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Abstract
In plants where seed dispersal is limited compared with pollen dispersal, hybridisa-
tion may enhance gene exchange and species dispersal. We provide genetic evidence 
of hybridisation contributing to the expansion of the rare Eucalyptus risdonii into the 
range of the widespread Eucalyptus amygdalina. These closely related tree species are 
morphologically distinct, and observations suggest that natural hybrids occur along 
their distribution boundaries and as isolated trees or in small patches within the range 
of E. amygdalina. Hybrid phenotypes occur outside the range of normal dispersal for 
E. risdonii seed, yet in some hybrid patches small individuals resembling E. risdonii occur 
and are hypothesised to be a result of backcrossing. Using 3362 genome- wide SNPs 
assessed from 97 individuals of E. risdonii and E. amygdalina and 171 hybrid trees, 
we show that (i) isolated hybrids match the genotypes expected of F1/F2 hybrids, (ii) 
there is a continuum in the genetic composition among the isolated hybrid patches 
from patches dominated by F1/F2- like genotypes to those dominated by E. risdonii- 
backcross genotypes, and (iii) the E. risdonii- like phenotypes in the isolated hybrid 
patches are most- closely related to proximal larger hybrids. These results suggest that 
the E. risdonii phenotype has been resurrected in isolated hybrid patches established 
from pollen dispersal, providing the first steps in its invasion of suitable habitat by 
long- distance pollen dispersal and complete introgressive displacement of E. amyg-
dalina. Such expansion accords with the population demographics, common garden 
performance data, and climate modelling which favours E. risdonii and highlights a 
role of interspecific hybridisation in climate change adaptation and species expansion.

K E Y W O R D S
admixture, climate change, dispersal mechanism, Eucalyptus amygdalina, Eucalyptus risdonii, 
genetics, species expansion

1  |  INTRODUC TION

Changes in climate are expected to influence the distribution of 
many native and invasive species, causing range expansions or con-
tractions (Bellard et al., 2013; Bradley et al., 2010; Parmesan, 2006). 

Such changes are of particular concern for forest tree species, which 
are long- lived, often have poor seed dispersal (Petit et al., 2004), and 
are foundation species in many terrestrial ecosystems (Whitham 
et al., 2006). Already many examples of climate- induced mortality 
of forest trees have been reported worldwide (Adams et al., 2010; 
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2  |    PFEILSTICKER et al.

Allen et al., 2010; Allen & Breshears, 1998; Breshears et al., 2009; 
Hoffmann et al., 2019; Malhi et al., 2009). In the face of such envi-
ronmental change and selection, species will be faced with the need 
to adapt, migrate, or risk extinction (Aitken et al., 2008; Alberto 
et al., 2013). While immediate and short- term responses can be fa-
cilitated by phenotypic plasticity and range changes, long- term ad-
aptation to environmental change may require allelic and associated 
phenotypic changes and is, therefore, limited by standing genetic 
diversity (Aitken et al., 2008; Alberto et al., 2013). Maintaining or 
maximizing such genetic diversity is important for ensuring self- 
sustaining populations, particularly under environmental change 
(Bragg et al., 2021; Weeks et al., 2011). Standing genetic diversity can 
be supplemented by interpopulation gene flow which can provide 
novel alleles to enhance adaptative potential under novel environ-
mental conditions (Janes & Hamilton, 2017). Historically, such gene 
flow has been considered only at the intraspecific level (Petit, 2004). 
However, with often weak reproductive barriers among forest tree 
species, interspecific gene flow is increasingly recognized as a po-
tential source of adaptive genetic diversity, and a potentially rapid 
evolutionary path through environmental change via an increase 
in genetic variation, transfer of new adaptive alleles, or the recom-
bination of standing genetic variation (Abbott et al., 2016; Arnold 
& Kunte, 2017; Edelman & Mallet, 2021; Hamilton & Miller, 2016; 
Kremer & Hipp, 2020; Lewontin & Birch, 1966; Seehausen, 2004; 
Suarez- Gonzalez et al., 2018).

Interspecific hybridisation is considered to have been an inte-
gral part of the process of species range contraction and expansion 
in response to Pleistocene climate changes (McKinnon, 2005; Petit 
et al., 1997; Pfennig et al., 2016) and is now also viewed as an import-
ant part of the adaptative response to anthropogenic climate change 
(Aitken et al., 2008; Janes & Hamilton, 2017). The role of hybridi-
sation will depend upon numerous factors, including the strength 
and stability of reproductive barriers and hybrid fitness (Arnold 
et al., 2010; Baack et al., 2015; Levin, 1978; Lowry et al., 2008; 

Mitchell, Owens, et al., 2019; Rieseberg & Carney, 1998; Widmer 
et al., 2009). Hybridisation can lead to increased extinction risk 
through genetic swamping of small or mal- adapted populations 
(Abbott et al., 2016; Wolf et al., 2001), as in the case of Eucalyptus 
tetrapleura (Rutherford et al., 2019) and other plant species (Beatty 
et al., 2010; Carney et al., 2000). At the same time, it can increase 
genetic and phenotypic diversity allowing species to expand their 
distributions into novel habitats (Arnold et al., 2012; Brennan 
et al., 2014; Chen et al., 2021; Muniz et al., 2020), as well as allow-
ing species to track environments to which genotypes are already 
adapted (Petit et al., 2004; Potts & Reid, 1988). The latter is particu-
larly relevant where gene flow by seed dispersal is limited compared 
to pollen dispersal as is often the case in forest tree genera (Petit 
et al., 2005). This is certainly the case in the Australian eucalypts 
(Byrne, 2008), where seed dispersal is usually limited to 2– 3 canopy 
heights (Booth, 2017a) due to the absence of specialized seed dis-
persal mechanisms. Pollen dispersal, however, can occur over much 
longer distances as eucalypts are usually pollinated by animals such 
as insects and birds (House, 1997; Southerton et al., 2004).

An example of a tree species with limited seed dispersal which 
has been hypothesised to be expanding its range through interspe-
cific hybridisation is the rare and endangered Eucalyptus risdonii. 
This species is endemic to the island of Tasmania, Australia, and 
morphology- based studies showed that it is actively hybridising 
with the co- occurring, widespread, and also endemic Eucalyptus 
amygdalina (Potts & Reid, 1988, 1990). While not sister taxa, the two 
species are phylogenetically closely related (Ladiges et al., 1983; 
Senior et al., 2016; Thornhill et al., 2019) belonging to the same tax-
onomic series (subgenus Eucalyptus series Radiatae; Nicolle, 2021), 
but markedly different in their morphologies (Figure 1; Pfeilsticker 
et al., 2022; Potts & Reid, 1985). They co- occur in rugged topography 
where E. risdonii replaces E. amygdalina on hot, dry north-  to west-  
facing slopes (Potts & Reid, 1985). While generation turnover is ex-
tremely slow due to their hot, dry habitat and the presence of good 

F I G U R E  1  Morphology of the Eucalyptus amygdalina (left) and Eucalyptus risdonii (right), and an intermediate phenotype H (middle). 
Photographs highlight the narrow, green and alternate leaves of E. amygdalina (left), in contrast to the broad, glaucous and fused leaves of 
E. risdonii (right). The intermediate leaf phenotype (H), with intermediary leaf shape, level of glaucousness and opposite leaves with petiole, is 
shown in the middle picture. This intermediate (H) phenotype is also an H genotype (C107; membership coefficient = 0.411).
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    |  3PFEILSTICKER et al.

vegetative recovery mechanisms in established plants (Potts, 1986), 
demographic and performance studies suggest that E. risdonii is 
expanding its range into that of the surrounding E. amygdalina 
(Pfeilsticker et al., 2022; Potts, 1986; Potts & Reid, 1988; Whitham 
et al., 1994). However, E. risdonii has extremely limited seed disper-
sal (2– 3 tree canopy heights; Booth, 2017b; Potts & Wiltshire, 1997) 
due to its low stature of 2– 8 m, and where it has been reported to 
be expanding its range, this appears to be occurring through a com-
bination of seed and pollen dispersal, the pollen dispersal involving 
hybridisation with E. amygdalina (Potts & Reid, 1988).

From a study of the distribution of intermediate phenotypes 
it has been suggested that the expansion of the rare E. risdonii 
is heralded by a wave of hybridisation (Potts & Jackson, 1986), 
with hybrid zones occurring as localised expansion fronts at the 
species boundary as well as isolated putative F1 hybrids and hy-
brid patches (consisting of a range of intermediate hybrid phe-
notypes) occurring within the E. amygdalina forest, sometimes 
well outside the range of normal E. risdonii seed dispersal (Potts 
& Reid, 1988). Indeed, in a study of the morphological and de-
mographic structure of these isolated hybrids, it was argued 
that hybridisation followed by backcrossing and resurrection 
of E. risdonii phenotype may be a mechanism by which poorly 
seed- dispersed E. risdonii invades suitable habitats within the 

range of E. amygdalina (Potts & Reid, 1988). Such introgressive 
displacement is hypothesised to provide a mechanism of long- 
distance species dispersal (Figure 2; see Jordano, 2017 for a 
discussion of long- distance dispersal in plants). Key to this pro-
cess was the inheritance of intermediate flowering time in the F1 
hybrid, decreasing the temporal barrier to hybridisation (Potts 
& Reid, 1988) and selection favouring parent species, particu-
larly E. risdonii- like phenotypes. Selection favouring E. risdonii 
was observed for over 40 years in situ and in a common- garden 
trial, with evidence of higher reproductive output of mature 
trees, higher seedling recruitment, and lower mature tree mor-
tality, which is consistent with an increase in temperature and 
water stress favouring E. risdonii over E. amygdalina (Pfeilsticker 
et al., 2022; Potts, 1986; Whitham et al., 1994). However, due to 
the rugged topography in the area, the expansion of E. risdonii 
was variable across the study area, with E. risdonii appearing to 
be particularly favoured on the drier north- west facing slopes 
and ridges (Pfeilsticker et al., 2022). The hybridity of intermedi-
ate phenotypes in a ridge- top hybrid zone at the boundary be-
tween pure populations of E. risdonii and E. amygdalina (Figure 3) 
has been validated by progeny testing (Dungey et al., 2000; Potts 
& Reid, 1985) and a molecular study using six dominant markers 
(randomly amplified polymorphic DNA [RAPD]) (Sale et al., 1996). 

F I G U R E  2  Proposed sequence of 
the expansion of Eucalyptus risdonii into 
the range of Eucalyptus amygdalina by 
hybridisation. The main steps are: (1) 
long- distance dispersal of E. risdonii 
pollen followed by hybridisation with 
E. amygdalina generates isolated F1 
hybrids which reach reproductive 
maturity (a– c); (2) continued pollination 
from the E. risdonii populations results in 
backcrossing of the F1 hybrids and these 
backcrosses can reach reproductive 
maturity; (3) development of small, 
isolated hybrid patches showing a 
continuum of morphological traits ranging 
from E. risdonii to E. amygdalina within 
the range of E. amygdalina (d); and (4) 
ongoing backcrossing combined with 
positive selection results in E. risdonii 
being resurrected from these patches over 
multiple generations and dominating the 
patch (e).
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4  |    PFEILSTICKER et al.

However, the dynamics of the long- distance invasion process has 
not been specifically investigated.

Here, we used high- density genome- wide markers to study 
the dynamics of this invasion process –  validating the continuous, 
multigenerational nature of the ridge- top hybrid zone between 
these species, and testing whether the genetic affinities of iso-
lated hybrid individuals and hybrid patches support the invasion 
hypothesis. More specifically, we tested for (i) the hybrid nature of 
isolated intermediates within the range of E. amygdalina and (ii) the 
hybrid (i.e., backcross) origin of E. risdonii- like phenotypes in iso-
lated hybrid patches within the range of E. amygdalina. Key to the 
hypothesis of range expansion through long- distance hybridisa-
tion is verifying that the E. risdonii- like phenotypes found adjacent 
to mature intermediate hybrid trees in small hybrid patches and 
beyond the usual range of E. risdonii seed dispersal, are of hybrid 
origin rather than a result of rare long distance seed dispersal from 
a pure E. risdonii source. Potts and Reid (1988) hypothesised that 
in cases where young E. risdonii- like individuals were found near 
old hybrid trees, the E. risdonii- like individuals were unlikely to be 
derived from long- distance seed dispersal from E. risdonii but from 
the adjacent maternal hybrids.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites and sampling

The studied area is located at Government Hills near Risdon, 
Tasmania (42°49′36″ S, 147°19′40″ E). At this site, E. amygdalina 
has a continuous distribution and ranges in size from a low mallee 
(2– 3 m high) on the drier, insolated northern slopes to a tree form 
on the wetter southern slopes. Embedded in this matrix, E. risdonii 
occupies the most highly insolated slopes, mainly in the mallee form 
(Figure 3). Between the E. risdonii on the upper north- western slopes 
and the E. amygdalina on the southern slopes, there is a hybrid zone 
on a ridge where the phenotypes of individual trees vary continu-
ously between E. amygdalina (A) and E. risdonii (R). We defined the 
hybrid phenotypic classes (based on leaf morphology, leaf arrange-
ment and glaucousness) as: AH (phenotype lying outside the range 
of the pure species but closer to E. amygdalina); H (intermediate phe-
notype equally unlike either pure species) and RH (phenotype lying 
outside the range of the pure species but closer to E. risdonii) (Potts 
& Reid, 1985; Whitham et al., 1994). In addition, individuals with H 
and RH phenotype are found scattered in the Government Hills as 

F I G U R E  3  Map of Government Hills showing location of each sampled tree of Eucalyptus risdonii, Eucalyptus amygdalina and putative 
hybrids. Colours represent the phenotypic classification of sampled trees. The symbols are related to the grouping of samples: the 
individuals in the hybrid zone at the species boundary are shown as triangles and the isolated hybrid (H and RH) individuals sampled within 
the range of E. amygdalina are indicated as crosses. Blue shading represents the pure E. risdonii populations. The location of isolated patches 
of hybrids sampled within the range are of E. amygdalina are indicated (patch 1– 6), as are the locations of the different populations of the 
pure species. The allocation of individuals to phenotypic classes was based on visual assessments of their leaf morphology and glaucousness 
(Potts & Reid, 1985; Whitham et al., 1994). The hybridity of intermediate phenotypes in the hybrid zone has been previously validated by 
progeny testing (Dungey et al., 2000; Potts & Reid, 1985) and a molecular study using randomly amplified polymorphic DNA (RAPDs) (Sale 
et al., 1996).
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    |  5PFEILSTICKER et al.

single trees (“isolated hybrids”) or in patches (“hybrid patches”) lo-
cated from 30 to more than 300 m from the nearest pure E. risdonii 
source, and occasionally even R phenotypes can be found within 
patches dominated by hybrid (H or RH) phenotypes.

Overall, leaf samples of 259 individuals including pure E. amygd-
alina, E. risdonii, and putative hybrids were collected at Government 
Hills. First, we sampled 52 E. amygdalina individuals to act as con-
trols: 10 from the mallee population on the north- western slope 
(Acontrol1); 10 from the tree form population on the southern slope 
(Acontrol2) and 32 scattered E. amygdalina adjacent to the sampled 
isolated hybrid individuals (see below) (Acontrol3). The pure E. risdonii 
controls were represented by 45 individuals from five E. risdonii pop-
ulations: 20 inside the main species distribution area (Rcontrol1 and 
Rcontrol2); five individuals from a population on the adjacent southern 
ridge (Rcontrol3) and 10 from each of the two R patches located out-
side of the main E. risdonii population (Rcontrol4) (Figure 3). The two 
R patches were collected as separate groups but incorporated as 
control populations after validation with the structure analysis. We 
sampled 75 trees from the main hybrid zone described in Whitham 
et al. (1994) (15 examples of each phenotypic class: A, AH, H, RH and 
R). Lastly, we sampled 87 putative isolated hybrids as individuals or 
in patches within the E. amygdalina forest. These included: (i) 25 in-
dividuals with intermediate (H) phenotypes found alone or occasion-
ally in pairs, (ii) two E. risdonii– like (RH) phenotypes, (iii) two paired 
individuals of which one was an RH phenotype with a small ligno-
tuber diameter (43 cm) and the other an old H phenotype (95 cm) 
nearby which was close to senescence, and (iv) 58 individuals with a 
range of hybrid phenotypes distributed in six distinct hybrid patches 
(Figure 3; Table S1). While it is not possible to obtain the exact ages 
of the genotypes sampled, the relative age of individuals in these 
patches was gauged from the maximum diameter of the basal ligno-
tuber, following Potts, 1986. We did not sample all individuals lo-
cated in these patches, but our sampling was representative of the 
phenotypic variation found in each patch, except for two patches 
where R phenotypes occurred, and these were specifically included 
in the sample.

Clonality is frequently observed in eucalypts with mallee forms 
as a result of resprouting from the lignotuber after disturbances such 
as fire (Byrne & Hopper, 2008). In our study area a large interme-
diate clonal phenotype including multiple lignotuberous clumps has 
been reported and is believed to predate human settlement (Tyson 
et al., 1998). Accordingly, we did not sample more than one stem 
from the same basal lignotuber nor proximal stems with identical 
hybrid phenotype to maximise the chance of only capturing unique 
genotypes.

In addition to the samples from Government Hills, we col-
lected leaf samples from 19 progenies planted at a common gar-
den trial located in southeastern Tasmania, Australia (42°45′55″ S, 
147°43′12″ E) whose parents were from the Government Hills 
(Pfeilsticker et al., 2022). The samples included nine first- generation 
(F1) hybrids that were obtained through artificial crosses conducted 
in situ in the pure species stands in the vicinity of the natural hybrid 
zone; and 10 natural advanced hybrids (F2op) that were the most 

E. risdonii- like phenotype (RH or R) among progenies derived from 
the open- pollinated seed collected from 5 H (F1- like) mothers in the 
hybrid zone.

2.2  |  DNA extraction, DArTseq library 
preparation, and sequencing

We isolated genomic DNA from fresh leaves using a modified ce-
tyltrimethylammonium bromide (CTAB) protocol (Inglis et al., 2018). 
DNA integrity and quality were evaluated by electrophoresis on 1% 
agarose gel and the DNA concentration was determined using a Bio- 
Rad VersaFluor fluorometer. A DNA concentration of 50 ng/μL was 
adopted as a minimum threshold for genotyping. Aliquots of 20 μL of 
DNA were then submitted to Diversity Arrays Technology Pty Ltd 
(DArT) for genotyping.

A total of 287 individuals (Table S1), including nine repeats that 
were randomly placed across the three 96 well plates, were geno-
typed using the genome- wide and high- throughput Diversity Arrays 
Technology (DArTseq) developed for Eucalyptus species (Sansaloni 
et al., 2010). This platform uses a combination of genome complex-
ity reduction methods, including a DNA digestion and ligation step 
using PstI/TaqI restriction enzymes, followed by PCR and quantifica-
tion (Kilian et al., 2012; Sansaloni et al., 2010). After this, samples are 
standardised, pooled for sequencing using an Illumina HiSeq2500 
machine, filtered and assembled using DArT's analytical pipeline. 
The DArT- Seq algorithm uses technical replicates to calculate ge-
notyping reproducibility and Mendelian inheritance patterns to 
filter paralogous regions and sequencing errors (Kilian et al., 2012; 
Sansaloni et al., 2010).

2.3  |  SNP filtering

Genotyping with the DArTseq platform generated 63,795 SNP mark-
ers. To ensure only the highest quality markers were used for the 
analyses, we implemented a series of stringent SNP filtering pro-
cedures. First, to remove genotype calls that had low confidence, 
we applied a minimum threshold of 100% reproducibility, discarding 
23% of the markers. We then excluded SNPs that had a high pro-
portion of missing values, using a threshold of 90% for the call rate 
of markers, and 95% for individuals. To avoid erroneous data, only 
SNPs with a minimum read depth of 10 were considered. To take a 
further precaution in avoiding calling markers from paralogs (over- 
clustered) and to avoid markers located in highly repetitive regions, 
we excluded reads with depth higher than 73.2. The read depth 
threshold was calculated according to Li (2014), where a maximum 
threshold of d + 4√d (where d is the depth mean) is recommended. 
SNPs with MAF <0.01 and secondaries with the lowest polymorphic 
information content (PIC) were also excluded. All the filtering steps 
were performed using the package dartr (Gruber et al., 2018) im-
plemented in r version 4.0.2 (R Core Team, 2019). Filtering resulted 
in a final data set containing 268 individuals and 3362 high quality 
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6  |    PFEILSTICKER et al.

SNP loci. Based on these markers, the identity of the nine repeated 
samples was high at 99.2%. All analyses reported below were based 
on these 3362 SNPs.

2.4  |  Species diversity and differentiation

We estimated species expected and observed heterozygosities and 
allele richness (He, HO and AR, respectively) using the package hi-
erfstat (Goudet, 2005) in r version 4.0.2 (R Core Team, 2019). We 
then quantified the degree of differentiation between species using 
a pairwise FST matrix generated after 1000 bootstrap runs. To find 
potential species- specific markers, we screened the E. risdonii and 
E. amygdalina control populations for the presence of fixed alleles 
using the dartr package (Gruber et al., 2018); we also looked for out-
lier loci that differentiated the pure species using bayescan (Foll & 
Gaggiotti, 2008). The bayescan analysis used default parameters for 
the chain (20 pilot runs of 5000 iterations each, with a burnin length 
of 50,000), “Prior odds for neutral model” = 100, and “FIS uniform 
between 0 and 0.3” based on typical inbreeding statistic values for 
eucalypts (Byrne, 2008).

To visualize the relationship among the two parental species and 
the known F1 and F2op hybrids obtained from the common garden 
trial, we performed a principal coordinate analysis (PCoA) using ade-
genet version 2.0.1 (Jombart, 2008; Jombart & Ahmed, 2011). PCoA is 
a valuable multivariate statistical method for exploring hybridisation 
because, in contrast to many other clustering methods, it does not rely 
on any evolutionary model (Jombart, 2008; Jombart & Ahmed, 2011). 
In the analysis, parental species are expected to form clearly sepa-
rated clusters with hybrids aligning midway between them.

2.5  |  Hybrid origin and extent of hybridisation

We evaluated genetic structure using the Bayesian clustering 
method implemented in structure software version 2.3.4 (Pritchard 
et al., 2000). We tested for an optimal number of clusters (K) varying 
from 1 to 13 with 10 repetitions for each K. For each repetition we 
ran 300,000 Markov Chain Monte Carlo iterations after discarding 
30,000 iterations as burnin number. We used the admixture model 
with correlated allele frequencies and no prior information regarding 
identity. The best number of clusters was determined using Evanno's 
ΔK method (Evanno et al., 2005) and the Ln|K plateau in structure 
harvester software version 0.6.94 (Earl & Vonholdt, 2012) and the 
results of individual runs for a given number of clusters was aver-
aged using clumpak (Kopelman et al., 2015). To further understand 
the extent of hybridisation we calculated a hybrid index for each in-
dividual using the introgress package in r (Gompert & Buerkle, 2010). 
The package uses differences in allele frequencies between the pure 
parents and considers all loci to estimate the genetic contribution 
of parental populations to individuals of unknown ancestry, using a 
maximum likelihood method (Gompert & Buerkle, 2010). The mem-
bership coefficients (structure) and hybrid index (introgress) scales 
both ranged from 0 (E. amygdalina) to 1 (E. risdonii).

To assign individuals to specific hybrid classes we also performed 
numerous newhybrids runs. Due to limitations in the number of loci 
that can be used as inputs we ran the analysis using either a subset 
of 200 loci with the highest polymorphic information content (PIC) 
or a subset of 200 random loci. We ran the analyses using a range of 
MCMC iterations from 300,000 to 1,000,000 and burnin periods of 
100,000 to 300,000 iterations using Jeffrey's like priors for mixing 
proportions and allele frequencies. Distinct runs used: (i) no informa-
tion about the parental species, (ii) sampled controls as prior informa-
tion of the parental species, (iii) simulated controls as prior information 
of the parental species, and (iv) both simulated and sampled control 
data as prior information of the parental species. The efficiency in 
separating our simulated pure species and hybrids using newhybrids 
was poor (results not shown), and this methodology was not consid-
ered further in the present study. Simulations have shown newhybrids 
requires high differentiation between parental species (FST ≥ 0.2) for 
good efficiency (Vähä & Primmer, 2005), which would explain our 
findings as the differentiation between E. risdonii and E. amygdalina in 
our study area was lower than this threshold (FST = 0.076).

To check the consistency of results from structure and introgress, 
we ran the same analyses as above using a simulated dataset. We 
first simulated 500 E. risdonii and 500 E. amygdalina control individ-
uals based on the allele frequencies of each parental control popu-
lation using the package dartr (Gruber et al., 2018). Then, based on 
the simulated parental control populations, we simulated 500 first- 
generation hybrids (F1), 500 second generation hybrids (F2 = F1 × F1), 
500 E. risdonii backcrosses (F1 × E. risdonii) and 500 E. amygdalina 
backcrosses (F1 × E amygdalina) using the function “hybridize” of ade-
genet (Jombart, 2008; Jombart & Ahmed, 2011). To this dataset we 
added the natural control populations and known F1 hybrids from the 
common garden trial. The analyses were run using almost the same 
parameters as described above but with a fixed value of K = 2 in struc-
ture (Pritchard et al., 2000). Following Vähä and Primmer (2005), we 
calculated efficiency, accuracy, and the overall performance of the 
analyses. Efficiency was defined as the proportion of hybrid or pure 
species individuals that were correctly assigned (e.g., hybrid identifi-
cation efficiency = number of hybrid individuals correctly identified 
as hybrids/total number of hybrids actually in the sample). Accuracy 
was defined as the proportion of individuals that were correctly as-
signed to a specific hybrid or pure category (e.g., F1 hybrid identifi-
cation accuracy = number of F1 hybrid individuals assigned to the 
F1 hybrid group/total number of individuals in the F1 hybrid group). 
Overall performance was calculated as the mean of “efficiency” mul-
tiplied by the “accuracy” for each category. Parental and hybrid cat-
egory thresholds were defined based on the mid- points between the 
expected genome proportions for hybrid (F1/F2 = 0.5; E. amygdalina 
backcrosses = 0.25 and E. risdonii backcrosses = 0.75) and parental 
categories (E. amygdalina = 0; E. risdonii = 1; Guichoux et al., 2013) 
and consisted of membership coefficients or hybrid indices: ≤0.125 
for E. amygdalina; >0.125 and <0.375 for E. amygdalina backcrosses; 
≥0.375 and ≤0.625 for F1 and F2; >0.625 and <0.875 for E. risdonii 
backcrosses; and ≥0.875 for E. risdonii.

Finally, to test (i) whether adjacent E. amygdalina trees were the 
most likely parents of the isolated hybrid trees; (ii) whether adjacent 
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    |  7PFEILSTICKER et al.

mature H trees were the most likely parents of isolated E. risdonii- 
like (RH) individuals; and (iii) for the existence of clonal individuals in 
our sample, we calculated a mean probability of identity- by- descent 
among all sampled individuals using all loci. The identity- by- 
descent was calculated using an additive relationship matrix ap-
proach implemented in the “gl.grm” function of the dartr package 
(Endelman, 2011; Endelman & Jannink, 2012; Gruber et al., 2018). 
In addition to the identity- by- descent matrix, we calculated a ma-
trix of Euclidean genetic distances among all the sampled individuals 
including the repeats, as another check on the presence of clonal 
individuals in our sample. We then checked whether the genetic 
distance between any two individuals was lower than the distances 
observed between the repeat samples.

3  |  RESULTS

3.1  |  Species differentiation

Species specific alleles were not observed between the two species 
in the study area: there were no fixed allelic differences between the 
species and the bayescan analysis did not identify any outlier loci dif-
ferentiating the two species (results not shown). All loci used in the 
analysis were polymorphic in both species (E. amygdalina He = 0.121; 
E. risdonii He = 0.115) and the global pairwise FST between the two 
species was 7.6%. This lack of differentiation could be due to re-
cent divergence of the Tasmanian species belonging to the series 
Radiatae or to gene flow between E. risdonii and E. amygdalina in the 
study area, but we cannot differentiate these alternatives at this 
stage. The PCoA analysis revealed the existence of two distinct clus-
ters corresponding to the two species (Figure S1). While the first two 

axes combined explained only 5.2% of the variation, PC1 alone rep-
resented 4% of the genetic variation and clearly distinguished E. ris-
donii and E. amygdalina (Figure S1). This clear differentiation was also 
evident in the structure analysis of the samples (Figure 4a) where the 
optimal number of inferred genetic clusters was K = 2 according to 
the ΔK criterion and the Ln|K plateau (Figure S2), corresponding to 
the two species.

3.2  |  Simulations and hybrid detection

All sampled individuals represented unique genotypes as no clonal-
ity was detected in the analysis when considering the genetic dis-
tance matrix (results not shown) or the identity- by- descent analysis 
(all pairwise comparisons were <0.75). Despite the low molecular 
differentiation and the absence of fixed allelic differences, the mark-
ers used in this study clearly distinguished the two species and could 
be used to identify and classify hybrid individuals. Both the structure 
membership coefficient and introgress hybrid index were additive 
(mean values: backcross E. amygdalina 0.25, F1 and F2 0.5, backcross 
E. risdonii 0.75) in the simulated data. Using the parental and hybrid 
category thresholds defined in the methods, structure had 100% 
success in distinguishing pure species from simulated F1 hybrids 
(i.e., 100% efficiency). Furthermore, structure was 100% accurate in 
identifying the simulated F1 or backcrosses, and 99% accurate for 
the simulated F2 (Table S2). Having defined the sampled controls as 
“pure species” populations, introgress was 100% efficient in identify-
ing individuals as hybrids or simulated parents. It also correctly al-
located all simulated individuals to the correct hybrid category with 
the exception of the simulated F2 and E. amygdalina backcrosses, 
but these were still 99% correctly assigned. Considering that the 

F I G U R E  4  Bar plots of the membership coefficients (Q- value, y- axis) for Eucalyptus risdonii, Eucalyptus amygdalina and hybrid individuals 
from Government Hills (a) and from simulations, and common garden trial (b) using the Bayesian clustering method implemented in 
structure for K = 2. Labels on the top represent the group to which each individual belongs, and bottom labels represent the phenotypic 
class. Phenotype abbreviation: A, E. amygdalina like; AH, hybrid with phenotype lying outside the range of the pure species but closer to 
E. amygdalina; H, hybrid with phenotype equally unlike either pure species (intermediate); RH, hybrid with phenotype lying outside the range 
of the pure species but closer to E. risdonii; R, E. risdonii- like. E. amygdalina and E. risdonii controls in (b) are from Government Hills (i.e., same 
individuals as in [a]). Note that for better representation a structure run containing only 50 individuals of each simulated group is plotted in (b).
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8  |    PFEILSTICKER et al.

efficiency and accuracy of structure and introgress were similar and 
that the membership coefficient and hybrid index were highly cor-
related (p > .98), we herein describe only the structure results, as 
this approach does not require a priori definition of pure species 
populations.

The pedigreed F1 individuals from the common garden trial 
were correctly allocated by structure (membership coefficients 
0.49– 0.55; Figure 4b) and introgress (Figure S3) and were in an in-
termediate position between the two pure species E. risdonii and 
E. amygdalina in the PCoA (Figure S1). The advanced generation 
hybrids (F2op) derived from open- pollinated seeds collected from 
hybrid zone H mothers showed high E. risdonii membership coeffi-
cients in structure (0.69– 0.92; Figure 4b). These values are outside 
the membership coefficient range expected for F2 hybrids (0.375– 
0.625), suggesting that such phenotypes are likely to be E. risdonii 
backcrosses (expected range 0.625– 0.875) rather than F2 hybrids. 
These samples were specifically selected from the F2op families on 
the basis that they were the phenotypes that most resembled the 
E. risdonii phenotype. While seven were of RH phenotype (member-
ship coefficients 0.66– 0.78), 3 were of an R phenotype (membership 
coefficients 0.76– 0.90) demonstrating that the R phenotype can be 
obtained from H mothers backcrossing to E. risdonii.

3.3  |  Hybrid zone

The analyses of individuals located in the hybrid zone showed a 
complete genetic continuum from E. amygdalina to E. risdonii at 
their ridge- top boundary, using either structure membership coef-
ficients (Figure 4) or introgress hybrid indices (Figure S3), suggesting 
that the hybrid zone is multigenerational. There were some differ-
ences in the hybrid class membership assignment of structure and 
introgress. introgress tended to classify some A and R phenotypes as 
backcrosses whereas these were classified as R and (mostly) A geno-
types by structure. In contrast, structure tended to inflate the E. ris-
donii contribution of the hybrid individuals compared to introgress. 
Regardless, both approaches indicated that the AH phenotypes in 
the hybrid zone comprised approximately equal proportions of AH 
and H genotypes. This bias of the genotype classification towards 
E. risdonii was not evident elsewhere (Figure 4) and could be due to 
factors specific to the multigeneration hybrid zone, such as segre-
gation distortion arising from genome- wide selection in favour of 
E. risdonii allelic combinations being stronger than selection on genes 
affecting morphology.

3.4  |  Isolated hybrids and hybrid patches

Based on structure membership coefficients, 96% of the hybrid 
individuals with intermediate phenotype (H) scattered within the 
E. amygdalina forest were classified as H genotypes (i.e., they were 
within the range of 0.375– 0.625 for F1/F2 hybrids), while one tree 
(4%) was at the upper level of the AH genotypic class (membership 

coefficients 0.326) (Figure 4a). In all cases, these isolated H pheno-
types were genotypically well- differentiated from the surrounding 
E. amygdalina. The two isolated RH phenotypes were classified as 
RH genotypes (membership coefficients 0.734, 0.771) (Figure 5), 
and could represent situations where an isolated H parent has died 
(see below).

The relatedness to other individuals sampled was equal to or ex-
ceeded an identity- by- descent threshold of 0.125 for 15 of the 25 
isolated H phenotypes (Table S3). For 10 of these 15, out of all the 
253 pairwise comparisons involving the other individuals sampled 
in the wild, the highest probability of relatedness was with a nearby 
E. amygdalina control; their identity- by- descent probabilities ranged 
from between 0.10 and 0.55, with two related at a level greater 
than 0.375 (Table S3). The remaining isolated H phenotypes were 
most closely related to another nearby hybrid (0.25– 0.54), and one 
was weakly, but still most closely, related to a distant R phenotype/
genotype from the hybrid zone (0.11; Table S3). The fact that the 
isolated H phenotypes were mostly H genotypes and often most 
closely related to the nearby E. amygdalina is consistent with their 
origin through long- distance dispersal of E. risdonii pollen and argues 
against these individuals being genetic variants of E. amygdalina.

In addition to the isolated hybrid phenotypes, there are hybrid 
phenotypes which occur in small patches within the E. amygdalina 
forest (Figure 3). The 13 E. amygdalina controls sampled from within 
these patches were all classified as A genotypes (membership coeffi-
cient ≤0.125). These hybrid patches are of varying size and normally 
comprise individuals of the H and RH phenotype, and occasionally 
even include R phenotypes (Figure 5). These non- E. amygdalina in-
dividuals found in the isolated hybrid patches presented a genetic 
continuum similar to that observed in the hybrid zone (Figure 4a). 
While most individuals sampled in these patches are allocated to the 
H or RH phenotypic classes, patch 6 was dominated by RH and R 
phenotypes. In this patch, the seven individuals sampled were phe-
notypically E. risdonii- like (RH and R phenotypes), of which four were 
classified as RH genotypes and three as R genotypes (an RH and two 
R phenotypes). The other patches represented a sequence of mem-
bership coefficients, from those with more AH than H genotypes 
(Figure 5 –  patch 1), others dominated by H genotypes (Figure 5 –  
patches 2 and 3), to those dominated by both H and RH genotypes 
(Figure 5 –  patch 4) and those dominated by RH genotypes (Figure 5 
–  patches 5 and 6). The most E. risdonii- like patch (Figure 5 –  patch 6) 
had three R phenotypes, but one of these classified as an RH geno-
type. In all cases, the R phenotypes in this patch were small and most 
closely related to larger H/RH phenotypes (all RH genotypes) in the 
same patch (Figure 6b), arguing against their origin by direct seed 
dispersal from a pure E. risdonii population.

We found several examples of putative long- distance E. risdonii 
backcrossing to an F1 hybrid where RH individuals were found close 
to putative H mothers. The first situation involved the most west-
ern isolated patch (patch 4), which was more than 250 m from the 
nearest mature E. risdonii (Figure 3). In this patch there were two 
more- or- less unrelated large mature H phenotypes/genotypes 
(C148 and C101, identity- by- descent between C148 and C101 was 
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    |  9PFEILSTICKER et al.

0.05; Table S4) which appeared to be the maternal sources of mul-
tiple smaller RH phenotypes, most of which were downwind and 
within the normal seed dispersal distance of the putative H mothers 
(prevailing winds in the area are westerly, Potts & Wiltshire, 1997; 
Figure 6a). In one case, we found a small RH phenotype/genotype 
(C147, lignotuber diameter 20 cm; membership coefficient 0.66) di-
rectly beneath the canopy of a large H phenotype/genotype (C148, 
membership coefficient 0.59; lignotuber diameter 126 cm) to which 
it was highly and most closely related (identity- by- descent was 0.48; 
Table S4). While the lignotuber size difference was less marked, 
there was even a case of a small R phenotype (C96) 8 m south of the 
other putative H mother (C101). This was an RH genotype and most 
closely related to C101 (identity- by- descent 0.51; Table S4), and not 
closely related to any sampled E. risdonii (<0.15), clearly indicating 
this R phenotype was of hybrid descent. In another situation (an H 
and RH pair located between patches 2 and 5 in Figure 3), the hybrids 
were close to a source of E. risdonii pollen (c. 100 m), and the relat-
edness between the putative H mother phenotype/genotype (C66, 
membership coefficient 0.58) and the RH phenotype/genotype pu-
tative progeny (C65, membership coefficient 0.75; lignotuber diam-
eter 43 cm) 4 m to the east was slightly higher (identity- by- descent 
0.54; Table S4). However, in this case the putative H mother was 
senescing and represented by only a small resprout arising from the 
remnants of a large lignotuber (lignotuber diameter 95 cm). These 
relatedness results, combined with the classification of the most 
E. risdonii- like F2op hybrid progeny as backcrosses in the field trial, 
are consistent with backcrossing between isolated F1 hybrids and 
distant E. risdonii, and argue against these RH phenotypes being (i) 
the products of selection for E. risdonii- like traits of the F2 progeny 
derived from the crossing of various F1 hybrids or from selfing H 
hybrids, or (ii) the product of seed dispersal from distant RH hybrids. 

F I G U R E  5  Relative frequency (y- axis) of individuals of each 
genotypic class (x- axis) obtained in structure and phenotypic classes 
(colours) for isolated hybrids and hybrid patches. Colours represent 
the phenotypic classification of each individual. The allocation 
of individuals to genotypic classes are based on the membership 
coefficient as follow: ≤0.125 for Eucalyptus amygdalina (A); >0.125 
and <0.375 for E. amygdalina backcrosses (AH); ≥0.375 and 
≤0.625 for F1 and F2 (H); >0.625 and <0.875 for Eucalyptus risdonii 
backcrosses (RH); and ≥0.875 for E. risdonii (R). Phenotype classes 
are: A, E. amygdalina- like; AH, hybrid with phenotype lying outside 
the range of the pure species but closer to E. amygdalina; H, hybrid 
with phenotype equally unlike either pure species (intermediate); 
RH, hybrid with phenotype lying outside the range of the pure 
species but closer to E. risdonii; R, E. risdonii- like. The R phenotypes 
in patch 6 had the smallest lignotuber diameters of all sampled 
individuals and were all most related to other hybrid individuals 
within the patch with much larger lignotubers. The silhouettes 
represent leaf pairs typical of the juvenile phase of the pure species 
and their hybrid phenotypic classes. The A and AH leaf pairs are 
alternate and petiolate at this stage, whereas the other classes are 
opposite and nonpetiolate. H leaf pairs are not fused at the base 
whereas those of the RH and R classes are fused.
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10  |    PFEILSTICKER et al.

Evidence that such backcross genotypes may survive to maturity 
in competition with E. amygdalina is provided by the two isolated 
mature RH phenotypes that were sampled near the western limits 
of our sampling. These two individuals were clearly RH genotypes 
(membership coefficients 0.73 and 0.77; Figure 5 –  isolated hybrids) 
and are most probably backcrosses derived from extinct nearby H 
mothers, as in the example mentioned above.

4  |  DISCUSSION

Overall, our results provide the first molecular evidence for the ex-
pansion of E. risdonii into the range of E. amygdalina through long- 
distance hybridisation (Figure 2). This mechanism, as hypothesised 
by Potts and Reid (1988), can be summarised in four main steps: (1) 
Long- distance dispersal of E. risdonii pollen followed by hybridisation 
with E. amygdalina generates isolated F1 hybrids (Figure 2a– c); (2) on-
going long- distance pollen dispersal from E. risdonii results in back-
crosses (RH phenotypes) involving F1 hybrid mothers established in 
the range of E. amygdalina, and these backcrosses can reach matu-
rity; (3) small, isolated hybrid patches representing phenotypic and 
genetic continuums between E. risdonii and E. amygdalina, develop 
within the E. amygdalina forest, and include R phenotypes which 
are of hybrid origin (backcrosses) rather than pure E. risdonii derived 
from seed dispersal (Figure 2d); and (4) ongoing backcrossing com-
bined with positive selection results in E. risdonii being resurrected 
over several generations and dominating the patch (Figure 2e). The 
present study provides molecular support for each of these steps.

Most of the isolated intermediate (H) phenotypes sampled 
within the E. amygdalina forest were also intermediate genotypes 
and, individuals closely related to adjacent E. amygdalina, consistent 
with the first step of this hypothesis. However, our genetic analysis 
does not allow us to differentiate F1 from F2 hybrids. While such 
differentiation has been possible in other eucalypt studies using 
newhybrids (Bradbury et al., 2021; Robins et al., 2021; Rutherford 
et al., 2022; Van Dijk et al., 2020), this approach was not appropriate 
in the present case as the level of differentiation between the two 
closely related species in our study area was too low (see Vähä & 
Primmer, 2005), and there were no fixed differences to exploit (e.g., 
Bradbury et al., 2021; Robins et al., 2021). However, these pheno-
typically distinct individuals are unlikely to be variants of E. amygda-
lina, from which they are genetically discrete. If they were advanced 
generation hybrids, backcrossing with the adjacent E. amygdalina 
would be expected to lead to a genetic continuum back towards 
the surrounding E. amygdalina. Such a continuum would similarly 
be likely if they were relict hybrid progeny of an extinct E. risdonii 
or ancient hybrid population (McKinnon, Vaillancourt, et al., 2004; 
Parsons & Kirkpatrick, 1972). These isolated intermediate phe-
notypes are found 30– 300 m away from the nearest E. risdonii 
population (Figure 3). This distance is within the range of pollina-
tion distances reported for other eucalypts (Barbour et al., 2005; 
Byrne, 2008). In E. risdonii, F1 hybridisation rates in open- pollinated 
seed from pure E. amygdalina have been reported to be 1.3% at 50 m 
and 0.1% at 500 m from E. risdonii (Potts & Reid, 1988), indicating 
that F1 hybridisation occurs over the distances the isolated inter-
mediate phenotypes were found. These distances are well beyond 

F I G U R E  6  Probabilities of identity- by- descent among individuals sampled in isolated hybrid patches 4 and 6. Only identity- by- descent 
values above 0.375 are represented. While below this threshold the most related individual to the R phenotypes C158 and C150 in patch 
6 were the nearby larger RH phenotypes/genotypes (C157 0.163 and C150 0.140, respectively). Circles are plotted at the relative location 
of the tree in the patch and circle diameter is proportional to the maximum diameter of each individual's lignotuber at ground level, the 
only practical means of estimating relative ages of the individuals (see Potts, 1986). Colours represent individual phenotypic classes and 
abbreviations within the circles represent individual genotypic classes based on the membership coefficient values obtained with structure 
(see caption of Figure 5). The wind arrow indicates the direction of the prevailing winds across Tasmania.
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the observed distance of seed dispersal of E. risdonii (<20 m; Potts 
& Reid, 1988, 1990; Potts & Wiltshire, 1997) and eucalypts in gen-
eral (Booth, 2017a), arguing against these isolated intermediate phe-
notypes having arisen by seed dispersed from E. risdonii. They are 
thus likely to be the products of long- distance pollen dispersal. No 
studies have investigated the specific pollinators of E. amygdalina or 
E. risdonii, but generalist insects and birds have been described as 
the main pollinators of eucalypt species (House, 1997). Due to their 
small flower size, these two species are probably predominantly 
insect pollinated (Hingston et al., 2004) and in such eucalypt spe-
cies studies have shown most pollen is dispersed within 100– 200 m 
of a source (Southerton et al., 2004), but there is a long tail to the 
pollen dispersal curve which can extend to at least 1.6 km (Barbour 
et al., 2005).

After the pollen has reached distant E. amygdalina trees, the next 
critical step is the production of F1 hybrids that can establish and 
reach maturity (Figure 2c). Artificial crosses between E. amygdalina 
and E. risdonii planted in a common garden has demonstrated the 
viability of F1 hybrids and the potential of these to survive (e.g., for 
over 28 years) and become reproductive (Pfeilsticker et al., 2022). 
This is further evidenced by isolated intermediate genotypes sam-
pled being reproductive in the wild (results not shown). Recurrent 
backcrossing of isolated hybrids, be they isolated trees (step 2) or in 
isolated patches (step 3), was proposed as an important part of the 
process allowing resurrection of the E. risdonii phenotype following 
long- distance hybridisation (steps 2 and 3, resurrection hypothesis). 
We showed clearly that the two isolated E. risdonii backcross (RH) 
phenotypes scattered in the E. amygdalina forest were E. risdonii 
backcross genotypes (i.e., result of intermediate tree backcrossed 
to E. risdonii) rather than F2 hybrids; similarly, in one of the isolated 
patches, the E. risdonii backcross phenotypes were all closely re-
lated to putative mothers with intermediate phenotypes/genotypes. 
Further, while closer to a source of E. risdonii pollen, sampling of 
open- pollinated seed collected from intermediate phenotypes in the 
hybrid zone resulted in many E. risdonii backcross (58%) and E. risdonii 
phenotype seedlings (5%) (Pfeilsticker et al., 2022). Importantly, in 
terms of the resurrection hypothesis, we found several cases where 
plants in isolated hybrid patches which resembled E. risdonii in mor-
phology (i.e., R phenotypes) were actually E. risdonii backcross gen-
otypes and most closely related to larger intermediate or E. risdonii 
backcross putative mothers. Such minor incongruence between 
morphology and genetic signals of hybridity also occurred in our 
hybrid zone samples and occasionally in the isolated hybrids and 
hybrid patches, and is reported in eucalypts generally (Rutherford 
et al., 2019, 2022). This incongruence may reflect random processes 
or selection (Allendorf et al., 2001; Menon et al., 2020).

A key element in fostering recurrent backcrossing with E. risdonii 
is thought to be the intermediate expression of the flowering times 
of the two species, which would increase the probability of long- 
distance hybridisation and thereby promote the resurrection pro-
cess (Potts & Reid, 1985, 1988). The probability of such backcrossing 
would diminish in systems where the inheritance of the flowering 
time of the F1 hybrid did not overlap with either of the parental 

species, as was reported for the tropical grass species, Imperata 
cylindrica (Poaceae; Nomura et al., 2022), as well as for Eucalyptus 
globulus × E. ovata (Lopez et al., 2000). Even when asymmetric me-
chanical barriers to hybridisation exist that reduce the probability of 
F1 hybrid formation (e.g., differences in style length, such as between 
Eucalyptus nitens and E. globulus), their intermediate inheritance 
in the F1 hybrids can overcome this barrier and similarly provide a 
bridge for backcrossing (Larcombe et al., 2016). The viability of the 
species resurrection process is also dependent on the fitness of the 
F1 and backcross hybrids. While there is evidence of F1 hybrid inferi-
ority in the present case, the F1 hybrids are reproductive, and fitness 
appears to be recovered rapidly in E. risdonii backcross phenotypes 
both ex situ (Pfeilsticker et al., 2022) and in the wild (Potts, 1986). 
Better performance or fitness of first- generation backcross hybrids 
compared to F1 and F2 hybrids has similarly been reported in other 
species (Zhang et al., 2016), including Eucalyptus species (Costa e 
Silva et al., 2012). Therefore, the potential for pollen dispersal to 
result in successful hybridisation and ultimately resurrection of 
the pollen species is likely to be system specific. This potential is 
likely to decrease with increasing genetic and phylogenetic distance 
between parental species (Larcombe et al., 2015), suggesting that 
there is a degree of divergence among species beyond which seed 
dispersal is the most likely mechanism for long- distance species in-
vasion of suitable habitat occupied by a less- well adapted congener.

Selection in favour of the pollen parent species is a key compo-
nent of the mechanism of species expansion by long- distance hy-
bridisation (Figure 2d). There is evidence that the selective regime 
has been favouring E. risdonii over E. amygdalina for over half a cen-
tury at Government Hills, and it is expanding its range (Pfeilsticker 
et al., 2022). The species is dominant on hot, drought- prone north- 
west facing slopes in south- eastern Tasmania and the predictions 
of increase in temperature and aridity due to climate change (Feng 
& Fu, 2013; Sherwood & Fu, 2014) predict selection in favour of 
E. risdonii in the future. Indeed, species distribution modelling pre-
dicts an increase in the extent and number of areas suitable for 
E. risdonii by the end of this century (Harrison, 2021). The rate at 
which species advance their range may be constant or may change 
through time, but in any case, it is intrinsically related to the dis-
persal capacity of species and individuals (Corlett & Westcott, 2013; 
Hastings et al., 2004; Phillips et al., 2008). Most eucalypt species 
lack specialized mechanisms for seed dispersal which mainly occurs 
by gravity and wind (Booth, 2017a). The dispersal distance is largely 
determined by tree height, canopy width, seed weight and wind 
strength; most seed fall within 2– 3 canopy heights of the mother 
tree (Booth, 2017a; Potts & Wiltshire, 1997). This seed dispersal dis-
tance is, therefore, much lower than the distances reported for other 
forest species whose seed can often travel more than 1 km from 
a source (Kremer et al., 2012). As with most eucalypt species, the 
seed dispersal of E. risdonii would limit the species' movement in the 
landscape (Booth, 2017a; Booth et al., 2015), influencing its capacity 
to respond to rapid environmental changes, as those predicted to 
occur under global climate change. Studies suggest that successful 
colonisation rates in eucalypts are about 1– 2 m/year (Booth, 2017a; 
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Booth et al., 2015), which would probably be further constrained in 
the face of factors such as competition from pre- established spe-
cies (Fraser et al., 2015) and habitat fragmentation (Broadhurst & 
Young, 2007; Hughes et al., 1996). Indeed, it is the often mosaic 
configuration of potential suitable habitat (“habitat islands”), in for 
example the rugged terrain of the study area, that challenges the 
capacity of species to readily respond to environmental change (De 
Blois et al., 2002; Opdam & Wascher, 2004). It is in such situations, 
where migration as a continuous front is not possible, that hybridisa-
tion as a long- distance dispersal mechanism may have an important 
evolutionary role, particularly for specialised plant species with lim-
ited seed dispersal, such as eucalypts.

Hybridisation has been intimately linked with the process of 
species range expansion and contraction, with numerous re-
ports of moving hybrid zones in plants and animals (Buggs, 2007; 
Canestrelli et al., 2016; Currat et al., 2008; Harr & Price, 2014; 
Kremer & Hipp, 2020; Pfennig et al., 2016; Rieseberg et al., 2007; 
Taylor et al., 2015). Genetic swamping of small populations by 
abundant congeners is commonly reported (Levin et al., 1996; 
Todesco et al., 2016), but there are also examples of range ex-
pansion through long- distance hybridisation (Arnold, 1992; 
Belahbib et al., 2001; Chen et al., 2021; Figueroa et al., 2003; Petit 
et al., 2004; Potts & Reid, 1988). Petit et al. (2004), for example, 
described a case where populations of a pioneering oak species 
with good seed dispersal were invaded by long- distance pollen 
dispersal from a climax oak species with poorer seed dispersal. 
Various hybridisation scenarios, no doubt, underlie the numerous 
reports of cryptic introgression and reticulate evolution in plants 
(Edelman & Mallet, 2021; Kremer & Hipp, 2020; McKinnon, 2005), 
and the role of hybridisation in contributing to global climate 
change adaptation is increasingly being recognized (Aitken & 
Whitlock, 2013; Cannon & Petit, 2019; Janes & Hamilton, 2017; 
O'Donnell et al., 2021; Rieseberg, 2003). However, the propensity 
for hybridisation is variable, due to numerous factors including life 
history, genetics, opportunity, environment (Mitchell, Campbell, 
et al., 2019) and phylogenetic relationships (Larcombe et al., 2015). 
For example, groups dominated by perennial or woody species, or 
with little variability in genome size, tend to have a higher pro-
pensity for hybridisation (Mitchell, Campbell, et al., 2019). This is 
certainly the case in eucalypts which are uniformly diploid (n = 11; 
Grattapaglia et al., 2012), can often be successfully artificially hy-
bridised (Delaporte et al., 2001; Larcombe et al., 2015; Potts & 
Dungey, 2004), and where there are increasing numbers of ex-
amples of past and contemporary hybridisation in nature, and of 
reticulate evolution (Bradbury et al., 2021; Griffin et al., 1988; 
McKinnon, Jordan, et al., 2004; Nevill et al., 2014; Pollock 
et al., 2013; Robins et al., 2021; Van Dijk et al., 2020).

The gene flow between E. risdonii and E. amygdalina appears 
typical of that reported in many forest tree genera where spe-
cies often remain relatively distinct morphologically, but form 
complexes interconnected by limited gene exchange (termed 
“Syngameons”), with neutral or selective processes poten-
tially limiting introgression to small components of the genome 

(Buck & Flores- Rentería, 2022; Cannon & Petit, 2019). When such 
introgression involves rare species such as E. risdonii, this normally 
involves an invasive or widespread species genetically swamping 
and capturing genes of the rare species, which is at risk of extinc-
tion (Lepais et al., 2009; McKinnon et al., 2010; Xie et al., 2020; Zhu 
et al., 2018). In such cases, the rare species may only be detectable 
as phantom hybrid populations (Parsons & Kirkpatrick, 1972) or, in 
more cryptic cases, from studies of the maternally inherited chlo-
roplast DNA (McKinnon, Vaillancourt, et al., 2004). However, the 
opposite is the case in the present study, where it is argued that it is 
the rare species which is locally displacing the more abundant wide-
spread species, through introgressive displacement. Traditionally, 
conservation guidelines consider pure species as higher value for 
conservation than hybrids, but frameworks are being developed to 
identify circumstances where hybrid conservation is encouraged, 
such as where hybridisation is natural and neither pure species is 
under threat (Jackiw et al., 2015). This is certainly the case in the 
hybridisation between E. risdonii and E. amygdalina, but more im-
portantly we argue that hybrids may play an important evolution-
ary role in some systems. For example, in the present and other 
(Petit et al., 2004) studies, the hybrids act as important genetic 
bridge that overcome limited seed dispersal which, in the case of 
E. risdonii enhances the expansion of a rare species into the range 
of a widespread species. This role is additional to the hybrids being 
focal points of biodiversity and providing essential habitat for de-
pendent species (Whitham et al., 1991, 1994).

The factors that have enabled hybridisation and led to its role in 
the expansion process still need clarification. While E. risdonii and 
E. amygdalina coexist and generally maintain their morphological dis-
tinctiveness along most of their boundary, incomplete reproductive 
barriers have probably always allowed the low frequency produc-
tion and even establishment of F1 hybrids (Tyson et al., 1998), the 
frequency of which may vary seasonally (e.g., Prevéy, 2020; Rawal 
et al., 2015) and spatially (Potts & Reid, 1985) due to variation in 
flowering time overlap. However, with climate change the probabil-
ity of F1 hybridisation might have increased due to factors such as: (i) 
increased probability of flowering time overlap (Fitter & Fitter, 2002; 
Prevéy, 2020; Rafferty & Nabity, 2017); (ii) changed pollinator re-
lationships (Forrest, 2015; Gómez- Ruiz & Lacher, 2019; Hegland 
et al., 2009; Scaven & Rafferty, 2013; Visser & Holleman, 2001); 
and (iii) increasing asymmetry in the amount of pollen generated by 
the two species (e.g., due to differences in long- term fitness or spe-
cies density; Klein et al., 2017; Totland, 2001), as may be the case 
in the study area (Potts & Reid, 1985, 1988). The latter could also 
increase pollinator foraging distances within the range of the less 
fit species, E. amygdalina, due to the reduced density of floral re-
sources for pollinators (Jha & Kremen, 2013; Westphal et al., 2006). 
In addition, while F1 hybrid phenotypes are less fit than either pure 
species (probably due to hybrid inferiority, Pfeilsticker et al., 2022), 
in more climatically vulnerable areas within the range of E. amygda-
lina, reduced fitness of E. amygdalina (Pfeilsticker et al., 2022) would 
be expected to increase the competitiveness of hybrids in terms of 
survival to maturity and their reproductive output. Thus, while we 
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can only speculate on the specific triggers of hybridisation between 
our co- occurring species, multiple factors are likely to be involved.

5  |  CONCLUSION

Our study confirmed the hybridity of individuals with intermediate 
phenotypes that occur at Government Hills, adding an important 
missing piece to this long- studied hybrid complex. We pointed to 
the existence of a multigenerational hybrid zone and highlighted the 
value of molecular studies when evaluating hybridisation in natu-
ral populations. We provided the first molecular evidence for the 
dynamics of long- distance pollen dispersal through hybridisation 
that is enabling range expansion of the rare E. risdonii. The studies 
conducted at Government Hills contribute to the increasing number 
of reports of hybridisation in plant species and highlight the impor-
tance of hybridisation as an evolutionary mechanism and its role in 
facilitating species expansion under climate change. Our study un-
derscores the importance of protecting naturally occurring hybrid 
zones and hybrids to maintain natural evolutionary processes and 
of incorporating molecular data into conservation prioritization, not 
only as a tool to measure genetic diversity but also to understand 
species evolutionary history and dynamics.
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