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EXECUTIVE SUMMARY
The genetic diversity of a single small population described as Banksia vincentia was measured
between individuals and between other populations of Banksia using high quality genome scans. The
results showed that B. vincentia, as well as another putative taxon B. neoanglica, are not genetically
differentiated species, but instead a component of the B. cunninghamia lineage. This evidence will
precipitate the synonymy of these names with B. cunninghamii and therefore removes a species
from the threatened species list. We provide the first empirical evidence that this population is
interbreeding with several sympatric Banksias, and that gene flow is bidirectional: as genetic
swamping of this population occurs, its genome is reciprocally being integrated within the
surrounding populations of B. ericifolia and B. spinulosa. If conservation efforts are continued
despite the necessary changes in taxonomy, we have provided two options for translocation that
implement a combination of in situ and ex situ source material. One of these options includes the
process of genetic rescue, where closely-related Banksias from Girraween and Boonoo Boonoo
National Parks are integrated in a potential translocation.
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1. INTRODUCTION
1.1 Background
Banksia vincentia M.L. Stimpson & P.H.Weston is defined as a critically endangered species with a
single population at Vincentia, in the Shoalhaven local government area of New South Wales
(Stimpson et al. 2014). Within the miniscule area of 100 m x 100 m, there are nine extant individuals
of an original population, five of which are young plants that have not reached reproductive age. The
surrounding habitat is sclerophyllous shrub land, and the plants grow in sandy soil over clay on
sandstone. In the immediate surrounding habitat exist three other Banksia species, B. ericifolia L.f.,
B. paludosa R.Br., and B. spinulosa Sm., all of which have relatively wide distributions. Out of these
co-occuring species, B. spinulosa is presumed to be the most closely related to B. vincentia based on
many morphological characters (Stimpson, Bruhl et al. 2014; Stimpson et al. 2012; Stimpson et al.
2016).
Banksia vincentia was described as part of a species complex that putatively included B. collina R.Br.
(regarded as B. spinulosa var. collina in states other than NSW), B.cunninghamii Sieber ex Rchb., B.
neoanglica (A.S. George) Stimpson & J.J. Bruhl, and B. spinulosa. It was originally described on the
basis of a semi-prostrate growth habit (Stimpson, Bruhl et al. 2014), where branches extend from a
main lignotuber for up to 30 cm before distally ascending. This group of putative species has a
complicated taxonomic history, and the recent application of explicit phenetic analyses on
morphological characters attempted to reveal a more stable, evidence-based classification for the
group (Stimpson, Weston et al. 2016). The product of this work identified morphological variation
among geographical groups, leading to the publication of B. neoanglica (Stimpson, Weston et al.
2012) and B. vincentia (Stimpson, Bruhl et al. 2014) as species. These two taxa share the greatest
number of similarities from the phenetic analysis (Stimpson, Weston et al. 2016), although B.
vincentia has 14–17 floral pairs and B. neoanglica 12–14 pairs. Banksia neoanglica is also distributed
further north (between Nundle State Forest and Lamington National Park) at altitudes between 850–
1500 m, and also grows in sandy soil, typically, but derived from granite or acid volcanics. As of yet,
no cladistic analyses have been published that demonstrate the evolutionary relationships of this
group of putative species, therefore the monophyletic species concept of B. vincentia or of the other
entities is yet to be rigorously tested.
Prior to the present study there have been no formal investigations into hybridisation between B.
vincentia and the other putative species. Hybrids have not been observed from the wide geographic
area of the Central Tablelands where both B. spinulosa and B. cunninghamii grow in sympatry
(Stimpson, Weston et al. 2012), nor from the Vincentia site where other Banksias co-occur with B.
vincentia. However, an observation-based means of evidencing hybrids (i.e. based on morphological
characters) is less sensitive than emerging DNA-based technologies. For instance, observation of
morphological characters cannot identify cryptic hybrids. Cryptic hybrids are individuals identified as
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belonging to a species based on morphology, but genetic screening subsequently identifies them as
originating from a hybridisation event between two distinct species. Hybridisation is well
documented in Banksias, both in ex situ propagation and empirically evidenced studies of in situ
populations (e.g. Usher et al. 2010). While hybridisation may be a natural and relatively common
process, it tends to be increasingly common in circumstances where a small population is
surrounded by individuals from a closely related but different species. This situation can result in
genetic swamping, a process where the underlying preference for outcrossed pollen drives an
increased uptake of inter-specific pollen if there is an absence of intra-specific pollen.
A plan to assist the conservation of the putative species B. vincentia has been organised under the
Saving Our Species initiative by the Office of Environment & Heritage (OEH), New South Wales. In
addition to an existing initiative that funds a translocation action, a genetic understanding of this
species was also sought to make the design of this action effective, principally because of an
inexplicably progressive decline of the Vincentia population (OEH 2019). The Royal Botanic Gardens
& Domain Trust (RBG&DT) was therefore contracted by the OEH to undertake a conservation genetic
study, a method that can assess species status, genetic diversity (qualitatively and quantitatively),
genetic health, presence of hybrids and an optimal proportion of genotypes to be used for effective
translocated populations. This initiative took advantage of RBG&DT’s experience with the subject
matter plus the vast data matrix RBG&DT had previously assembled for sympatric Banksia species at
the Vincentia site and related taxa.

1.2 Summary of the brief provided by OEH
Conservation efforts such as ex situ propagation and translocation have been in process since the
relatively recent description of Banksia vincentia by Stimpson et al. (2016). Effective and objective
decisions for these actions can be reinforced through empirical evidence provided by the analysis of
genetic diversity. Recurring themes that continually emerge and are associated with conservation
genetics for rare species include:
a. Taxonomic determination.
b. Genetic swamping through hybridisation with co-distributed Banksias.
c. Inbreeding depression, in view of the small number of remaining individuals (14
individuals on site) a likely cause of inbreeding depression.
d. Founder effect in translocated populations as a result of uninformed selection of
translocation propagules.
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1.3 Aims and objective for the genetic study of Banksia vincentia
Presented below is a summary of aims established with OEH to understand biological and genetic
factors relevant to long-term management and translocation for Banksia vincentia:
a. Test Banksia vincentia as a species;
b. Describe the genetic health (i.e. level of genetic diversity) for Banksia vincentia;
c. Determine the level and impact of admixture and hybridisation on B. vincentia.
d. Determine kinship of in situ plants, and verify identity of specimens in ex situ seedlings
and clones present at dedicated living collections;
e. Determine optimal material to be used in translocation scenarios.
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2. METHODS:
2.1 Sampling
A total sample set of 658 specimens representing Banksia vincentia and the original specimens used
in the phenetic study (Stimpson, Weston et al. 2016) was compiled to rigorously test the B. vincentia
species concept, determine species relationships, identify levels of hybridization, and verify the
identity and kinship for ex situ ramets and genets. Leaf samples were collected by OEH officers (B.
vincentia), Evolutionary Ecology section at RBG&DT and M. Stimpson.
A preliminary 94 samples for analysis (provided mostly by OEH officers) consisted of 63 B. vincentia
samples, including all plants (original and translocated) at the Vincentia site (14 samples), 32 plants
grown from cuttings acquired at the Vincentia site (derived from unknown individual), 32 plants
derived from seed collected at the Vincentia site (parent unknown), herbarium collections (6
samples) and one plant at Australian National Botanic Gardens without propagation details.
In order to investigate the genetic distinctness of B. vincentia, we combined the preliminary sample
set described above with samples (564) of other members in the B. spinulosa complex as defined by
Stimpson et al. (2016). These samples were sourced from the same specimens used by the original
phenetic study, allowing a robust comparison between genotype and phenotypic variation. Banksias
other than the B. spinulosa complex (both sympatric and allopatric) were also collected in order to
obtain comparative (control) material for our analyses, including both varieties of B. ericifolia: B.
ericifolia var. ericifolia and B. ericifolia var macrantha). The additional sample set represented all
populations and distinctive morphological entities addressed in Stimpson et al (2016). Specifically,
the additional samples were: Banksia ericifolia (73 samples); B. collina (28 samples); B.
cunninghamia (116 samples); B. neoanglica (80 samples); all forms belonging to B. spinulosa sensu
lato (268 samples: B. Wilsons Promontory, B. Cockatoo, B. Croajingolong, B. Robinson Gorge, B.
Lamington, B. Kungala, B. Putty Road, B. Carnarvon Ranges, B. Mount Mee, B. Isla Gorge, B.
Tewantin, B. Julatten); B. integrifolia (6 samples); B. paludosa (3 samples).

2.2 DNA extraction and sequencing
DNA was extracted from each sample using the Plant DNA Extraction Protocol for DArT as available
from the Diversity Arrays Technology Pty Ltd (DArT PL) website (see summary of methods in
Rossetto et al. 2018). All samples were sent to DArT PL, Canberra, for the DArT PL genotype by
sequencing analysis (referred to as DArT seq analysis), according to the documented in-house
procedure.
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2.3 Data analysis
2.3a Quality screening and control of Single Nucleotide Polymorphism data:
Single nucleotide polymorphism data (SNP) was checked for quality and samples using the filtering
scripts implemented by an in-house designed package in the open source program R (R Core
RCoreTeam 2013), RRtools v1.0 package (J. Bragg, 2019). Loci that did not pass standardized quality
thresholds were removed from the data and not used in downstream analysis. To ensure that only
the higher quality DArTseq markers were used for analyses all SNPs with a reproducibility
(proportion of replicate assay pairs for which the marker score is consistent) of less than 96 % and
which had more than 30 % missing data were excluded from the dataset.
It was necessary to subdivide the data set into four subsets to investigate different levels of genetic
diversity. An examination of the entire data was labelled the P. spinulosa data set, which was used
for building network analysis. A second data set, which excluded cultivated material and most
populations of B. spinulosa and B. collina, was used to build a phylogenetic matrix. A third data set,
which excluded cultivated material, B. spinulosa and B. collina, was assembled for the purposes of
PCA, Structure analysis, and F-statistics. A fourth subset combined all samples collected in
horticulture and at the Vincentia site, plus a select number of outgroups for the purposes of building
a UPGMA tree and Kinship anlaysis matrix.

2.3b Genetic relationships considering reticulate evolution and hybridisation
The Splitstree Program ver. 4.14.6 (Huson et al. 2006) with default software settings was used to
generate a network from the total filtered SNP matrix to provide a preliminary estimation of genetic
relationships across the entire dataset. The network can represent evolutionary histories with
substantial reticulation that arise from incomplete lineage sorting and hybridisation, which in the
network are indicated by the extent of ‘webbing’ associated between branches of the network.

2.3c Phylogenetic analyses
Phylogenetic analysis, unlike distance based methods, is important for understanding the
evolutionary history of a set of organisms. A phylogenetic tree attempts to explain relationships
from an evolutionary history, rather than through observed genetic or phenetic similarities. Its
relevance to taxonomy is fundamental, for a key component in the continuing debate over a unified
species concept is the condition of monophyly (Mishler et al. 1987; Mishler et al. 2000), where
members of a group (e.g. species) exclusively share a common ancestor (i.e. a clade –see review by
Lee 2003). A phylogenetic tree has therefore become an important tool for testing a species
hypothesis, such as that of B. vincentia.
We constructed a coalescent-based phylogenetic tree to test if B. vincentia is a species and provide
an inference of evolutionary relationships in the B. spinulosa complex. Our sample set was informed
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through the results of our Splitstree analysis network: all populations of B. cunninghamii, B.
neoanglica, and B. vincentia were sampled, and a select number of B. spinulosa and B. collina
populations were included as the outgroup. Since species trees might not equal diversification of
lineages for Banksia, we chose to conduct a coalescent analysis of our sample set with SVDquartets
package ver. 1 (Chifman et al. 2014) implemented in PAUP 4.0a (Swofford 2002). The advantage of
this program is that it is designed to accept SNP data and it produces relatively robust phylogenetic
results (see Chou et al. 2015 for a critical review of this program). Settings included evaluating
100000 quartets, 1000 bootstrap replicates, and the multispecies coalescent tree model selected.
We examined results of all analyses using at least three independent runs for multi-species
coalescent analysis by allocating samples within their respective populations.

2.3d Principal coordinate
We used the adegenet 2.1.1 package in R (version 3.3.0, R Core Development Team) to perform a
principle component analysis (PCA) to better understand relationships between individuals and
populations. This method of PCA derives an ordination based on Euclidean transformed dissimilarity
matrix of the data.

2.3e Genetic structure
Genetic structure analyses were performed using LEA 2.4.0 (an R Package for Landscape and
Ecological Association Studies). This statistical method estimates ancestry coefficients from large
genotypic matrices and evaluates the number of ancestral populations. LEA implements the snmf
function (sparse Non-Negative Matrix Factorization algorithms) and estimates individual admixture
coefficients from the genotype matrix. A measure of fit (i.e. the entropy criterion) is evaluated
between the statistical model and data, and is used to choose the best number of ancestral
populations that explain the data. We examined the minimum cross-entropy for up to K = 11,
wherein we selected the optimal number of ancestral populations (K) based on the post-stabilisation
of the steepest decline in cross-entropy values.

2.3f Population genetic diversity measures
In order to evaluate F-statistics, a matrix of spatial distances between populations for the data set
used for phylogenetic analysis, using RRtools v1.0 package. Comparative, population-level measures
of expected (He) and observed heterozygosity (Ho) and inbreeding coefficient (Fis) were also
calculated using this package.

2.3g Kinship
Genetic similarity between individuals located at the Vincentia site and corresponding cultivated
material was estimated using the unweighted pair group method with arithmetic mean (UPGMA)
hierarchical clustering method as implemented in the phanghorn package v2.4.0 for R. Kinship was
also estimated for the same cohort in order to assess the amount of clonality across the in situ plants
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of B. vincentia, identify genets and ramets of B. vincentia in cultivation, and detect the occurrence of
hybridization between B. vincentia and other species. A distance matrix was created using the
SNPRelate v1.17.1 package in R, and drawn using the heatmap function from the Phytools package
v0.6-60.

2.3h Optimal genetic diversity for translocation
If maximal genetic diversity (and hence greater expected fitness) is desired in a population created
by future translocation efforts, an explicit proportion of genetically distinct individuals will be
required. We conducted analyses to find the ideal number of individuals from the Vincentia site
(both in situ and ex situ) that best optimises the variation in genetic diversity for a population of 100
individuals. This optimization of mixtures analysis was implemented on the package OptGenMix
developed at the RBG&DT, Sydney, (J. Bragg). For this analysis, the optimal proportion of genetically
distinct individuals (i.e. genets) is sought through evaluating the highest expected maximum
heterozygosity (defined as Nei diversity) for all combinations. We used UPGMA results to identify
genets (Table 1) for this analysis, and after this, selected a representative for each genet from the ex
situ material (where possible) to minimise the disturbance of harvesting at the Vincentia site. We
allowed our analyses to recommend a minimum of two individuals for each genotype for two
biologically meaningful reasons: 1) our estimate of genetic diversity is not comprehensive, and
therefore two genetically similar individuals might represent important variation at any given allele;
2) survival of translocated individuals is not guaranteed, and a minimum of two individuals might
buffer a complete loss of one genotype, at least to some extent.
Given that the number of individuals is extremely low at the Vincentia site (hence high likelihood of
inbreeding depression), we also explored the options of genetic rescue from populations of
genetically similar lineages. We allowed the algorithm to search hypothetical space that optimised a
balance between Nei diversity and not permitting the proportion of external populations to exceed
an arbitrary 10 % of membership with respect to the Vincentia population.
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3. RESULTS AND INTERPRETATION
3.1 Summary
We report results based on analyses of genomic data sourced from samples belonging to the
putative Banksia spinulosa complex (Stimpson, Weston et al. 2016), emphasizing results pertaining
to B. vincentia, a named species restricted to one site in Vincentia, New South Wales. The highquality genome scans (DArTseq) were able to identify associative patterns between genetic and
geographic structure and identify hybrids, quantify genetic diversity and relatedness between and
within populations, pinpoint parents for cultivated samples, and define translocation strategies.
The significant findings are:
-

The putative Banksia spinulosa complex consists of two species, B. spinulosa and B.
cunninghamii. Banksia vincentia and B. neoanglica are not genetically differentiated
species and only represent morphological variation within the broader lineage of B.
cunninghamii;

-

There is residual genetic diversity at the Vincentia site between individuals previously
identified as B. vincentia;

-

Most ex situ propagated seed derived from in situ B. vincentia plants are not pure and
show that hybridisation has occurred with co-distributed B. ericifolia plants;

-

Cryptic hybrids (previously identified as B. ericifolia and B. spinulosa) have also been
detected in situ and it is recommended that identifications proceed with caution at the
Vincentia site;

-

The ex situ collection does not incorporate all of the genetic diversity within the in situ
population, and some ex situ individuals are no longer found at Vincentia;

-

If translocation is still to be considered as a management action, translocation scenarios
are provided for the population of individuals previously identified as B. vincentia.

3.2 Species delimitation: is B. vincentia a species?
Previous research examined the morphological diversity across the putative B. spinulosa complex
and attempted to justify the variation they observed using various species concepts (Stimpson, Bruhl
et al. 2014; Stimpson, Weston et al. 2012). But the recent analysis of morphology has until now
lacked an independently evidenced data set such as molecular sequence for support. The genomic
signature we obtained with nearly 1384 genome-wide markers (SNPs), for over 550 samples
representing the full extent of the putative species complex, supports that B. vincentia should not be
recognised as a distinct species. Network and phylogenetic analyses both provided highly-supported
results showing that samples of B. cunninghamii, B. neoanglica, and B. vincentia are closely related
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and distinct from B. spinulosa and B. collina (Figs 1, 2). The network in Figure 1 shows that all
samples of B. vincentia (excluding hybrids which are discussed in the section below) and B.
neoanglica are comprised within the one cluster. As a comparison, the resolution between these
two putative species in the cluster was poorer than the resolution between two varieties of the B.
ericifolia cluster (Fig. 1). The network also identified reticulation (and hence evidence of genetic
mixing) between this cluster and the cluster of B. cunninghamii. All of these samples form a wellsupported clade (the B. cunninghamii clade) in the phylogenetic tree (Fig. 2), wherein populations of
B. neoanglica and B. vincentia are more closely related to central populations of B. cunninghamii
than southern populations of B. cunninghamii.
The evidence of relationships provided above supports that, rather than distinct species, what were
previously described as B. vincentia and B. neoanglica are part of a latitudinal gradient of
morphological and genetic structure within B. cunninghamii. This is highlighted in Figure 3, where
genetic structure is clearly partitioned along the coast, with differentiation occurring across wellrecognised biogeographic barriers – the Hunter River Corridor to the north and the Southern
Transition Zone (Bryant et al. 2016; Milner et al. 2012; Milner et al. 2015; Rossetto et al. 2012). The
gradient is also strongly supported by the relationship between genetic and geographic distance (Fig.
4), showing a strong Isolation By Distance (IBD) pattern (R = 0.743, p < 0.001).
The southern B. cunninghamii clade includes multiple morpho-groups described in Stimpson et al.
(2016). Similarly, the differentiation described across multiple putative morpho-groups by Stimpson
et al. (2016) are included within a single, strongly supported, B. spinulosa clade (Figs 1, 2). As an
example, molecular evidence demonstrates that the morphologically distinct population of the
putatively identified B. spinulosa at Croajingalong National Park (NP) is actually B. cunninghamii (Fig.
2). The ordination presented in Figure 5, and pairwise Fst measures (Fig. 6), show that the breadth of
genetic diversity across the southern populations of B. cunninghamii exceeds that of the combined
diversity of B. vincentia, B. neoanglica. The combined lines of evidence we list above support the
rejection of the species concept for B. neoanglica and B. vincentia.
Interestingly one of the main points of agreement with the genetic and morphological results is the
sister relationship between the putative B. neoanglica and B. vincentia. Furthermore, genetically, the
B. vincentia population is most closely related to populations at Boonoo Boonoo NP and Giraween
NP (Fig. 3). This similarity can be explained by two possible interpretations: 1) the Vincentia
population is a recently disjunct remnant of previously more widespread clades that are now
restricted to north of the Hunter River Corridor (i.e. populations currently referred to as B.
neoanglica); 2) the Vincentia population has been recently transported to the site from a northern
New South Wales source. Although option 2 may sound improbable, the genomic evidence on hand
makes option 1 evolutionarily highly unlikely –for example, there is strong genetic assignment of the
Vincentia population to the northern populations but no sharing with its surrounding populations
(unlike any population found at the intersection zone between genetic groups, Fig. 3); and the
greatest similarity is between the Vincentia and Boonoo Boonoo populations, rather than with the
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most proximal populations sharing its genetic assignment (as expected in a scenario involving the
recent extinction of intervening populations).

3.3 Admixture in Banksias: distribution of hybrids and their parents.
In previous work on Banksia, Stimpson et al. (2016) suggested no evidence of hybridization in
‘contact zones’ (viz. B. vincentia and B. spinulosa in Vincentia) to support the species concept of B.
vincentia. However, we provide empirical evidence that B. vincentia is hybridising with B. spinulosa
and B. ericifolia at the Vincentia site.
Evidence for introgression between B. vincentia and other co-distributed Banksias is supported by
genetic intermediacy in network, UPGMA and kinship analyses (Figs 1, 7). The hybrid status of
several plants propagated from seeds at the Australian Botanic Gardens has long been suspected
since they are morphologically distinct from the B. vincentia plants (collection details are unspecified
but it is known they were sourced from two separate individuals at Vincentia) and share
morphological similarities to B. ericifolia (Fig. 8). UPGMA analysis recovered all B. vincentia
specimens in seven distinct clusters (Fig. 7), one of which consisted of 17 of these suspected hybrid
plants and up to two individuals of B. ericifolia sourced from the Vincentia site. The intermediate
position of group 13 in the UPGMA tree confirms that its constituents are B. vincentia x B. ericifolia
(Fig. 7). In the network (Fig. 1), the widened and interconnected stem joining the base of B. ericifolia
and the ABG B. vincentia clade also demonstrates a large amount of reticulation (genetic admixture)
has occurred.
We have also found evidence of instances of B. spinulosa x B. vincentia hybrids in situ. The Splitstree
network analysis (Fig. 1) shows two specimens that are recovered between clusters of B. spinulosa
and the B. cunninghamii clade, and thus are of hybrid origin. In particular, the specimen from the
Vincentia site (NSW1033079) is morphologically indistinct from B. spinulosa, providing evidence for
cryptic hybridisation with B. vincentia. This would suggest that caution is required when assuming a
‘pure’ genotype for B. vincentia through evaluation of morphological characters.
Interestingly, we also detected cryptic hybridisation at Boonoo Boonoo NP, with one specimen of B.
neoanglica being intermediate between the B. cunninghamii and B. spinulosa groups (Fig. 1).
Although Banksia spinulosa s. str. is not known from the region, several collections of B. collina
(identified as B. spinulosa var. collina) have been made here and in the surrounding regions. Banksia
collina are invariably recovered within the B. spinulosa group of the network, and based on results
from our preliminary analyses, they do not appear to be distinct species.
A list of hybrids is supplied in Table 1.
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3.3 Kinship: genetic variation in situ and in genotypes of cultivated
Banksias
The very small population size at Vincentia prioritised an assessment of genetic variability to assist
with reducing the effects of population bottleneck in situ and in potential translocated populations.
Below we provide measures of genetic diversity, and the effective proportions of individuals
required to optimise genetic diversity in any potential translocations.
Nine individuals of the original B. vincentia population presently exist in situ. Unfortunately because
of the poor quality of the material from G004, only eight individuals could be used in the analyses.
Of these eight, four similarly aged juvenile individuals (G007b–d) grow near the base of a
reproductively mature plant (G007a) that was presumed as their parent. These five individuals (four
juveniles and one adult) clustered together in the UPGMA tree, and another individual (G013)
grouped closely to G007d (i.e. the paternal parent).
When excluding the B. vincentia x B. ericifolia hybrids, kinship analysis revealed multiple distinct
genotypes, as represented by major clusters or isolated branches in the UPGMA tree (Fig. 7). An
examination of heterozygosity retrieved a low inbreeding coefficient at the Vincentia site (Table 2).
This evidence and the kinship analysis results demonstrate that the largest amount of diversity is
encapsulated in the ex situ collections (the most being at BBG). Interestingly three genotypes,
represented by clusters 5,6 and 12 are only found in ex-situ collections. Three groups in our analyses
that show no genetic diversity (1,8, and 9, Fig. 7), as demonstrated by extremely similar branch
lengths between members in these clusters, represent multiple cuttings from each of three in-situ
individuals. Unfortunately, the data shows that some of those genetically identical cuttings (P003,
P006 and P008) were used in a previous translocation event that placed them proximal to each
other, in a south-west location of the population (Fig. 9).
A list of cultivated and in situ genets and ramets are listed in Table 1.

3.4 Projected estimates for potential translocations at Vincentia.
Assuring maximum levels of genetic diversity in a translocated population increases fitness by
reducing the risk of inbreeding and of adaptation to selective environmental pressures. We
estimated the necessary combination of in situ and ex situ plants that establish the most genetically
diverse population of 100 individuals in an eventual translocation (Table 3). It should be noted that
the numbers we report for this population size are not a proportion, and a similar analysis for a
larger population size might not return precisely the same result as would multiplying results in
Table 3. New numbers will be provided as needed, if the circumstances change.
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Additionally, since our results show that the Vincentia population is most genetically similar to
populations at Girraween NP and Boonoo Boonoo NP, we suggest a genetic rescue option by also
providing the same estimations and including closely related individuals from those sites (one
individual at Boonoo Boonoo NP was excluded as it was shown to be a hybrid; NSW1033769 –
Stimpson 109). The results achieved a similar weighting of individuals from Vincentia, adding one
Girraween and two Boonoo Boonoo individuals (Table 3).
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4. CONCLUSIONS AND IMPLICATIONS
This project highlights the following results:
•

Banksia vincentia should not be considered a distinct species; rather, it is part of a northern
population group of B. cunninghamii, and is most closely related to populations found at
Girraween and Boonoo Boonoo NP;

•

There is genetic diversity at Vincentia and in ex situ but it is not as variable as the remaining
variation found in other B. cunninghamii populations, especially in the south;

•

There is evidence of cryptic hybridisation at the Vincentia site: Banksias identified as B.
ericifolia and B. spinulosa show a level of genetic similarity to B. vincentia.

•

Most plants propagated from seed are of hybrid origin.

If conservation and / or translocation practices were to proceed despite the invalidated species
status of B. vincentia, we recommend that:
•

New populations should preferentially be established away from other Banksias when
possible. Although some pollen exchange will inevitably occur, isolation from other Banksias
will reduce its frequency;

•

The development of new populations should be based on carefully selected ramets (as
suggested in Table 3), to maximise diversity and guarantee the exclusion of hybrids;

•

Two translocation options are provided: the first approach limits translocated material from
plants originally located at the Vincentia site; the second aims to provide genetic rescue,
which combines a limited number of closely related plants (at Boonoo Boonoo NP and
Girraween NP) with plants translocated from the Vincentia site.
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5. FIGURES AND TABLES

Figure 1. Splits tree network analysis of 1307 SNP loci from 489 specimens sampled from across
the Banksia spinulosa complex with a B. paludosa outgroup. The network indicates relative amounts of
reticulation (i.e. genetic mixing) based on the width of the network between clusters of samples. Banksia
spinulosa and B. collina are distinguished from other Banksia species; extensive reticulation between the stem
of B. cunninghamii, B. neoanglica and B. vincentia clusters provides support to reject the species delimitation;
a cluster of seedlings cultivated at Australian Botanic Gardens (ABG) are B. vincentia x B. ericifolia hybrids,
their genetic signature is more similar to B. ericifolia than B. vincentia; two specimens of B. ericifolia collected
at the Vincentia site share a similar genetic signature as the B. vincentia x B. ericifolia hybrids; two specimens
(NSW1033769 and NSW1033079) are situated between B. spinulosa and B. neoanglica, which suggests B.
neoanglica x B. spinulosa hybrids at Vincentia.
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Figure 2. Phylogenetic coalescent tree produced from SVDE Quartets analysis of the Banksia
spinulosa complex demonstrates B. cunninghamii is paraphyletic. Each terminal on the tree
represents a population of up to six individuals of Banksia; Bootstrap support values above 50% are
placed above branches. The total weight of incompatible quartets = 16814 (16.816%), and total
weight of compatible quartets = 83176 (83.184%) indicates a lower mixing between populations.
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Figure 3. LEA analysis for B. cunninghamii, B. neoanglica, and B. vincentia populations assigns
three genetic groups (southern, central, northern) distinctively partitioned across two recognised
geographic barriers of southeastern Australia. Results are derived from snmf analysis using LEA where
the optimal number of K values is three. Each population is represented by the structure of the most typical
individual. The optimal K value was found by selecting the K value after greatest increase in maximum
likelihood on a graph of maximum likelihood value vs K number. The predominant genetic signature across
populations of Banksia vincentia and B. neoanglica distributed north from Nundle State Forest (SF) is indicated
by the colour red; populations of Banksia cunninghamii distributed north from the Illawarra area of New South
Wales share the genetic signature coloured magenta; populations of Banksia cunninghamii distributed south
from the Ben Boyd National Park (NP) in New South Wales share a genetic signature coloured blue. Hashed
lines indicate two of Australia’s major biogeographical barriers described by Bryant and Kosch (2016):
1) Hunter Valley Barrier; 2) Southern Transition Zone.
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Figure 4. Isolation by distance graph for populations composing the B. cunninghamia clade. The Fst
values increase corresponding with distance (meters) between any two given individuals,
demonstrating the trend of isolation by distance. Results from a Mantel test using 9999
permutations provided an R value of 0.743 that is statistically significant (p < 0.001).
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Figure 5. Composite Principle Components analysis of genetic diversity for members of the Banksia
cunninghamii clade retrieved from phylogenetic analysis shows minimal differences between B.
vincentia and B. neoanglica. A) first and second principle component from the analysis 1384 SNP loci for
118 specimens of either B. cunninghamii, B. neoanglica, or B. vincentia; B) first and second principle
component from the analysis of 1384 SNP loci for 84 specimens of only B. neoanglica and B. vincentia.
Specimens are identified by shape: diamond = B. cunninghamii located south from Ben Boyd National Park,
New South Wales (south); square = B. cunninghamii located north from the Illawarra region (central), New
South Wales; circle = B. neoanglica; triangle = B. vincentia. Colour indicative of latitude for each specimen: red
= highest latitude; blue = lowest latitude.
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Figure 6. Pairwise matrices of Fst values derived from single nucleotide polymorphism (SNP) data
for populations belonging to the Banksia cunninghamii clade. A) Pairwise Fst matrix for individual
populations; B) Pairwise Fst matrix comparing B. vincentia with values averaged for southern, central,
and northern (i.e. B. neoanglica) distributions of B. cunninhamii. Banksia vincentia does not differ
from northern populations (i.e. B. neoanglica) based on low (<0.5) Fst values. Heat map colours, from
green to red, are indicative of lowest to highest Fst values, respectively. Central Banksia
cunninghamii.

23
Conservation genetics of Banksia vincentia and related taxa
RBG&DT

Figure 7: Composite UPGMA tree/Kinship heatmap analysed from 3299 SNP loci for 87 in situ and
ex situ specimens of the Banksia spinulosa complex and the outgroup B. paludosa. Seedlings
cultivated at Australian Botanic Gardens are B. vincentia x B. ericifolia hybrids since they do not cluster with
other B. vincentia, and are clustered with a specimen of B. ericifolia. Banksia cunninghamii was collected from
Newnes Plateau, New South Wales; remaining in situ specimens are from the Vincentia site. Heatmap displays
kinship estimated for each pair of samples, red corresponding to the highest kinship (0.5 = clone) and white
corresponding to the lowest kinship (0). The descending red diagonal on the graph is therefore the result of an
individual matched with itself.
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Figure 8: Banksia vincentia x B. ericifolia hybrid in cultivation at Australian Botanic Gardens,
Mount Annan, New South Wales. One of several hybrids propagated from seed sourced from a bona fide
B. vincentia growing in situ at Vincentia. Hybrids share the same leaf morphology of B. ericifolia: margin is
denticulate and lamina terminates abrubtly into several teeth at its apex. Hybrids have not yet flowered.
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Figure 9. Distribution of Banksias collected for genetic study at the Vincentia site.
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Table 1. A list of living in situ and ex situ for Banksia hybrids and B. vincentia from the Vincentia
site. Numbered columns refer to the numbered clusters derived from the UPGMA tree labels found in Fig. 2.
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Table 2. Observed heterozygosity (HO), expected heterozygosity (HE), and inbreeding coefficient
(FIS) for all sampled populations of the B. cunninghamii clade.

Population

HO

HE

FIS

B. cunninghamii Newnes Plateau

0.147

0.167

0.06

B. vincentia

0.167

0.146

-0.108

B. cunninghamii Wilson's Promontory

0.085

0.102

0.105

B. cunninghamii Bemm River

0.104

0.094

-0.127

B. cunninghamii Carrington Falls

0.247

0.148

-0.605

B. cunninghamii Alfred NP

0.115

0.154

0.204

B. cunninghamii Fitzroy Falls

0.18

0.167

-0.118

B. cunninghamii Hassans Walls

0.165

0.192

0.098

B. cunninghamii LindNP

0.144

0.127

-0.152

B. cunninghamii Wrights Forest Cockatoo

0.182

0.162

-0.145

B. cunninghamii Bylong, WollemiNP

0.223

0.227

0.004

B. cunninghamii Medway

0.22

0.154

-0.406

B. cunninghamii BenBoyd NP

0.129

0.152

0.108

B. neoanglica Mt Mitchell

0.167

0.134

-0.266

B. neoanglica Torrington

0.111

0.136

0.15

B. neoanglica GibraltarRange

0.155

0.162

0.022

B. neoanglica Nundle SF

0.129

0.119

-0.105

B. neoanglica NewEngland

0.132

0.166

0.147

B. neoanglica Boonoo NP

0.144

0.119

-0.235

B. neoanglica Girraween NP

0.136

0.113

-0.222

B. neoanglica Lamington NP

0.098

0.107

0.051

B. cunninghamii Croajingolong NP

0.089

0.17

0.382
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Table 3. Proportion of plants required for a translocated population of 100 individuals with
optimal genetic diversity. The first column (option 1) stipulates the number of individuals required
strictly from the Vincentia site; the second column (option 2) indicates the number of plants
required for genetic rescue, adding to option 1 the most closely related Banksias sourced from the
populations at Girraween and Boonoo Boonoo National Parks.
Sample

Option 1

Option 2

B. vincentia_NSW1033031_ABG

6

7

B. vincentia_NSW1033032_ABG

8

6

B. vincentia_NSW1033049_ABG

2

2

B. vincentia_NSW1033051_ABG

7

6

B. vincentia_NSW1033052_ABG

2

2

B. vincentia_NSW1033053_ABG

4

3

B. vincentia_NSW1033054_ABG

2

2

B. vincentia_NSW1033074_ABG

2

3

B. vincentia_NSW1033077_ABG

8

4

B. vincentia_NSW1034580_BBG

2

2

B. vincentia_NSW1034581_BBG

2

2

B. vincentia_NSW1034582_BBG

2

2

B. vincentia_NSW1034583_BBG

2

6

B. vincentia_NSW1034584_BBG

8

5

B. vincentia_NSW1034586_BBG

8

6

B.vincentia_NSW1034587_BBG

8

4

–

0

–

3

–

5

–

2

NSW1033723_Stimpson101

–

0

B. vincentia_NSW1033013_G007a

2

3

B. vincentia_NSW1033014_G007e

2

2

B. vincentia_NSW1033015_G007d

2

2

B. vincentia_NSW1033016_G007c

5

4

B. vincentia_NSW1033017_G007b

2

2

B. vincentia_NSW1033022_G003a

2

2

05P006

2

4

B. vincentia_NSW1033029_G013

5

5

B. vincentia_NSW1033059_WBG

5

4

B. neoanglica_BoonooBoonooNP_
NSW1033773_Stimpson106
B. neoanglica_BoonooBoonooNP_
NSW1033767_Stimpson109
B. neoanglica_BoonooBoonooNP_
NSW1033764_Stimpson108
B. neoanglica_GirraweenNP_
NSW1033771_Stimpson100
B. neoanglica_GirraweenNP_

B.vincentia_NSW1033024_Trans0
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6. GLOSSARY
DArTseq: this is a genotype-by-sequencing approach of DArT PL, where genome complexity
reduction methods are applied to efficiently select low copy fractions of plant genomes to obtain
high numbers of single nucleotide polymorphisms (SNPs). After selection of the low copy markers
the fragments are sequenced on the Illumina platform. After a rigorous bioinformatic process a
selection of highly reproducible single markers, along with information on the quality of each of
these markers are provided to the end user.
Diversity Arrays Technology Pty Ltd (DArT PL): is a Canberra, Australia, based company that
specializes in delivering affordable products and services in genome profiling, genetic analysis and
modern breeding, including development and provision of data storage and data mining
technologies. DArT is a generic and cost-effective genotyping technology.
Hybrid: For the purpose of this report a hybrid is an individual who’s DArTseq profile indicate that its
genome consists of genetic material originating from two species. In this report hybrids were
identified using several types of analyses including principal coordinate analysis, the snmf analysis
incorporated in LEA. A hybrid does not belong to a specific taxonomic species although in some
cases it is possible to identify either or both of the parental species.
‘Pure’ population: in this report the term pure population is used to refer to those populations
where all sampled B. vincentia were identified by the genomic data as B. vincentia i.e. no hybrids
were found.
Rstudio: is an integrated development environment for the R. It includes a console, syntaxhighlighting editor that supports direct code execution, as well as tools for plotting, history,
debugging and workspace management. In all cases for this report the open source RStudio was run
on Linux and Mac desktops.
Single Nucleotide Polymorphism (SNP; plural Single Nucleotide Polymorphisms, SNPs): is a variation
in a single nucleotide that occurs at a specific position in the genome, where each variation is
present to some appreciable degree within a population.
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