indicative of restricted gene flow with isolation by 

distance. 

When the NCA was repeated with INDELs included in the analysis, the same 

biological inference was obtained (i.e. restricted gene flow with isolation by 

distance) (refer to Appendix 8.8, 8.9, 8.10). 

 

 

Table 5-21 Results of nested clade analysis for the box complex.  Haplotypes (0-step) are 
given at the top in bold and are boxed by the clade structure given in Fig. 5-11.  Where 
identified, interior haplotypes/clades are shaded. Proceeding down the page, higher-level 
clade designations are given in bold directly below the nested clade. Significantly small or 
large values for Dc, Dn, (I-T)c and (I-T)n are indicated by an ‘S’ or ‘L’, respectively.   
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5.5 Discussion  

Botanists have long recognised that significant morphological variation can be 

accounted for by a relatively small number of genes (Gottlieb, 1984; Hilu, 1983). 

As a consequence, there can be a lack of concordance between morphological and 

genetic datasets, which proves problematic in species delineation.  This problem 

is exacerbated in genera that show high levels of morphological variation, such as 

Eucalyptus.   

5.5.1 Deviations from Hardy-Weinberg equilibrium   

The microsatellite analysis provided a contemporary perspective on the levels of 

genetic variation, the extent of gene flow and the levels of differentiation within 

and between populations.  The Embra microsatellites were highly polymorphic 

and showed a comparable expected heterozygosity (Ironbarks: He= 0.85; Boxes: 

He= 0.88) to those obtained in E. nitens (He = 0.83 (Byrne et al., 1996)), E. 

urophylla (He = 0.86 (Brondnai et al., 1998)) and E. grandis (He = 0.83 (Brondnai 

et al., 1998)).  It has been suggested that lower levels of variation are detected 

when using primers designed for other species (Jarne & Lagoda, 1996), yet in this 

study it appears that the Embra microsatellites were highly transferable within the 

subgenus Symphyomyrtus as was suggested by Brondnai et al. (1998). 

The results indicate that in both species complexes, most populations showed 

widespread deficiencies in heterozygotes across most loci.  In the Ironbark 

complex, Embra 12 was the only locus that did not demonstrate widespread 

deviations from H-W.  In the Box complex, not all populations showed deviations 

from H-W at the loci Embra 6 and 10.  The highly positive Weir & Cockerham 

(1984) FIS values result from an excess of homozygotes relative to Hardy-

Weinberg expectations.   

Studies indicate that widespread heterozygote deficiencies are frequently detected 

in eucalypts seedlings (Sampson et al., 1989).  Mating is rarely panmictic in 

eucalypt populations (Potts & Wiltshire, 1997), with positive values for Wright 

Fixation Index (F) being obtained in open-pollinated populations of seed or 

germinants (E. crucis (Sampson et al., 1988); E. rhodantha (Sampson et al., 
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1989)).  Studies of mating systems within Eucalyptus reveal that although seed 

progeny have an excess of homozygotes, the maternal parents do not (Hopper & 

Moran, 1981; Sampson et al., 1988).  This may indicate that throughout the 

life-cycle of a eucalypt, the inbred (homozygous) individuals are eliminated by 

selection (Hopper & Moran, 1981; Sampson et al., 1988; Sampson et al., 1989).   

There are several possible explanations for the deficiency in heterozygotes since 

eucalypts have mixed mating systems (Kennington & James, 1997).  These 

include selfing, inbreeding and/or population sub-structuring and null alleles.  

Selfing is unlikely to be primarily responsible for the deficiency in heterozygotes, 

as eucalypts have developed various mechanisms to promote outcrossing.  These 

mechanisms include protandrous floral development (Pryor, 1976; Savva et al., 

1988), bending of the anthers away from the style, stylar extensions and also by a 

variety of post mating mechanisms (Potts & Wiltshire, 1997).  Studies indicate 

that in natural populations eucalypts have outcrossing rates that range from 0.70 

to 0.92 (Eldridge, 1970; Potts, 1990b).  In this study outcrossing rates were lower, 

with estimates similar to those obtained for E. rhondantha (t = 0.59) (Sampson et 

al., 1989).  These low outcrossing rates may reflect pollinator behaviour and/or 

small population size (Kennington & James, 1997).   

Inbreeding and/or population sub-structuring are factors that can cause temporal 

and spatial variation in allele frequencies within the population, and therefore are 

important in determining levels of heterozygosity.  Inbreeding is unlikely to be 

responsible for the heterozygote deficiencies since all loci did not show uniform 

deviations from H-W equilibrium.  Although the sampling strategy reduced the 

probability of sampling closely related trees, population sub-structuring may help 

explain some of the deviation from H-W equilibrium.   

Temporal variation in flowering times can cause early flowering trees to 

contribute unequally to the allelic gene pool and thereby contribute to deviations 

in H-W.  Temporal differences in tree flowering times have been observed in E. 

pilularis (Florence, 1964), E. regnans (Fripp et al., 1987) and E. rhodanthe 

(Sampson et al., 1989).   
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Spatial variation in allele frequencies can be affected by both pollen and seed 

dispersal distances.  Eucalypts typically have non-specific pollination vectors (eg 

birds and insects), which generally have a nearest neighbour foraging strategy that 

results in most of the pollen being deposited in the immediate vicinity of the 

parent tree (Barber, 1965; Hopper & Moran, 1981; Pryor, 1976).  This is not 

always the case however, as 250 metres may represent the limit of normal pollen 

dispersal in E. pulverulenta (Peters et al., 1990), with rare pollination events 

occurring over a distance of 0.5-6.0 km (Ashton & Sandiford, 1988; Potts, 

1990a).  If the majority of pollen dispersal does occur within the immediate 

vicinity of the parent plant, the likelihood of being pollinated by a related tree will 

be further increased as a consequence of their poor seed dispersal capabilities and 

eucalypt longevity, which will further reinforce strong family groupings.  In 

eucalypts, seed dispersal is proportional to canopy height, seed weight and wind 

speed (Cremer, 1977) with virtually all seed being deposited within a distance 

twice the canopy height (Cremer, 1966).    

Null alleles provide another explanation for the widespread deficiency of 

heterozygotes.  Mutations in the priming site may prevent the amplification of an 

allele, which causes heterozygote individuals to be incorrectly scored as 

homozygotes.  To assess the prevalence of null alleles, all individuals that were 

initially described as being homozygous were re-assayed using PCR product with 

a revised annealing temperature (revised Tm = Optimised Tm - 5oC) to reduce 

primer binding specificity and increase the likelihood of visualising all alleles.  

This approach did not result in any changes to initial homozygote frequencies, 

and indicates that null alleles were unlikely to be prevalent in this study.  The 

presence of null alleles are less problematic in the assessment of population 

structuring than in the assessment of inbreeding, as measures of genetic 

structuring are assessed by differences in allele frequency and are therefore less 

sensitive to null alleles.  It is also worth noting that despite most loci showing 

significant heterozygote deficiencies they all had very similar FST values and 

therefore the heterozygote deficiencies are unlikely to have affected estimates of 

gene flow. 



Chapter 5: Genetic variation 

118 

 

 

 

5.5.2 Pollen versus seed mediated gene flow 

A comparison between estimates of population differentiation, which were 

derived from the nDNA and the maternally inherited cpDNA, indicated that 

interpopulation pollen mediated gene flow in the ironbark complex was 

approximately 59 times that of seed mediated gene flow.  In the box complex, 

pollen mediated gene flow was 32 times that of seed.  These results were 

supported by the contrasting results obtained from the microsatellite analysis, 

which indicated that interpopulation pollen mediated gene flow was widespread, 

whilst inferences from the nested clade analysis of the cpDNA were suggestive of 

restricted gene flow.  The estimate of pollen to seed mediated gene flow obtained 

in this study is in the order of those obtained for several outcrossing pine species, 

which ranges from 18 to 68 (Dong & Wagner, 1993; Miller et al., 1988; Strauss 

et al., 1993; Wheeler & Guries, 1982), a result that is expected given that 

preferential outcrossing occurs widely within Eucalyptus (Griffin et al., 1987) and 

that outcrossing rates have been estimated in the range of 0.69 to 0.92 (Eldridge, 

1970; Moran & Bell, 1983; Potts, 1990b).    

5.5.3 Contemporary Population Structuring 

In both complexes there were low, but significant levels of differentiation.  

Despite the low levels of differentiation, there was little structuring across the 

clines as indicated by the ordination of the population pairwise comparisons and 

the absence of isolation by distance.  An absence of structuring was also 

supported by the AMOVA analysis, which indicated that there was no 

hierarchical genetic structuring across the study area with the vast majority 

(≥97%) of the molecular variation being explained by the within population 

component rather than among regions or among populations within regions.  The 

lack of hierarchical structuring in the distribution of genetic variation suggests 

that the clines are unlikely to be the product of recent gene flow between two 

formerly allopatric species/populations, as higher levels of the hierarchy would be 

expected to explain a greater percentage of the genetic variation than was 

observed.  The microsatellite markers suggested that high levels of gene flow 
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across the morphological clines have been sufficient to preclude widespread 

genetic divergence at neutral loci and subsequent reproductive isolation.  The 

high level of pollen mediated gene flow and low level of population structuring 

would suggest that the morphological variation across the clines are being 

maintained by selection. 

5.5.4 Historical and phylogeographic interpretation 

Despite the exclusion of INDEL mutations from the analysis of the JLA+ region, 

there was sufficient variation for the biological interpretation of the spatial 

distribution of haplotypes.  This was largely facilitated by the increased statistical 

power and precision of nested analyses over traditional F-statistics for detecting 

genetic/geographical associations (Templeton, 1998a). 

In the ironbark complex, the NCA inferred that the distribution of haplotypes had 

resulted from restricted gene flow/dispersal with some long distance dispersal.  

As nesting level provides a temporal perspective to interpretation, it appears that 

there has been constant long-term restricted seed mediated gene flow.  This 

interpretation is based on the significantly small dispersion distances present at 

both temporal nesting levels.  The coalescence theory suggests that under a model 

of restricted gene flow there is an association between a haplotypes’ age and its 

distribution (Hudson, 1990), based on this we can predict that the more 

widespread interior haplotype (II) is the more ancestral haplotype, from which the 

tip haplotypes (I, III) have arisen.  The disjunct occurrence of haplotype I in the 

intermediate and western populations, may have resulted from long distance 

dispersal events from the more eastern populations.   

The spatial distribution of haplotypes across the ironbark cline was not congruent 

with the expectations of secondary contact (Fig 5-1), as two distinct ancestral 

haplotypes were not identified.  This was also reflected in the NCA, which 

provided a statistical framework to reject the hypothesis that the extreme 

morphotypes were distinct evolutionary lineages and that secondary contact was 

responsible for the clinal patterns of morphological variation. 

In the box complex, the JLA+ region was more polymorphic than in the ironbarks, 

which resulted in greater haplotype diversity.  When NCA was applied to the 
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network and the inference key followed, a similar biological interpretation to the 

ironbark complex was obtained.  The exact permutation contingency test 

indicated a non-random association between haplotype and geographic 

distribution.  The key indicated that restricted gene flow with isolation by 

distance was responsible for the geographic distribution of the haplotypes 

throughout the cline.  The interior haplotype/clade generally had large Dc and (I-

T)c values which reflected their increased frequency and their widespread 

geographic distribution whilst the tip haplotypes/clades had small Dc values 

reflecting their restricted distribution.  Across this cline, the more widespread 

interior haplotype is presumed to be the ancestral haplotype, from which tip 

clades have arisen and have remained geographically restricted as a consequence 

of restricted seed mediated gene flow.  This is counter to the expectations under a 

scenario of secondary contact and would tend to suggest that the morphological 

cline is a consequence of primary differentiation. 

It is important to note that an increase in sample size used in the nested clade 

analysis may have revealed greater haplotype diversity.  However such an 

increase would not have changed the overall biological interpretation of the NCA.  

If the sample sizes had been inadequate for the assessment of spatial structuring 

of cpDNA, a non-significant result would have been obtained.  An increase in 

sample size would only have reinforced the observed patterns and inferences.  

 

To summarise, the hypothesis that the distribution of genetic variation across the 

clines resulted from secondary contact can be rejected.  In both species 

complexes, the resulting haplotype networks and NCA analyses indicated that the 

shared haplotypes/clades were interior and geographically more widespread than 

the more restricted tip haplotypes/clades.  Therefore based on coalescent theory, 

these patterns are contrary to those expected under the hypothesis of secondary 

contact.  The molecular analysis indicated that the observed contemporary and 

historical genetic structuring is not the product of secondary contact between two 

formerly allopatric species.   
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The high levels of nuclear pollen mediated gene flow across the cline would have 

a homogenising effect on the structuring of genetic and morphological variation.  

As a result it is more likely that differences in selection pressures have promoted 

directional diversification.  The low levels of nuclear differentiation also suggest 

that there are no signs of reproductive isolation between the morphotypes.  The 

absence of genetic cohesion within the extreme morphs provides evidence to 

refute their current species status.
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6.0   General discussion 

“It is this chaotic diversity that has attracted men to the world of eucalypts.  For 

here was a maze of tentative half-words and part-descriptions, constantly 

expanding and contracting, almost out of control-a world within the world, but 

too loosely contained.  It cried out for a ‘system of some kind, where order 

could be imposed on a region of natures unruly endlessness.” (Bail, 1998)  
 

Today there is little debate as to the importance of hybridisation as a source of 

novel genetic variation.  The widespread discordance between variation found in 

cpDNA and nDNA suggests that natural hybridisation is a common phenomenon 

among plants (Rieseberg, 1997; Rieseberg & Soltis, 1991) and that many species 

appear to have been reproductively interconnected both in the past and present 

(Grant, 1971; Stebbins, 1950).  Within Eucalyptus, hybridisation is considered 

widespread and is thought to be an important evolutionary process that has shaped 

the patterns of variation (Potts & Jackson, 1986).  Furthermore variation in 

cpDNA also indicates that reticulate evolution may be occurring at an 

unappreciated scale (Jackson et al., 1999), consequently it has been proposed that 

the models of evolution used for eucalypts should be reassessed to allow for the 

anatomising effects of interspecific hybridisation (McKinnon et al., 2001).   

The results from this study demonstrate however, that biologists should give 

greater consideration to other processes that may also be important in shaping 

variation.  It is essential to recognise that gene flow occurs between populations 

having varying levels of differentiation and that terms used to describe these 

interactions should reflect the extent of differentiation.   

It is evident from the ironbark and box complex, that hybridisation was used to 

explain the clinal patterns of variation simply because the morphological extreme 

forms were considered separate species.  This raises the issue whether the 

presumed importance of hybridisation within the genus merely reflects taxonomic 

classification and not genealogical relationships.  To address this issue, botanists 

need to re-evaluate current species classification on the basis of genetic cohesion 

and lineage independence.  By defining species under these criteria, botanists can 
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accommodate and incorporate the important processes of hybridisation and 

asexual reproduction into models of speciation and evolution.   

The benefits of using the cohesion species concept and a hypothesis-testing 

framework were demonstrated in this study.  It provided a statistical test to 

determine whether two morphological clines were the product of secondary 

contact between independent evolutionary lineages, or alternatively whether each 

cline represented a single evolutionary lineage.  In both species complexes, the 

null hypothesis that the “morphospecies” classifications represent distinct 

evolutionary lineages could be rejected.  Instead each cline represented a single 

cohesion species.  This approach removed the ambiguity and subjectivity that is 

involved in examining the intraspecific and interspecific interface. 

With molecular studies becoming more feasible, evolutionary biologists should 

further develop and adopt hypothesis-testing frameworks to infer species status 

and phylogenetic relationships.  The integration of molecular data and the use of 

hypothesis testing in species classification will be an ongoing process.  This 

process will overcome the discordance between “morphospecies” classification 

and actual genealogies and will provide a more robust taxonomic classification 

that better reflects evolutionary relationships.   

When all biologists recognise independent evolutionary lineages as species, it is 

likely that the number of eucalypts currently recognised will reduce, accurate 

assessment of hybridisation will be established and the true extent and adaptive 

significance of intraspecific morphological variation will be realised.  Whilst this 

study may imply that within Eucalyptus, gene flow between independent 

evolutionary lineages is not as prevalent as previously thought, it does not 

diminish the evolutionary significance of gene flow.  I propose that the high level 

of diversification within the genus reflects changes in the gene flow dynamics 

between populations of varying degrees of differentiation, which were associated 

with range expansion and contraction events induced by climate change. 

Given the high levels of pollen-mediated gene flow across both clines and the 

stability of the clines, it is evident that strong selection pressure must be 

operating.  Within the study area it is likely that predominant selection pressures 
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are closely associated with drought, as a recent study indicated that approximately 

27 percent of eucalypts died from the effects of the 1990’s drought in north 

Queensland Eucalyptus savanna and that droughts of similar intensity have 

occurred three times this century elsewhere in Queensland (Fensham & Holman, 

1999).  In both species complexes studied, the morphological variation appears to 

be an adaptive response to alleviate environmentally induced stress.  Continuous 

morphological variation has been identified in several other eucalypt species 

complexes including, E. viminalis x E. dalrympleana (Phillips & Reid, 1980), E. 

risdonii x E. amygdalina (Potts & Reid, 1985) and E. saligna x E. botryoides 

(Passioura & Ash, 1993), and in these species has been considered an adaptive 

response to the environment.  Across the ironbark complex, physiological 

adaptation to water stress did not help explain the maintenance of the cline.  This 

may indicate that morphological adaptation in eucalypts provides a simpler, 

quicker and more effective way to alleviate environmentally induced stress.   

 

The significant role that environmental change has played in determining patterns 

of gene flow and lineage divergence within the genus is becoming more apparent 

from current research.  Over extended periods of time, environmental change has 

caused populations to radiate into new environments, to contract to form relictual 

populations or to become extinct.  We are now in a period in which climate 

change is occurring at an unprecedented rate (CSIRO, 2001).  Under current 

predictions many eucalypts will be exposed to temperatures and rainfalls that are 

outside their present range which will result in a substantial change to the flora of 

Australian (Hughes et al., 1996).  This highlights the need for a better 

understanding of climate change and the interaction between the environment and 

evolutionary processes so the long-term consequences of climate change on the 

evolution and survival of biota can be assessed.
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8.0   Appendix 

8.1 Distribution Maps and Climatic Envelope methodology 

8.1.1 Distribution Maps  

Records were compiled for each species from the Herbrecs database (Qld. 

Herbarium 1999) and Eucalypt Database.  Herbrecs was used to assess the 

distribution within Queensland and the Eucalypt Database was used for records 

found in New South Wales.  For each species, records that contained three 

variables (latitude, longitude and altitude) were included in the climatic range 

analysis as these variables were necessary for climatic modelling.  The use of 

records throughout the distribution range ensured that the climatic envelopes were 

adequately described.  

Once specimen records were plotted in ARCVIEW, it was evident that the spatial 

distribution of records within the species range was not uniform.  This was a 

possible consequence of the sampling strategy employed by the various Herbaria.  

There were higher densities of records in close proximity to populated areas or in 

areas that have been the focus of various mapping projects.  To prevent these 

sampling strategies from having a spurious effect on climatic modelling, a set of 

grid cells that varied in size (0.05o to 0.5o) was intersected with the species 

records.  For each set of grid cells (occurrence cells), the presence or absence of 

each species was then recorded in each cell.  An occurrence cell size of 0.5o was 

chosen for the climatic analysis, as the presence/absence records for each species 

in a cell did not appear to be spatially correlated with populated areas or mapping 

project.   
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8.1.2 Climatic Envelope methodology 

To simulate the climatic data, geocoded data for each grid cell were analysed by 

the BIOCLIM program (McMahon et al., 1995).  BIOCLIM uses mathematical 

surfaces fitted to real meteorological and elevation data (McMahon et al., 1995) 

to generate climatic variables at each site.  For cells that contained more than one 

record of a particular species, the average altitude for the cell was calculated and 

used in climatic modelling.   

BIOCLIM was used to calculate the annual mean temperature (T) and annual 

rainfall (R).  Patterns of species distribution associated with the bioclimatic 

indices were assessed using the PATN package (Belbin, 1995).  Prior to 

ordination, each of the climatic indices for each grid cell were standardised by its 

range (Equation 7-1).  The standardised values were then ordinated using Semi-

strong Hybrid (SSH) multidimensional scaling.  

 

Equation 7-1. 

Standardised value IJ = (Raw value IJ  – Min (index value)) / Range (index value)  

 

SSH requires that the dimensionality of the data be specified.  This was 

determined by examining whether the stress was at an acceptable level (<0.1) and 

whether an interpretable ecological relationship could be made between the axis 

and the environmental vector.  SSH was examined in two and three dimensions.  

The two dimensional solution was chosen as it yielded low stress and provided an 

ecologically interpretable solution.  The climatic indices were correlated within 

the multidimensional space to measure the amount of variation explained by each 

variable.   
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8.2 P-value for linkage disequilibrium between loci 

8.2.1 Ironbark Complex 

Loci Em 5 Em 6 Em 10 Em 12 Em 18 
Em 5  0.14 0.91 0.94 0.28 
Em 6 0.14  0.78 0.12 0.11 
Em 10 0.91 0.78  0.36 0.9 
Em 12 0.94 0.12 0.36  0.32 
Em 18 0.28 0.11 0.9 0.32  

P-value for genotypic disequilibrium based on 200 permutations. Adjusted P-value for 5% nominal level 
is 0.005 

8.2.2 Box Complex 

Loci Em 6 Em 10 Em 12 Em 18 Em 19 
Em 6  1.0 0.15 0.5 0.9 
Em 10 1.0  0.36 0.21 0.80 
Em 12 0.15 0.36  0.10 0.07 
Em 18 0.5 0.21 0.10  0.51 
Em 19 0.9 0.80 0.07 0.51  

P-value for genotypic disequilibrium based on 200 permutations. Adjusted P-value for 5% nominal level 
is 0.005 
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8.3 Ironbark cpDNA sequences 
      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                  5          15         25         35         45         55                      

HAP. 1        TTGTTCCTTT ATTTAGTGCT CTTTTCTTTA CATAAGTTTT TCTTTACTTC AACATAAGAA 

HAP. 2        .......... .......... .......... .......... .......... .......... 

HAP. 3        .......... .......... .......... .......... .......... .......... 

HAP. 4        .......... ......?... .......... .......... .......... .......... 

HAP. 5        .......... .......... .......... .......... .......... .......... 

HAP. 6        .......... .......... .......... .......... .......... .......... 

HAP. 7        .......... .......... .......... .......... .......... .......... 

HAP. 8        .......... .......... .......... .......... .......... .......... 

HAP. 9        .......... .......... .......... .......... .......... .......... 

HAP. 10       .......... .......... .......... .......... .......... .......... 

HAP. 11       .......... ......?... .......... .......... .......... .......... 

 

            ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                  65         75         85         95        105        115                    

HAP. 1        ---------- ---------- -AAAGTATTC TAGTCTTAGG GATTGCTTTA TAATTGCTTA 

HAP. 2        ---------- ---------- -......... .......... .......... .......... 

HAP. 3        ---------- ---------- -......... .......... .......... .......... 

HAP. 4        ---------- ---------- -......... .......... .......... .......... 

HAP. 5        ---------- ---------- -......... .......... .......... .......... 

HAP. 6        ---------- ---------- -......... .......... .......... .......... 

HAP. 7        ---------- ---------- -......... .......... .......... .......... 

HAP. 8        ---------- ---------- -......... .......... .......... .......... 

HAP. 9        ---------- ---------- -......... .......... .......... .......... 

HAP. 10       ---------- ---------- -......... .......... .......... .......... 

HAP. 11       TTCTTTACTT CAACATAAGA A......... .......... .......... .......... 

               

              ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                 125        135        145        155        165        175                

HAP. 1        TCATACTTTT TTCCTTAGAT ATGAATTTAT CTACATTCTT TTCAACCCTT TGTAAGGCTT 

HAP. 2        .......... .......... .......... .......... .......... .......... 

HAP. 3        .......... .......... .......... .......... .......... .......... 

HAP. 4        .......... .......... .......... .......... .......... .......... 

HAP. 5        .......... .......... .......... .......... .......... .......... 

HAP. 6        .......... .......... .......... .......... .......... .......... 

HAP. 7        .......... .......... .......... .......... .......... .......... 

HAP. 8        .......... .......... .......... .......... .......... .......... 

HAP. 9        .......... .......... .......... .......... .......... .......... 

HAP. 10       .......... .......... .......... .......... .......... .......... 

HAP. 11       .......... .......... .......... .......... .......... .......... 
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              ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                  185        195        205        215        225        235                

HAP. 1        TGTGAGATTA TTATCTT--- --CTAGTTTT TTTTTT--CA AATAAAATAG AAGGGTTATA 

HAP. 2        .......... .......--- --........ ......--.. .......... .......... 

HAP. 3        .......... .......--- --........ ......--.. .......... .......... 

HAP. 4        .......... .......ATC TT........ ......--.. .......... .......... 

HAP. 5        .......... .......--- --........ ......--.. .......... ..------.. 

HAP. 6        .......... .......--- --........ ......T-.. .......... .......... 

HAP. 7        .......... .......--- --........ .....---.. .......... .......... 

HAP. 8        .......... .......--- --........ ......T-.. .......... .......... 

HAP. 9        .......... .......--- --........ ......T-.. .......... .......... 

HAP. 10       .......... .......--- --........ ......TT.. .......... .......... 

HAP. 11       .......... .......--- --........ .....---.. .......... .......... 

       

              ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                  245        255        265        275        285        295                

HAP. 1        ATTTTCTGCT TCTTATATCT CCTAATTAAG ATAGAAAAAT GTTAAAAATT AACAATCGAA 

HAP. 2        .......... ....C..... .......... .......... .......... .......... 

HAP. 3        .......... ....C..... .......... .......... .......... .......... 

HAP. 4        .......... ....C..... .......... .......... .......... .......... 

HAP. 5        .......... ....C..... .......... .......... .......... .......... 

HAP. 6        .......... ....C..... .......... .......... .......... .......... 

HAP. 7        .......... ....C..... .......... .......... .......... .......... 

HAP. 8        .......... ....C..... .......... .......... .......... .......... 

HAP. 9        .......... ....C..... .........  .......... .......... .......... 

HAP. 10       .......... ....C..... .......... .......... .......... .?........ 

HAP. 11       .......... ....C..... .......... .......... .......... .......... 

      

              ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                  305        315        325        335        345        355                 

HAP. 1        TGAAATATTT TCCATTATGA ATTTCTTTTT TTTTT----C ATTAAAAATG GAATATTCTT 

HAP. 2        .......... .......... .......... .....T---. .......... .......... 

HAP. 3        .......... .......... .......... .....TT--. .......... .......... 

HAP. 4        .......... .......... .......... .....T---. .......... .......... 

HAP. 5        .......... .......... .......... .....TTT-. .......... .......... 

HAP. 6        .......... .......... .......... .....TT--. .......... .......... 

HAP. 7        .......... .......... .......... ...------. .......... .......... 

HAP. 8        ?......... .......... .......... .....----. .......... .......... 

HAP. 9        .......... .......... .......... ...------. .......... .......... 

HAP. 10       .......... .......... .......... .....TT--. .......... .......... 

HAP. 11       .......... .......... .......... .....TTTT. .......... .......... 
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              ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                  365        375        385        395        405        415                 

HAP. 1        TTTTTAACTG GATTAAAAAG AAAAAAATAT TAGTAGTAGT GGGGGCGGAT GTAGCCAAGT 

HAP. 2        .......A.. .......... .......... .......... .......... .......... 

HAP. 3        .......A.. .......... .......... .......... .......... .......... 

HAP. 4        .......A.. .......... .......... .......... .......... .......... 

HAP. 5        .......A.. .......... .......... .......... .......... .......... 

HAP. 6        .......A.. .......... .......... .......... .......... .......... 

HAP. 7        .......A.. .......... .......... .......... .......... .......... 

HAP. 8        .......A.. .......... .......... .......... .......... .......... 

HAP. 9        .......A.. .......... .......... .......... .......... .......... 

HAP. 10       .......A.. .......... .......... .......... .......... .......... 

HAP. 11       .......A.. .......... .......... .......... .......... .......... 

       

           ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

                 425        435        445        455        465        475                

HAP. 1        GGATCAAGGC AGTGGATTGT GAATCCCCCA TGCGCGGGTT CAATTCCCGT CGTTCGCCCA 

HAP. 2        .......... .......... ......?... .......... .......... .......... 

HAP. 3        .......... .......... .......... .......... .......... .......... 

HAP. 4        .......... .......... .......... .......... .......... .......... 

HAP. 5        .......... .......... .......... .......... .......... .......... 

HAP. 6        .......... .......... ......?... .......... .......... .......... 

HAP. 7        .......... .......... .......... .......... .......... .......... 

HAP. 8        .......... .......... ......?... .......... .......... .......... 

HAP. 9        .......... .......... .......... .......... .......... .......... 

HAP. 10       .......... .......... ......?... .......... .......... .......... 

HAP. 11       .......... .......... ......?... .......... .......... .......... 

       

              ....|....| ....|....| ....|....| ....|....| ....|.... 

                 485        495        505        515        525        

HAP. 1        TTAATTACTC CTATTTTTTT TTAATAATAA GAAAAAGAAA GAAATTCGA  

HAP. 2        .......... .......... .......... .......... .........  

HAP. 3        .......... .......... .......... .......... .........  

HAP. 4        .......... .......... .......... .......... .........  

HAP. 5        .......... .......... .......... .......... .........  

HAP. 6        .......... .......... .......... .......... .........  

HAP. 7        .......... .......... ..T....... .......... .........  

HAP. 8        .......... .......... .......... .......... .........  

HAP. 9        .......... .......... ..T....... .......... .........  

HAP. 10       .......... .......... .......... .......... ......... 

HAP. 11       .......... .......... .......... .......... ......... 
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8.4  Ironbark cpDNA haplotype network with nesting (INDEL included)  

 
The estimated cladogram with 95% plausible set of haplotype connections with clade nesting.  A 

solid branch indicates a single mutation. The level of the nested clade is given; 1-x for 1-step 

clades, 2-x for 2-step clades and 3-x for the 3-step clades where x is the number identifying 

individual clades.  Haplotype indicated by integers (1–11). Populations indicated by numbers 

inside haplotypes (1–7).  Population haplotype frequency indicated in parentheses.   
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8.5 Results of nested clade analysis for the ironbark complex with 
INDELS included.  

 
Haplotypes (0-step) are given at the top in bold and are boxed by the clade structure given in 

Appendix. 8-3.  Where identified, interior haplotypes/clades are shaded. Proceeding down the 

page, higher-level clade designations are given in bold directly below the nested clade. 

Significantly small or large values for Dc, Dn, (I-T)c and (I-T)n are indicated by an ‘S’ or ‘L’, 

respectively.  Refer to Appendix 8-5 for biological interpretation. 
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8.6 Ironbark nested clade interpretation with INDELS included. 

Code Key steps Inference 

A 1, 2, 3, 5, 15 Past fragmentation 

B 1, 2, 3, 4 Restricted gene flow with isolation by distance 

C 1, 2, 3, 4 Restricted gene flow with isolation by distance 

D 1, 2, 3, 4 Restricted gene flow with isolation by distance 

 



                                                                               Chapter 8: Appendix 

146 

 

 

 

8.7 Boxes cpDNA Sequences 
     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

              5          15         25         35         45         55                      

1         TTTTCTTTAC ATAAGTTTTT CTTTACTTCA ?CATAA?AAA AAGTATTCTA GTCTTAGGGA 

2         .......... .......... .......... ?.....?... .......... .......... 

3         .......... .......... .......... ?.....?... .......... .......... 

4         .......... .......... .......... C.....A... .......... .......... 

5         .......... .......... .......... C.....A... .......... .......... 

6         .......... .......... .......... C.....A... .......... .......... 

7         .......... .......... .......... C......... .......... .......... 

8         .......... .......... .......... C.....A... .......... .......... 

9         .......... .......... ....?..... ?.....A... .......... .......... 

10        .......... .......... .......... C......... .......... .......... 

11        .......... .......... .......... C......... .......... .......... 

12        .......... .......... .......... C.....A... .......... .......... 

13        .......... .......... .......... C.....A... .......... .......... 

14        .......... .......... .......... C.....A... .......... .......... 

15        .......... .......... .......... C.....A... .......... .......... 

16        .......... .......... .......... C.....?... .......... .......... 

17        .......... .......... .......... ?.....?... .......... .......... 

18        .......... .......... .......... ?.....?... .......... .......... 

   

           ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

              65         75         85         95        105        115                    

1         TTGCTTTATA ATGGCTTATC ATCCTTTTTT CCTTAAATAT GAATTTATCT ACATTCTTTT 

2         .......... .......... .......... .......... .......... .......... 

3         .......... .......... .......... .......... .......... .......... 

4         .......... .......... .......... .......... .......... .......... 

5         .G........ .......... .......... .......... .......... .......... 

6         .......... .......... .......... .......... .......... .......... 

7         .......... .......... .......... .......... T......... .......... 

8         .G......?. .......... .......... .......... .......... .......... 

9         .......... .......... .......... .......... .......... .......... 

10        .......... .......... .......... .......... .......... .......... 

11        .G........ .......... .......... .......... .......... .......... 

12        .G........ .......... .......... .......... .......... .......... 

13        .G........ .......... .......... .......... .......... .......... 

14        .......... .......... .......... .......... .......... .......... 

15        .......... .......... .......... .......... .......... .......... 

16        .......... .......... .......... .......... .......... .......... 

17        .......... .......... .......... .......... .......... .......... 

18        .......... .......... .......... .......... .......... .......... 

 

      



                                                                               Chapter 8: Appendix 

147 

 

 

 

     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

             125        135        145        155        165        175                

1         CAACCCTTTG TA?GGCTTTG TGAGATTATT ATCTT----- CTAGTTTTTT TTTTCAAATA 

2         .......... ..?....... .......... .....----- .......... ...-...... 

3         .......... ..?....... .......... .....ATCTT .......... .......... 

4         .......... ..G....... .......... .....----- .......... ...-...... 

5         .......... ..G....... .......... .....----- .......... ...-...... 

6         .......... ..G....... .......... .....----- .......... .......... 

7         .......... ..?....... .......... .....----- .......... ...-...... 

8         .......... ..?....... .......... .....----- .......... .......... 

9         ..?....... ..G....... .......... .....----- .......... .......... 

10        .......... ..?....... .......... .....----- .......... ...-...... 

11        .......... ..?....... .......... .....----- .......... ...-...... 

12        .......... ..G....... ...C...... .....----- .......... ...-...... 

13        .......... ..G....... .......... .....----- .......... .......... 

14        .......... ..?....... .......... .....----- .......... ...-...-.. 

15        .......... ..G....... .......... .....----- .......... ...-...... 

16        .......... ..?....... .......... .....----- .......... ...-...... 

17        .......... ..?....... .......... .....----- .......... .......... 

18        .......... ..?....... .......... .....----- .......... .......... 

 

     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

               185        195        205        215        225        235 

1         AAATAGAAAG GTTATAATTT TCTGCTTCTT CTATCTCCTA ATTAAGATAG AAAAATGTTA 

2         .......... .......... .......... .......... .........T .......... 

3         .......... .......... .......... .......... .......... .......... 

4         .......... .......... .......... .......... .......... .......... 

5         .......... .......... .......... .......... .......... .......... 

6         .........- -----..... .......... .......... .......... .......... 

7         .......... .......... .......... .......... .......... .......... 

8         .......... .......... .......... A......... .......... .......... 

9         .......... .......... .......... .......... .......... .......... 

10        .......... .......... .......... .......... .......... .......... 

11        .......... .......... .......... .......... .......... .......... 

12        .......... .......... .......... .......... .......... .......... 

13        .......... .......... .......... .......... .......... .......... 

14        .......... .......... .......... .......... .......... .......... 

15        .......... .......... .......... .......... .......... .......... 

16        .......... .......... .......... .......... .......... .......... 

17        .......... .......... .......... .......... .......... .......... 

18        .......... .......... .......... .......... .......... .....?.... 

 



                                                                               Chapter 8: Appendix 

148 

 

 

 

     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

             245        255        265        275        285        295                

1         AAAATTCACA ATCGAATGAA ATATTTTCCA TTATGAATTT CTTTTTTTTT TT--CATTAA 

2         ......A... .......... .......... .......... .........- ----...... 

3         ......A... .......... .......... .......... .......... ..--...... 

4         ......A... .......... .......... .......... .........- ----...... 

5         ......A... .......... .......... .......... .........- ----...... 

6         ......A... .......... .?........ .......... .......... ..TT...... 

7         ......A... .......... .......... .......... .........- ----...... 

8         ......A... .......... .......... .......... .......... .---...... 

9         ......A... .......... .......... .......... .......... ..TT...... 

10        ......A... .......... .......... .......... .........- ----...... 

11        ......A... .......... .......... .......... .........- ----...... 

12        ......A... .......... .......... .......... .......... ..TT...... 

13        ......A... .......... .?.......? .......... .......... ..TT...... 

14        ......A... .......... .......... .......... .......... ..--...... 

15        ......A... .......... .......... .......... .......... ..--...... 

16        ......A... .......... .......... .......... .......... .---...... 

17        ......A... .......... .......... .......... .......... ..--...... 

18        ......A... .......... .......... .........G .......... ..T-...... 

 

     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

             305        315        325        335        345        355                

1         AAATGGAATA TTCTTTTTTT AACTGGATTA AAAAGAAAAA AATATTAGTA GTAGTGGGGG 

2         .......... .......... ..A....... .......... .......... .......... 

3         .......... .......... ..A....... .......... .......... .......... 

4         .......... .......... ..A....... .......... .......... .......... 

5         .......... .......... ..A....... .......... .......... .......... 

6         .......... .......... ..A....... .......... .......... .......... 

7         .......... .......... ..A....... .......... .......... .......... 

8         .......... .......... .......... .......... .......... .......... 

9         .......... .......... ..A....... .......... .......... .......... 

10        .......... .......... ..A....... .......... .......... .......... 

11        .......... .......... ..A....... .......... .......... .......... 

12        .......... .......... ..A....... .......... .......... .......... 

13        .......... .......... ..A....... .......... .......... .......... 

14        .......... .......... ..A....... .......... .......... .......... 

15        .......... .......... ..A....... .......... .......... .......... 

16        .......... .......... ..A....... .......... .......... .......... 

17        .......... .......... ..A....... .......... .......... .......... 

18        .......... .......... ..A....... .......... .......... .......... 
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          ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

             365        375        385        395        405        415                

1         CGGATGTAGC CAAGTGGATC AAGGCAGTGG ATTGTGAATC CACCATGCGC GGGTTCAATT 

2         .......... .......... .......... .......... .?........ .......... 

3         .......... .......... .......... .......... .......... .......... 

4         .......... .......... .......... .......... .......... .......... 

5         .......... .......... .......... .......... .......... .......... 

6         .......... .......... .......... .......... .......... .......... 

7         .......... .......... .......... .......... .......... .......... 

8         .......... .......... .......... .......... .......... .......... 

9         .......... .......... .......... .......... .......... .......... 

10        .......... .......... .......... .......... .......... .......... 

11        .......... .......... .......... .......... .......... .......... 

12        .......... .......... .......... .......... .......... .......... 

13        .......... .......... .......... .......... .......... .......... 

14        .......... .......... .......... .......... .......... .......... 

15        .......... .......... .......... .......... .......... .......... 

16        .......... .......... .......... .......... .......... .......... 

17        .......... .......... .......... .......... .......... .......... 

18        .......... .......... .......... .......... .......... .......... 

 

     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

             425        435        445        455        465        475  

1         CCCGTCGTTC GCCCATTAAT TACTCCTATT TTTTTTTAAT AATAAGAAAA AGAAAGAAAT 

2         .......... .......... .......... .......T.. .......... .......... 

3         .......... .......... .......... .......... .......... .......... 

4         .......... .......... .......... .......T.. .......... .....----. 

5         .......... .......... .......... .......T.. .......... .....----. 

6         .......... .......... .......... .......... .......... .......... 

7         .......... .......... .......... .......T.. .......... .......... 

8         .......... .......... .......... .......... .......... .......... 

9         .......... .......... .......... .......... .......... .......... 

10        .......... .......... .......... .......T.. .......... .......... 

11        .......... .......... .......... .......T.. .......... .......... 

12        .......... .......... .......... .......... .......... .......... 

13        .......... .......... .......... .......... .......... .......... 

14        .......... .......... .......... .......... .......... .......... 

15        .......... .......... .......... .......... .......... .......... 

16        .......... .......... .......C.. .......... .......... .......... 

17        .......... .......... .......... .......... .......... .......... 

18        .......... .......... .......... .......... .......... .......... 
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        ....|....| 

          485 

1         TCGATTTTG 

2         ......... 

3         ......... 

4         ......... 

5         ......... 

6         ......... 

7         ......... 

8         ......... 

9         ......... 

10        ......... 

11        ......... 

12        ......... 

13        ......... 

14        ......... 

15        ......... 

16        ......... 

17        ......... 

18        ......... 
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8.8 Box cpDNA haplotype network with nesting (INDEL included) 

 
The estimated cladogram with 95% plausible set of haplotype connections with clade nesting.  A 

solid branch indicates a single mutation. The level of the nested clade is given; 1-x for 1-step 

clades, 2-x for 2-step clades and 3-x for the 3-step clades where x is the number identifying 

individual clades.  Haplotype indicated by integers (1–18). Populations indicated by numbers 

inside haplotypes (1–10).  Population haplotype frequency indicated in parentheses.   
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8.9 Results of nested clade analysis for the box complex INDELS 
included. 

 
Haplotypes (0-step) are given at the top in bold and are boxed by the clade structure given in 

Appendix. 8-7.  Where identified, interior haplotypes/clades are shaded. Proceeding down the 

page, higher-level clade designations are given in bold directly below the nested clade. 

Significantly small or large values for Dc, Dn, (I-T)c and (I-T)n are indicated by an ‘S’ or ‘L’, 

respectively.  Refer to Appendix 8-9 for biological interpretation. 
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8.10 Box nested clade interpretation with INDELS included. 

Code Key steps Inference 

A 1, 2, 11, 17, 4 Restricted gene flow with isolation by distance 

B 1, 2, 3, 4 Restricted gene flow with isolation by distance 

C 1, 2, 3, 4 Restricted gene flow with isolation by distance 

D 1, 2, 3, 4 Restricted gene flow with isolation by distance 

 


