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Two sympatric spotted gum species are molecularly homogeneous
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Abstract Large fruited spotted gum eucalypt Corymbia

henryi occurs sympatrically with small fruited spotted gum

Corymbia citriodora subspecies variegata over a large

portion of its range on the east coast of Australia. The two

taxa are interfertile, have overlapping flowering times and

share a common set of insect and vertebrate pollinators.

Previous genetic analysis of both taxa from two geo-

graphically remote sites suggested that the two were mor-

photypes rather than genetically distinct species. In this

study we further explore this hypothesis of genic species by

expanding sampling broadly through their sympatric loca-

tions and examine local-scale spatial genetic structure in

stands that differ in species and age composition. Delin-

eation of populations at five microsatellite loci, using an

individual-based approach and Bayesian modelling, as well

as clustering of individuals based on allele frequencies

showed the two species to be molecularly homogeneous.

Genetic structure aligned largely with geographic areas of

origin, and followed an isolation-by-distance model, where

proximal populations were generally less differentiated

than more distant ones. At the stand level, spotted gums

also generally showed little structure consistent with the

high levels of gene flow inferred across the species range.

Disturbances in the uniformity of structuring were detec-

ted, however, and attributed to localised events giving rise

to even aged stands, probably due to regeneration from a

few individuals following fire.

Keywords Genic species � Genetic structure �
Spotted gum � Isolation-by-distance

Introduction

Conservation and management of natural populations is

aided by the identification of evolutionarily significant or

management units (Moritz 1994). Taxonomic assignments

(essentially hypotheses of the diagnosability of taxa) often

guide these decisions, but are mostly based on phenotypes,

which may not represent genetic populations. Similarly,

many workers often use sampling locations to define pop-

ulations in studies aimed at managing genetic resources

(Pearse and Crandall 2004). A misleading interpretation can

result when population boundaries do not strictly follow a

species physical distribution patterns, such as the case of

mobile species or species with complex dispersal patterns.

In such a case, an individual-based method for delineating

genetically distinct management units without regard to

species boundaries or sampling locations (Pritchard et al.

2000; Evanno et al. 2005) may be particularly appropriate

for studying groups of closely related sympatric species that

are suspected to interbreed in nature.

Two closely related spotted gum eucalypts: Corymbia

variegata and Corymbia henryi (Hill and Johnson 1995)
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occur in sympatry in the east coast of Australia. Spotted

gums (Section Politaria) form a complex of closely related

taxa that occur along the eastern seaboard of Australia from

approximately latitude 16�S in northern Queensland to

latitude 37�S in eastern Victoria (Hill and Johnson 1995).

Four species (C. maculata, C. henryi, C. variegata, and

C. citriodora) that occur as a latitudinal replacement series

were recognised by Hill and Johnson (1995) in their revi-

sion of the genus Corymbia. However, their taxonomy

remains controversial as classification often relies on var-

iation in morphology and leaf oils, and knowledge of the

geographic origins of a specimen (McDonald and Bean

2000). An alternative classification based on isozyme

variation subsumes C. variegata into a subspecies of

C. citriodora, i.e., C. citriodora ssp. citriodora and C. ci-

triodora ssp. variegata (McDonald and Bean 2000). In this

manuscript, we adopt Hill and Johnson (1995) classifica-

tion for simplicity. The two taxa C. variegata and C. henryi

(Hill and Johnson 1995) are regarded as separate species

based on divergence at quantitative traits, such as fruit

(capsule) and foliage morphology (Hill and Johnson 1995).

They occur sympatrically over a large portion of their

ranges, have overlapping flowering times and share a

common set of insect and vertebrate pollinators (Hill and

Johnson 1995; Southerton et al. 2004). Earlier attempts to

clarify the relationships amongst the spotted gums by

molecular approaches (McDonald et al. 2000; King 2004)

provided conflicting results on the affinity of these two

species.

Some clarification of the genetic relationships within the

spotted gum complex was recently attained with a study of

genetic variation across the four taxa in the complex using

microsatellites (Shepherd et al. 2008). This study showed

that there was a stronger affinity among all three northern

taxa, subsp. citriodora, subsp. variegata and C. henryi,

than with their southern counterpart, C. maculata. A further

study was conducted to distinguish among possible evo-

lutionary scenarios that might explain the persistence of

what were believed to be interfertile and clearly delineated

morphological species, subsp. variegata and C. henryi

(Ochieng et al. 2008). Here, as a first step, the level of

molecular divergence between the two species at two

separate (approximately 300 km apart) locations where the

species occurred in sympatry was examined using 12

microsatellite markers. It was reasoned that if more vari-

ation was found between taxa at each site than within a

taxa across the two sites, this would support the recognition

of two species (Muir et al. 2000). However, no species-

specific alleles or significant allele frequency differences

were detected within sites, suggesting high recurrent local

gene flow between the two species.

The purpose of this study was to test whether this

observation held more broadly across the sympatric range

of the two taxa; in which case it may be reasonable to

conclude that the two taxa are genic species, where segre-

gation at a gene(s) with large effects or selection (Wu 2001;

Lexer et al. 2007) might be the source of their phenotypic

differences without a corresponding genomic differentia-

tion. Therefore, in this study, sampling is expanded to cover

an additional four locations. Further, this study differs from

the previous one (Ochieng et al. 2008) in that here we

examine spatial genetic structure at three different scales:

within neighbourhoods, between neighbourhoods within a

locality, and among localities. Sampling was structured so

that multiple sites were sampled within a stand (location) as

well as in transects through forests varying in species and

age composition. This allowed patterns of gene flow at the

landscape and neighbourhood level to be described. Unlike

the preceding study, this study does not use sampling

locations to define populations; rather, an individual-based

method is used to delineate genetically distinct management

units without regard to species boundaries or sampling

locations.

Methods

Sampling design

Sampling for this study was designed to test for genetic

structure in a species complex comprising C. variegata and

C. henryi in northern New South Wales and southern

Queensland following the approach of Bacles et al. (2005).

The design allowed testing for structure at three different

scales: 1, within a neighbourhood (site); 2, within a locality

between neighbourhoods and 3, among localities (range-

wide). Material of both taxa was collected in approximately

equal proportions where possible, as well as putative hybrid

material. To expand the range from an earlier study based

on Cherry Tree and Bunyaville, five new localities were

selected to give coverage across their distribution and to

include locations where both taxa were known to occur in

sympatry as well as allopatric locations. The seven loca-

tions are shown in Fig. 1 and names and numbers of sites at

each location described in Table 1. The most southerly

location sampled was Candole State Forest (SF) near

Grafton NSW Australia (Lat. 29�460; Long. 153�120). It is a

sympatric case, although C. variegata can be found only in

a small patch toward the northern end of the forest. A

nearby location is Ewingar SF, NSW (Lat. 29�040; Long.

152�300). The spotted gums found in Ewingar are pre-

dominantly C. henryi; but C. variegata was found to occur

in a narrow patch (20 m radius) and was represented by less

than 10 trees. Bungawalbin SF, another locality in NSW

(Lat. 29�020; Long. 153�160), was characterised by a single

species (C. henryi) stand with no trees assignable as
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C. variegata. Cherry Tree SF near Casino, NSW (Lat.

28�550; Long. 152�450) and Bunyaville SF in Brisbane,

Queensland (Lat. 27�220; Long. 152�570) were sampled

again for this study. The samples from both Cherry Tree SF

and Bunyaville SF used in the previous analysis were also

included in the present study. Samples from two other

locations both near Gympie, Queensland, were also used in

this study: Woondum (Lat. 26�150; Long. 152�480) and

Brooyar SFs (Lat. 26�130; Long. 152�320).
Between two and four neighbourhoods were sampled

per locality except Brooyar and Woondum. A neighbour-

hood comprised between 20 and 30 sampled adult trees

within a radius of 20–30 m. Distance between neighbour-

hoods within a locality ranged between 1 and 3 km. At

some localities, stand composition varied considerably

with respect to taxa abundance between sites. The most

extreme cases were at Ewingar SF and Candole SF where

sites of apparently highly pure and even aged stands of

C. henryi occurred as well as one site in each case

(Ewingar site 2; Candole site 3) where a few (\20)

C. variegata trees occurred in a narrow strip alongside a

pure stand of C. henryi. Age structure also varied among

stands. Whereas some sites were characterised by trees of a

more or less uniform age, other sites tended to be much

more variable in age. Cherry Tree site 1 and Candole site 3

were distinguished in this way, both with apparently uni-

form age class, probably representing young regrowth

stands regenerated from a few older trees following a fire.

In addition to this sampling design, transect sampling

was conducted at two localities, Cherry Tree SF (New

South Wales) and Bunyaville (Queensland). The purpose

of these transects was to test for genetic structure due to

taxon related differences. Transects were designed to

transgress forests where the abundance of C. henryi varied

in relation to C. variegata. At the Cherry Tree SF locality,

samples were collected along Cherry Tree Road over a

distance of about 16 km. The road dissects through the

State Forest in an approximate North–South direction

gradually declining in elevation from approximately 400 to

100 m above sea level. It is not clear whether altitude

would play a significant role at these micro-scales, how-

ever, these slight changes in altitude might correlate with

soil differences (not investigated) or some other parameter

such as pollinator behaviour. The road sequentially tra-

verses through spotted gum dominated forest types con-

taining pure stands of C. variegata at the Northern end,

admixtures of C. variegata and C. henryi, and largely pure

stands of C. henryi at the southern-most and lower alti-

tudes. At Bunyaville, sample collections transacted altitu-

dinal variation ranging from 84 to 143 m. Transect

sampling at both locations obtained material from trees at

least 100 m apart with a total of 82 and 56 trees collected at

Cherry Tree and Bunyaville localities, respectively.

Finally, a set of 24 C. maculata and 12 C. citriodora

(spotted gum) samples collected from diverse locations

were included in cluster analysis.

Sample collection and molecular characterization

Trees with reproductive material were targeted where

possible to allow more confident taxonomic assignments.

Bark was collected from each tree for the purpose of DNA

extraction. A bark plug was obtained by using a punch and

hammer, then dried using silica gel and stored at room

temperature. In addition to bark samples for DNA extrac-

tion, herbarium specimens (capsules, flowers, buds, leaves)

were collected from each individual for a majority of the

samples. Field identifications were confirmed at the

Queensland Herbarium and identified specimens were

deposited with the Southern Cross University Herbarium.

A GPS position and altitude was recorded for each tree and

photographs were taken for most trees. DNA extraction,

PCR amplifications and genotyping were performed as

previously described (Ochieng et al. 2008). Trees

were genotyped at five microsatellite loci: EMCRC45,

EMCRC46, EMCRC51, EMCRC55, and EMCRC93

(Shepherd et al. 2006).

Fig. 1 Map of the East coast of Australia showing the provenances

from which samples of C. variegata and C. henryi were obtained.

Circles are major towns while triangles are State Forests where

samples were obtained
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Statistical analyses

Population diversity estimates

Possible non-random allelic associations between pairs of

loci were assessed within each predefined population

and globally using Fisher’s exact test on contingency

tables, implemented in GENEPOP on the web, version 3.3

(Raymond and Rousset 1995). The significance level for

each test was adjusted using sequential Bonferroni proce-

dure (Rice 1989). Due to the neighbourhood sampling

design, some inbreeding within sites might be expected to

cause non-random allelic associations. As such, a more

stringent confidence level (99%) for the null hypothesis of

allelic associations was set. Gene diversity (Nei 1987),

inbreeding coefficient FIS, observed heterozygosity (HO)

and the mean number of alleles (MNA) per population were

calculated using GENEPOP.

Population differentiation and clustering

with predefined structure

Levels of genetic differentiation (FST; Weir and Cocker-

ham 1984) and relationships between species occurring in

different geographic regions was estimated in GENEPOP

and their significance assessed by the log-likelihood exact

G-test on genotypes (Goudet et al. 1996). A MANTEL test

for populations (test for isolation-by-distance) was imple-

mented in FSTAT. Cavalli-Sforza and Edward’s (1967)

chord distance was used to estimate genetic distances

because it models short-term divergence and is thus most

suitable for comparing closely related groups. Neighbour

joining (NJ) clustering of distances was done in the

NEIGHBOR program of the PHYLIP package (Felsenstein

1995), using C. maculata as outgroup.

Determination of genetically homogeneous clusters

Genetically homogeneous clusters of individuals were

determined using a Bayesian model-based method imple-

mented in the programme STRUCTURE Version 2.1 (Prit-

chard et al. 2000), which apportions population ancestry to

individuals based on the model chosen, i.e., K value. This

was done without assuming predefined structure. To simu-

late a more likely number of clusters (K), we used an alter-

native optimisation criterion—delta-K, which relates to the

second order rate change in the log probability of the data

(Evanno et al. 2005). A hierarchical approach was used to

Table 1 Predefined populations, sampling designs, number of samples (N), expected heterozygosities (HE; HO), mean number of alleles (MNA)

and inbreeding coefficient (FIS; Wright 1951) across loci per population analysed

Provenance Lat. Long. Site and number

of samples

Species HE
a HO

a MNAa FIS
a

Brooyar (N = 4) 26�130 152�320 Site 1 = 4 C. variegata 0.750 0.900 4.6 -0.241

Woondum (N = 16) 26�150 152�480 Site 1 = 16 C. variegata 0.832 0.875 8.6 -0.054

Bunyaville (N = 56) 27�220 152�570 Transect = 28 C. henryi 0.849 0.574 12.6 0.334

Transect = 28 C. variegata 0.913 0.641 14.8 0.292

Cherry tree (N = 112) 28�550 152�450 Site 1 = 17 C. henryi 0.903 0.796 15.2 0.120

Site 1 = 3 C. variegata

Site 3 = 15 C. henryi

Site 3 = 10 C. variegata

Site 3 = 5 Put. hybrids

Transect = 31 C. henryi

Transect = 31 C. variegata

Bungawalbin (N = 60) 29�020 153�160 Site 1 = 20 C. henryi 0.867 0.827 15.8 0.047

Site 2 = 20 C. henryi

Site 4 = 20 C. henryi

Ewingar (N = 40) 29�040 152�300 Site 2 = 15 C. henryi 0.824 0.834 12.6 0.019

Site 2 = 5 C. variegata

Site 3 = 20 C. henryi

Candole (N = 60) 29�460 153�120 Site 1 = 20 C. henryi 0.828 0.768 13.4 0.073

Site 2 = 20 C. henryi

Site 3 = 8 C. henryi

Site 3 = 12 C. variegata 0.614 0.750 3.8 -0.233

Global (N = 348) 0.923 0.776 27.8 0.159

a Genetic parameter per provenance
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successively analyse structure: structure was initially

examined for the entire dataset and genetically homoge-

neous subsets identified, then further substructure was pro-

bed using STRUCTURE. We adopted the following model

parameters: 10,000 iterations each for the ‘‘burn-in’’ and

Markov Chain Monte Carlo (MCMC) stages and a ‘‘corre-

lated allele frequency model’’ for ancestry. Both ‘‘admix-

ture’’ and ‘‘no admixture’’ models were investigated when

testing for structure within populations. Ten runs for each K

(for K = 1–10) were used to calculate means and standard

deviation (SD) for posterior probability of the data for a

given K (L(K)) and delta-K. These parameters provided

generally conservative optimisation criteria for replicate

runs when detecting populations. Presence of structure was

assumed when plots of delta-K provided evidence of a clear

peak for K values (Evanno et al. 2005). To validate a lack of

structure, assignments of individuals at the most-likely

K values were further investigated. Symmetry in the pro-

portion of samples assigned to each population and an

apparent admixture of most individuals was interpreted to

mean an absence of genetic structure, following Pritchard

and Wen (2004). The proportion of each population

ancestry for the number of populations set by the K value

was used to classify individuals. Individuals were con-

sidered well assigned if they possessed [90% of ancestry

from a single population, otherwise they were considered

admixed. An incorrect assignment was concluded when

the predefined source population showed the lowest likeli-

hood value of being the source. The proportion of individ-

uals with incorrect or ambiguous assignments was used to

infer immigration between species and provenances.

Finally, levels of genetic differentiation (FST; Weir and

Cockerham 1984) were estimated for posterior genetic

clusters in GENEPOP.

Individual specific clustering

Due to some limitations of STRUCTURE relative to anal-

ysis of FST when dealing with predefined genetic groups and

at a low number of loci (5), a cluster analysis on individuals

was conducted using MICROSAT (version 1.5d) and

PHYLIP (version 3.57c). The matrix created by MICRO-

SAT based on Cavalli-Sforza and Edward’s (1967) chord

distance was used by PHYLIP to plot a phylogenetic tree.

Results

Marker variation was high, providing power to test

for structure

Genetic diversity across the five microsatellites was high

(average number of alleles per locus = 28.0; Table 1).

Observed heterozygosity (HO), expected heterozygosity

(HE) and mean number of alleles (MNA) per predefined

population are given in Table 1.

Species were not differentiated but geographic clusters

were identified

Inspection of the delta-K plot for models with a range of K

values from 1 to 10 for the entire dataset revealed a distinct

peak at K = 2 and another at K = 6 (Fig. 2). The peak at

K = 2 was stronger, indicating that the highest hierarchy of

structure had two populations when all samples were

considered. In the two-cluster model, the first group com-

prised both C. variegata and C. henryi individuals from

Bunyaville, Cherry Tree transect, and Cherry Tree site 3.

The second group comprised C. variegata and C. henryi

individuals from Candole, Ewingar, Bungawalbin, Cherry

Tree site 1, and C. variegata from Woondum and Brooyar

(figure not shown). Despite the stronger statistical support

for a two clusters model, this outcome may have been

artefactual (see ‘‘Discussion’’). The alternative structure

model with six genetically homogeneous clusters (K = 6)

delineated groups that corresponded with sampling loca-

tions: Brooyar–Woondum, Bunyaville, Cherry Tree, Bun-

gawalbin, and Ewingar–Candole and a sixth group

comprising two neighbourhoods, one at Cherry Tree (site 1)

and the other at Candole (site 3), which were separated from

other neighbourhoods within their localities (Fig. 3). In all

tested models (K = 1–10) using the default settings or

model parameters, C. variegata and C. henryi individuals

showed no taxonomic structure; instead, they were consis-

tently homogenised in all identifiable genetic clusters

(Fig. 3).

Fig. 2 Magnitude of DK as a function of K (mean ± SD over 10

replications) calculated using the procedure outlined in the methods.

K is a model representing the most likely number of clusters, while

delta-K is the optimal probability of the data for a given K
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Cluster analysis of individuals showed no evidence

for species differentiation

Clustering of individuals based on allele frequencies

(Fig. 4) showed that the demarcation and assignment of

individuals to species lacks support at the neutral loci

studied. However, unlike in STRUCTURE analysis, the

demarcation of geographic clusters is not perfectly clear,

suggesting homogeneity among populations and a very

weak geographic structure.

Fig. 3 Ancestry assignments for 348 C. henryi and C. variegata
individuals from seven sampling locations determined by STRUC-

TURE using the K = 6 model. The X-axis is the separate individuals,

while the Y-axis shows the proportion of ancestry for each group as

represented by the different colours
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No evidence for substructure

Examination of substructure, implemented for each of the

six subsets revealed no evidence for genetic substructure.

In hierarchical analysis, Cherry Tree site 1 was delineated

from Candole, with which it appeared homogeneous when

the entire dataset was considered. Similar to the results of

the entire dataset, there was no evidence for taxonomic

structure at this finer scale i.e., for all runs and models,

there was no single case in which C. variegata and

C. henryi could be distinguished on the basis of their

multilocus structure. This includes the transect samples

from Cherry Tree SF, comprising both species in equiva-

lent proportions sampled along a 16 km length of the

forest. Individuals from this locality formed a completely

homogeneous subset (Fig. 5). All individuals were sym-

metrically admixed, a phenomenon interpreted to code for

an absence of genetic structure (Pritchard and Wen 2004).

Given limited seed dispersal in forest trees, neighbour-

hoods might be expected to show some level of structure.

However, these data showed that neighbourhoods were

generally homogenised within each locality, except for two

cases (Cherry Tree site 1 and Candole site 3).

Isolation-by-distance model lacked statistical support

Genetic differentiation between the six homogeneous

clusters obtained from STRUCTURE mirrored geographi-

cally separated sampling localities. Neighbouring popula-

tions showed a generally lower pairwise FST values

(Table 3) than more distant populations, and suggested

gene flow was restricted by geographic distance. MANTEL

tests for an isolation-by-distance model based on linear

genetic distances and log transformed geographic distances

were, however, not significant (r = 0.068; P = 0.294).

The use of linear geographic distances gave an even less

significant relationship (P = 0.971).

Population based approach was consistent with genetic

structure

Neighbour-Joining trees of predefined populations clus-

tered using Cavalli-Sforza and Edward’s (1967) chord

distance, is shown in Fig. 6. The C. maculata outgroup was

well separated from the in-group topology with a sub-

stantially long branch. The next to split was C. citriodora,

while C. variegata and C. henryi formed a clade. Terminal

Fig. 4 Unrooted UPGMA dendrogram constructed from allele shar-

ing statistics among 332 individuals from nine populations. Each

population is represented in a different font colour

Fig. 5 Ancestry assignments for 66 C. henryi and C. variegata
individuals from Cherry Tree State Forest determined by STRUC-

TURE using the K = 2 model. The X-axis is the separate individuals,

while the Y-axis shows the proportion of ancestry for each group as

represented by the different colours
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topology, however, showed populations of the two species

(C. variegata and C. henryi) to be paraphyletic, with

nodes representing geographic origin rather than taxon-

omy (Fig. 6), consistent with differentiation (FST) among

the predefined populations (Table 2). The C. variegata and

C. henryi from Queensland (Bunyaville, Woondum,

Brooyar) were clustered together, as was Cherry Tree and

Bungawalbin. These locations are geographically proximal

(Fig. 1). Exceptionally, populations at Ewingar were allied

to those of Candole, albeit with considerably low statistical

support (51% bootstrap; Fig. 6). These are not the most

proximal locations (Fig. 1). Similarly, Cherry Tree–Bun-

gawalbin group was clustered with the Queensland group

with a low statistical support (bootstrap 51%).

Discussion

This study showed that broadly across the range of

C. henryi, it was genetically homogenous with C. varie-

gata, confirming earlier findings based on two sites

(Ochieng et al. 2008). This was strong evidence for the

genic species hypothesis (Wu 2001), one of three recently

mooted (Ochieng et al. 2008; Shepherd et al. 2008) to

explain the presence of two sympatric species with dis-

tinctive morphology but that were apparently fully inter-

fertile. The current study also found spatial uniformity at

the stand level generally in spotted gums, consistent with

the high levels of gene flow hypothesised across sites and

hence relatively weak geographic structuring (Ochieng

Fig. 6 Neighbour-joining

cluster of predefined

populations based on allele size

variation at five microsatellite

markers

Table 2 Pairwise genetic differentiation (FST) among predefined populations of C. variegata and C. henryi

Woo V Buny H Buny V Cherr H Cherr V Bunga H Ewin H Ewin V Cand H Cand V

Woondum V

Bunyaville H 0.092

Bunyaville V 0.071 0.041

Cherry tree H 0.078 0.063 0.038

Cherry tree V 0.096 0.076 0.052 0.011

Bungawalbin H 0.084 0.092 0.076 0.041 0.069

Ewingar H 0.124 0.120 0.085 0.089 0.096 0.095

Ewingar V 0.123 0.136 0.088 0.103 0.108 0.105 0.039

Candole H 0.131 0.119 0.091 0.097 0.105 0.095 0.007 0.051

Candole V 0.129 0.110 0.089 0.094 0.106 0.098 0.009 0.027 0.021

All FST values are significant at P = 0.01

V—C. variegata; H—C. henryi; abbreviated location names on column headings are the same as in raw headings
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et al. 2008; Shepherd et al. 2008). There were exceptions

to this uniformity at some sites, however, with evidence

that some even aged stands (Cherry Tree site 1; Candole

site 3) tended to separate out in a STRUCTURE analysis

based on their allele frequencies, and tended to have

higher levels of relatedness than on average (see below).

We propose that within-site substructure emanate from

localised events such as regeneration following fire from a

few surviving trees, rather than structure resulting from

micro niche adaptation.

Species were genetically homogeneous

Genetic structure in two sympatric and widespread forest

trees, C. variegata and C. henryi was assessed. Microsat-

ellite markers revealed high variation, hence ample power

to detect genetic structure within and between species. In

both STRUCTURE and clustering based on allele fre-

quency of individuals, genetic structuring was found to

transcend taxonomic boundaries, such that the two species

appeared completely genetically homogenised at each

sampling location, i.e., all identifiable genetic clusters

comprised both species regardless of sampling design,

models and parameters used (Figs. 3, 4). However, the

number of loci used is probably too low to detect sub-

structuring at the location level, and certainly insufficient to

discount the possibility that taxonomic structure might have

occurred in sympatric locations. Moreover, it is notable that

population-based analysis showed very low, but significant

FST between species within populations. But also worth

notice are the FST values between species within locations

which are much lower than that within species between

locations, consistent with our earlier findings (Ochieng et al.

2008). UPGMA clustering of individuals did not show any

differences among populations. Both individual-based

clustering and FST estimates rely on allele frequencies; thus

differentiation between species within localities, though

significant in a statistical framework, is insufficient to

invalidate the homogeneity paradigm. If neutral molecular

variation were used to classify these trees, then the two

spotted gums merit no species recognition. If the traits used

to identify the species are under the control of a few genes

with categorical effects (Doebley and Lukens 1998), how-

ever, as is the case for some genes with major effect on

domestication traits in plants (Doebley and Stec 1991), then

unlinked microsatellite loci in the two genomes may not be

differentiated. Similarly, natural selection may bring about

an analogous situation, where there may be no neutral

marker variation if ‘species’ consisted of regions in the

genome that, by virtue of their phenotypic effects, are under

strong disruptive selection and thus have high differentia-

tion, whereas the remainder of the genome behave as a

single population (Beaumont 2005).

Results of this study are similar to those observed in

other eucalypt species: Turner et al. (2000) analysed

genetic variation within and between Eucalyptus risdonii

and its more widespread sister species, E. tenuiramis using

allozymes, and found that the Southern E. tenuiramis had

greater genetic affinity with E. risdonii than with northern

E. tenuiramis. In studies of a natural hybrid swarm between

Eucalyptus amygdalina and E. risdonii and nearby allo-

patric stands using RAPD markers revealed that, despite

clear morphological differences, variation was greatest

within populations and lowest between species (Sale et al.

1996). Using field trials, Dutkowski and Potts (1999) par-

titioned Eucalyptus globulus species into 13 geographic

races based on the quantitative genetic variation (mor-

phological and developmental traits) among progenies. In a

more recent analysis of racial differentiation based on

quantitative (QST) and molecular (FST) data, Steane et al.

(2006) detected spatial differentiation across the distribu-

tion range of E. globulus. They found that when molecular

markers (SSRs) were used, geographically proximal races

tended to be more closely related than geographically

distant races, contrasting markedly with analyses based on

quantitative genetic data, where some races appeared to be

highly divergent from their geographically closest neigh-

bours. They found that some of the quantitative traits used

for defining races of E. globulus have been influenced by

natural selection, resulting in cases of both phenotypic

divergence of parapatric races and phenotypic convergence

of allopatric races. These studies suggested that morpho-

logical differences does not necessarily reflect neutral

genetic (DNA) variation and in some cases detectable

DNA differences between spatially distant populations of

the same species may be as great as or greater than the

differences between species. This scenario has also been

observed in non-plant systems—the genus Geospiza, one of

the genera comprising Darwin’s finches (Freeland and

Boag 1999).

A structure model with six genetic clusters was optimal

In this study, six genetic clusters corresponding to sam-

pling locations were identified. Geographically proximal

clusters showed less differentiation compared to the more

distant ones, consistent with a stepping-stone model of

migration. A search for the optimal number of clusters (K)

revealed a distinct peak at K = 2 and another at K = 6

(Fig. 2). The first peak was stronger, suggesting that a two-

cluster model characterised by within-population sub-

structure was optimal. The model with six populations

(K = 6) delineated groups that corresponded with sam-

pling localities, except for two cases of within-locality

substructure (Fig. 3). This model was congruent with the

population-based clusters (Neighbour-Joining tree; Fig. 6).
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Whereas STRUCTURE methods were based on the indi-

viduals, the population approach was based on geographic

groups. The most likely cause for the detection of (K = 2)

in this study was partial sampling, which has been dem-

onstrated to confound the detection of true K (Evanno et al.

2005).

Structuring followed a stepping-stone model

of migration

Five of the six homogeneous clusters identified corre-

sponded to their latitudinal positions down the east coast of

Australia: Brooyar and Woondum near Gympie, Bunya-

ville in Brisbane, Cherry Tree, which stretches further

inland from Casino, Bungawalbin, located south of Casino,

and Candole, on the coastal plain at Grafton. Genetic dif-

ferentiation between clusters showed a tendency to follow

geographic distances, with neighbouring populations being

less differentiated than more distant ones (Table 3), sug-

gesting that gene flow was restricted by geographic dis-

tance. A stepping-stone model of migration (Kimura and

Weiss 1964) is proposed when populations are arranged

linearly so that genes migrate more frequently between

adjacent populations than between more distant popula-

tions. The generally linear, latitudinal arrangement of

populations within our sample of these taxa and the pattern

of genetic distances among them, suggested that geography

was a dominant factor shaping genetic structure and

reflected a stepping-stone model of migration (Kimura and

Weiss 1964), as proposed earlier for the spotted gum

complex of four taxa (Shepherd et al. 2008).

Some within-locality structure was identified

The optimal number of genetically distinct populations

largely corresponded with sampling localities. However,

two cases of within-locality structure were identified, one

within Cherry Tree SF (site 1) and the other within Candole

SF (site 3). These neighbourhoods were delineated from

their locales whether the entire dataset or locality-specific

datasets were used. A common feature for both neigh-

bourhoods in our study was the low elevation—both

neighbourhoods were located on the escarpments of a

ridge; lower in elevation, and at Cherry Tree, the group was

characterised by a young stand of spotted gums, possibly a

regeneration following a fire. These two sites therefore

differed from other sites in our study as well as those

reported by King (2004). Unlike our study, where neigh-

bourhoods comprised trees within a 30-m radius, the trees

sampled in the study of King (2004) were spaced farther

apart (50 m)—hence less power to detect neighbourhood

structure. Our results suggest that the genetic structuring is

not uniform in spotted gums throughout the range; varia-

tion exists among provenances and the type of structuring

detected is susceptible to the sampling design.

Implications for tree management and forestry

Ideally, conservation of species would rely on knowledge

of reproductive isolation, species boundaries, population

structure and substructure. Spotted gums are widespread

(Hill and Johnson 1995); none are threatened nor endan-

gered (Barbour et al. 2008), however, the maintenance of

genetic diversity both within native forests and plantations

may be essential for their long-term utilization (as sources

of fibre from both plantations and native forests in sub-

tropical Australia; Lee 2007). Three main conclusions can

be drawn from this study: (1) the two ‘species’ form a

genetically homogeneous unit at each location and can thus

be treated as a single species. (2) Population structure

within the species is weakly determined by geographic

isolation but other unidentified factors also contribute to

structure; (3) genetic substructure detectable may not be

uniform among localities (provenances). Consequently, the

two taxa can be treated as one species for gene pool

management purposes. To capture greater genetic variation

in this complex, one needs to sample from different loca-

tions, but not different ‘species’. Similarly, gene flow

Table 3 Genetic differentiation (FST) among homogeneous subsets (geographic distances in km are given in parentheses)

Woondum Bunyaville Cherry Tree Cherry S1 Bungawalbin Ewingar Candole Candole S3

Woondum

Bunyaville 0.068 (125)

Cherry Tree 0.080 (300) 0.051 (175)

Cherry site 1 0.131 (300) 0.096 (175) 0.100 (000)

Bungawalbin 0.084 (320) 0.072 (190) 0.056 (058) 0.115 (058)

Ewingar 0.120 (320) 0.089 (200) 0.087 (033) 0.043 (033) 0.093 (085)

Candole 0.131 (400) 0.092 (270) 0.098 (110) 0.047 (110) 0.095 (082) 0.021 (110)

Candole site 3 0.253 (400) 0.183 (270) 0.154 (110) 0.239 (110) 0.175 (082) 0.217 (110) 0.190 (000)

All FST values are significant at P = 0.01
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between planted and native trees can thus be discussed with

regards to locations of origin rather than taxonomy. Gene

flow is expected through on-farm deployment between

plantings from different geographic regions, which

appeared distinct according to these results. However,

issues of genetic pollution (gene flow from a domestic,

feral, non-native or invasive species to a wild population;

Potts et al. 2003) regarding the two ‘species’ may remain

valid if the context of pollution relate to specific genes

controlling certain desired quantitative traits, and if the

‘species’ differ at these traits. In such a case, it may be

prudent to still manage them as two ‘species’ separately.

Importantly, the number of loci used in this study (five)

may have been too low to detect structuring between spe-

cies at the location level, as such; discounting the possi-

bility that taxonomic structure occurred in sympatric

locations might have serious management implications.

Conclusion

We conclude that two spotted gums currently classified as

different species: C. variegata and C. henryi are not dif-

ferentiated at nuclear microsatellite loci. We view them as

morphotypes of a single structured species, where struc-

turing aligns with spatial isolation. We speculate that they

are genic species, where phenotypic divergence is main-

tained by segregation at genes with large effects or strong

disruptive selection. The two can therefore be considered

as a single gene pool for management purposes. However,

some traits such as flowering times, capsule size and

growth rates may be important considerations in tree

improvement. The two taxa can also be managed sepa-

rately where purity concerns quantitative traits or divergent

genes not assessed in this study.
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