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Populations isolated through geographic separation are
subject to genetic drift and natural selection and can
eventually be rendered reproductively incompatible (i.e.,
allopatric speciation: Dobzhansky, 1951; Mayr, 1963). This
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Abstract

Premise: Understanding evolutionary history and classifying discrete units of
organisms remain overwhelming tasks, and lags in this workload concomitantly
impede an accurate documentation of biodiversity and conservation management.
Rapid advances and improved accessibility of sensitive high-throughput sequencing
tools are fortunately quickening the resolution of morphological complexes and
thereby improving the estimation of species diversity. The recently described and
critically endangered Banksia vincentia is morphologically similar to the hairpin
banksia complex (B. spinulosa s.l.), a group of eastern Australian flowering shrubs
whose continuum of morphological diversity has been responsible for taxonomic
controversy and possibly questionable conservation initiatives.

Methods: To assist conservation while testing the current taxonomy of this group, we
used high-throughput sequencing to infer a population-scale evolutionary scenario
for a sample set that is comprehensive in its representation of morphological diversity
and a 2500-km distribution.

Results: Banksia spinulosa s.l. represents two clades, each with an internal genetic
structure shaped through historical separation by biogeographic barriers. This
structure conflicts with the existing taxonomy for the group. Corroboration between
phylogeny and population statistics aligns with the hypothesis that B. collina, B.
neoanglica, and B. vincentia should not be classified as species.

Conclusions: The pattern here supports how morphological diversity can be
indicative of a locally expressed suite of traits rather than relationship. Oversplitting
in the hairpin banksias is atypical since genomic analyses often reveal that species
diversity is underestimated. However, we show that erring on overestimation can
yield negative consequences, such as the disproportionate prioritization of a
geographically anomalous population.
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change is gradual, and if a barrier between populations is
removed, or only sporadically imposed (e.g., through
periodic glaciation) before the tipping point of reproductive
isolation is achieved, then gene flow will continue to restrict
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progress toward lineage divergence and diversification (e.g.,
Maddison and Knowles, 2006; Mallet et al., 2016). Some-
where throughout this trajectory, however, populations
might acquire a dissimilar phenotype, perhaps through
drift, environmentally activated plasticity, or localized
natural selection, thereby providing a gradient of morpho-
logical variability across a given geographic range (Stuglik
and Babik, 2016; Hundsdoerfer et al., 2018; Reyes-Velasco
et al., 2018; Georges et al, 2019). In such a situation,
distinguishing between what are morphologically variable
populations of a species and what are irrevocably separate
lineages can be problematic and is the crux of a persistent
challenge in systematics and taxonomy (Martin et al., 2013;
Dumas et al., 2015; Mallet et al., 2016).

With respect to the unified species concept (de Queiroz,
2005, 2007), multiple lines of evidence are best considered
when postulating the boundary between species or between
separately evolving metapopulations (Zachos, 2018). Analy-
sis of morphological characters presented in the process
described above might support the hypothesis that some
populations are distinct species according to a phenetic
species concept. However, expanding our examination to
consider other lines of evidence might introduce conflict in
this conclusion. For instance, phylogenetic relationship or
reproductive compatibility would support the hypothesis
that these populations are the same species according to a
monophyletic or a biological species concept, respectively.
In the end, what really matters is whether these are an
accurate demonstration of distinct lineages that have
embarked on independent evolutionary trajectories, and
we would expect them to be less open to erroneous
interpretation given a greater amount of evidence. Pheno-
typic plasticity (Prada et al., 2008), drift and isolation by
distance (e.g., Seeholzer, Brumfield, 2018; Sjolund et al.,
2019; Vakkari et al,, 2020), introgression by neighboring
species (Mallet et al., 2016) are processes, to name a few,
that will introduce complexity into observed patterns and
increase the likelihood of a confounded interpretation.

Reduced representational sampling of the genome, with
single nucleotide polymorphisms (SNPs) sampled by
techniques such as DArTSeq, ddRAD, and RADSeq, is the
next wave revolutionizing our capacity to detect genetic
distinctiveness. The techniques can recover a high quantity
of highly informative loci over whole genomes (rather than
selected regions), and by revealing variation at the
individual level, they are proving to be more sensitive than
earlier techniques of SNP capture such as RAPD and
microsatellites (Narum et al., 2013; Soltis et al., 2013;
Ferndndez-Mazuecos et al., 2017; Rossetto et al., 2019).
They have so far been used for the robust detection of
population-scale admixture, lineage recombination, and
other mechanisms responsible for lineage diversification
(Eaton et al., 2015; Zhang et al., 2016; Pentinsaari et al.,
2017; Edet et al., 2018; Georges et al., 2018; Ortego et al.,
2018; Rutherford et al., 2018; Clugston et al., 2019;
Hundsdoerfer et al., 2019). They also permit phylogenetic
analysis, which has revealed both underestimation and

overestimation of specific diversity in previous taxonomic
investigations (Nieto-Montes de Oca et al, 2017; Bryson
et al.,, 2018; Reyes-Velasco et al,, 2018; Rutherford et al.,
2018, 2019, 2021; Georges et al., 2018; Hundsdoerfer et al.,
2019; Hope and Frey, 2022). The rapid reduction in cost and
time of their production has facilitated their pairing with
chloroplast and mitochondrial sequence alignments, en-
abling more robust evaluations of evolutionary rates and
mechanisms of inheritance (e.g., Georges et al., 2018). These
advances have made genetic analyses more appealing to
conservationists eager to maintain robust populations of
nonmodel organisms (Baird et al., 2008; Davey and Blaxter,
2011; Devitt et al., 2019; Rossetto et al., 2021; Rutherford
et al, 2018, 2019, 2021) because when the path toward
extinction is imminent, having a rigorously tested, well-
corroborated phylogenetic model can assist with
prioritization.

The critically endangered, iconic species Banksia
vincentia Stimpson & P.H. Weston (Proteaceae: Auld
and Weston, 2020) consisted of a single population of 14
individuals when it was described (Stimpson et al., 2014).
It belongs to the morphologically complex group known
as the hairpin banksias (B. spinulosa s.l.), which spans a
latitudinal distribution of nearly 3000 km between the
southern coast of mainland Australia to the base of the
Cape York Peninsula (Figures 1, 2). Following the
description of B. spinulosa Sm. (Smith 1793), B. collina
R.Br. (Brown 1810) and B. cunninghamii Sieber ex Rchb.
(Reichenbach 1827) were described but later synony-
mized under the former species as varieties (George,
1981, 1988, 1999; Harden, 2002) before B. vincentia and
the morphologically similar B. neoanglica (A.S. George)
Stimpson & J.J. Bruhl (Stimpson et al., 2012, 2016) were
described. However, the condition of monophyly
(Mishler and Brandon, 1987; Mishler and Theriot,
2000), where members of a group exclusively share a
common ancestor (i.e., a clade; see review by Lee, 2003),
has not yet been integrated with an examination of
species boundaries for any taxonomic model proposed for
the hairpin banksias. And so, while there is consensus
across the taxonomic community for the distinctiveness
of B. spinulosa Sm., B. neoanglica, and B. vincentia, the
status of whether B. cunninghamii Sieber ex Rchb. and B.
collina R.Br. are species or varieties of B. spinulosa
remains undecided (Australian National Botanical Gar-
den, 2022; Royal Botanic Gardens and Domain Trust,
Sydney, 2002 onward) despite evidence supporting the
former (Stimpson et al., 2016).

The risk of extinction for B. vincentia is extreme since
it is found within less than 100 m” of coastal heathland
and is situated next to expanding urban development
(Office of Environment and Heritage, 2019). Although an
intensive conservation program is currently underway,
lack of knowledge of the evolutionary history of the
hairpin banksias compromises several aspects of this
effort and the future conservation of the entire group.
First of all, the relative value to biodiversity of B.
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FIGURE 1

Morphological diversity of the hairpin banksia species complex. (A) B. vincentia from Vincentia, NSW. (B) B. cunninghamii from

Blackheath, NSW. (C) B. neoanglica from Girraween National Park, Qld. (D) Banksia spinulosa from Glenbrook National Park, NSW. (E) B. collina from
Kungala, NSW. (F) B. spinulosa from Isla Gorge National Park, NSW. Images not to scale. Image credits: A, K. Coutts-McClelland; B, J. Allen; C and D, T.C.

Wilson; E and F, P. H. Weston. Scale = 25 mm.

vincentia relative to other hairpin banksias is unclear, and
thus the efficacy of its conservation in a global context is
unknown. Second, without an understanding of species
boundaries, genetic purity of B. vincentia cannot be
assessed, which is essential for mitigating cryptic
hybridization (e.g., Rutherford et al., 2019). It is assumed
that there are firm prezygotic factors in the hairpin
banksias due to a lack of observed hybrids between
sympatric species, such as at the Vincentia site where B.
spinulosa grows near B. vincentia (Stimpson et al., 2016).
However, this process might not be visible at the
Vincentia site since in some research on Banksia it has
only been detected using molecular techniques (Carthew
et al, 1988; Henderson, 1991; Maguire et al., 1997;
Myerscough et al., 2001; Usher et al.,, 2010). Finally,
despite there being a large ex situ collection from seed
and cuttings already established, without an understand-
ing of genetic diversity, the maximum potential of this
asset remains unharnessed with regards to the mainte-
nance or improvement of species fitness (Ralls et al,
2020), or building and positioning genetically healthy
reserve populations.

In this study, we show that an underlying knowledge of
evolutionary history is a fundamental aid for appropriate
conservation planning as much as it is for the institution of a
robust, unequivocal taxonomy (Rossetto et al., 2021). We sought

to understand the historic and contemporary evolutionary
drivers of speciation and geneflow, rigorously test previous
taxonomic conclusions made by phenetic analysis, and detect
threatening processes operating at the molecular level (e.g.,
genetic swamping) and environmental level (e.g., range shift
according to climate change) by evaluating results of genome-
wide analysis and modelling past and future climatic conditions.
Specifically, we asked what is the evolutionary history of the
hairpin banksias and how has it been influenced by landscape
and environment? If B. vincentia is a species, what relative value
of biodiversity does it represent? This is one of the largest
population-scale examinations we are aware of to date, and the
resulting demonstration of a geographically partitioned contin-
uum of populations that displays a geographically localized
morphology shows how activities that conserve our global
biodiversity heritage can be misinformed.

MATERIALS AND METHODS
Sampling strategy

To provide a comprehensive representation of the variation
in morphology and distribution of the hairpin banksias
(Banksia spinulosa s.1.) at the population scale, we used the
sample set previously collected and analyzed by Stimpson



EVOLUTIONARY PERSPECTIVE UNEXPECTEDLY REDUCES THE ENDANGERED LIST 1655

Australia

FIGURE 2 Hairpin banksia complex distribution based on specimen records acquired from the Atlas of Living Australia website (http://www.ala.org.au
[accessed 25 April 2020]). Five species are distinguished according to Stimpson et al. (2016): B. collina (green circles), B. cunninghamii (blue squares),
B. spinulosa (yellow circles), B. neoanglica (red squares), B. vincentia (V). Dotted lines indicate approximate area of major biogeographic barrier sensu
Bryant and Krosch (2016): Brisbane Valley Barrier (BVB), Hunter River Corridor (HRC), Saint Lawrence Gap (SLG), Southern Transition Zone (STZ). State
capitals are Adelaide (A), Brisbane (B), Darwin (D), Hobart (H), Melbourne (M), Perth (P), Sydney (S).

et al. (2016) and augmented the set by additional field
collections and herbarium specimens to obtain a total of 597
samples (Appendix S1). For the present study to be relatable
to previous research, we continue to treat the hairpin
banksias as five species: B. collina, B. cunninghamii, B.
neoanglica, B. spinulosa, and B. vincentia (other putative
entities are treated as members of B. collina). In selected
analyses, we included outgroups of the closest species (B.
ericifolia sl.) and more distantly related species (B.
paludosa) to the hairpin banksias (Cardillo and Pratt, 2013).

All extant individuals of B. vincentia were sampled,
whereas six plant replicates were sampled where possible for
each of 102 other hairpin banksia populations (498 samples
in total). Outgroup specimens totalled 41 plants, and an
additional 58 ex situ samples of B. vincentia were sourced
from translocated plants and the nursery. Among the ex situ
plants, 31 were propagated from cuttings (Australian
National Botanic Gardens, Booderee Botanic Gardens,
Wollongong Botanic Gardens) and another 27 were
germinated from seed and grown at the Australian Botanic
Gardens, Mt Annan, Australia.

DArT extraction and sequencing and quality
screening and control of SNPs

Diversity array technology sequencing (DArTseq) analysis is
a genotype-by-sequencing approach whereby genomic
complexity reduction methods are applied to efficiently
select low-copy fractions of genomes and is capable of
providing thousands of informative loci or single nucleotide
polymorphisms (SNPs). These data were used to infer an
evolutionary history and estimate admixture at the individ-
ual and population levels for the purposes of assessing
genetic diversity, introgression, and hybridization.

DNA was extracted from each sample using the Plant
DNA Extraction Protocol for DArT available from the
Diversity Arrays Technology Pty Ltd (DArT PL) website
(Rossetto et al. 2019). Samples were sent to DArT PL
(Canberra, Australia) for the DArT PL genotype by
sequencing analysis, according to the documented in-
house procedure. All specimens were co-analyzed first to
create a total data set. Two additional data sets were created
by separate reanalysis of the raw data for each subclade
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identified by the SplitsTree network analysis described
below.

For each of the three data sets, the SNP output was
checked for quality and samples using the filtering scripts
implemented by the in-house-designed package RRtools
v. 1.0 (Rossetto et al., 2019) in the R environment (R Core
Team, 2017). Loci that did not pass standardized quality
thresholds were removed from the data and not used in
downstream analysis. To ensure that only 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 data set.

Network analysis

In addition to efficiently making a preliminary analysis of
major groups across the entire data set of hairpin banksias,
we wanted to test for evidence of genetic introgression at
several sites where species occur in sympatry, including
Vincentia (between B. vincentia and B. spinulosa) and
Lamington National Park (between B. neoanglica and
B. collina), Australia. A network was therefore constructed
for the total filtered SNP matrix using default settings in the
SplitsTree program ver. 4.14.6 (Huson and Bryant, 2006). In
addition to estimating relationship by proxy of genetic
similarity, this analysis was used to identify areas where
there might be incomplete lineage sorting and hybridization
through a depiction of extensive “cycling” or “webbing”
between branches.

Phylogenetic analysis

Coalescent-based phylogenetic trees were constructed to test
species hypotheses and infer evolutionary relationships.
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 and Kubatko, 2014) implemented in PAUP*
version 4.0a (Swofford, 2002). This program is designed to
accept SNP data and produces relatively robust phylogenetic
results (see Chou et al., 2015 for a critical review of this
program). All analyses used at least three runs with the
multispecies coalescent tree model selected, evaluating
100,000 quartets and 1000 bootstrap replicates.

Genetic structure

We used the R package adegenet 2.1.1 (version 3.3.0,
Jombart, 2008; Jombart and Ahmed, 2011) to perform a
principal component analysis (PCA) so that phenetic
relationships between individuals and populations collected
in situ could be visualized and better compared with

ordinations of morphological data produced by Stimpson
et al. (2016). This method of PCA derives an ordination
based on Euclidean transformed dissimilarity matrix of
the data.

F-statistics were estimated with the SNPrelate
package (Zheng et al., 2012) for the same sample set
used in the phylogenetic analysis. Isolation by distance
was calculated using Fsr (i.e., Fsp/1 — Fsr) and a matrix
of log-transformed geographical distances between
populations. Significance of correlation was tested with
a Mantel test (10,000 permutations) using vegan version
2.5-7 (Mantel, 1967; Oksanen, 2011). Comparative,
population-level measures of expected (Hg) and
observed heterozygosity (Hp) and inbreeding coefficient
(Fis) were calculated using the diveRsity package
(Keenan et al., 2013). Population structure was analyzed
using LEA version 2.4.0 (Frichot and Francois, 2015) to
estimate ancestry coefficients from large genotypic
matrices and evaluate the number of ancestral popula-
tions. LEA implements the snmf function (sparse non-
negative matrix factorization algorithms) and estimates
individual admixture coeflicients from the genotype
matrix. A measure of fit (i.e., the entropy criterion) is
evaluated between the statistical model and data, which
is used to choose the best number of ancestral
populations that explain the data. We examined the
minimum cross entropy for a range of ancestral
populations (K = 1-11), selecting the optimal number
of ancestral populations based on the post-stabilization
of the steepest decline in cross-entropy values.

TreeMix v. 1.13 (Pickrell and Pritchard, 2012) was used
to test for historical admixture between populations of
hairpin banksias and B. ericifolia at the Vincentia site where
B. ericifolia, B. spinulosa, and B. vincentia are sympatric and
at the closely situated Lamington National Park populations
of B. collina and B. neoanglica. We analyzed a reduced data
set of 23 populations (Appendix S1) representing the basic
phylogenetic structure to make runtimes achievable and
removed all individuals that the network indicated as likely
recent representatives of admixture. TreeMix was run 10
times for each value of m (migration events from 1 to 10)
with the settings -noss and -k 500, and the resulting optimal
i value was estimated through the optM R package (Fitak,
2021). A further 100 runs were then produced for the
optimal number of migrations using the initial TreeMix
settings and were used to compile a consensus tree with
bootstrap values using PHYLIP version 3.695 (https://
evolution.genetics.washington.edu/phylip.html) and the
BITE R package (Milanesi et al., 2017).

Network analysis of chloroplast genome

A separate network analysis of the whole chloroplast
genome for 91 specimens representing 57 populations of
the nuclear genomic data set was included to test if both
genomes evolved independently. Leaf material was sent to
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the Deakin Genomics Research and Discovery Facility at
Deakin University (Geelong, Australia) for DNA extraction,
preparation of genomic libraries consisting of paired-end
reads (2 x 150 bp) and paired-end sequencing using the
Mlumina NextSeq 500 platform (Illumina, San Diego,
CA, USA).

Consistent in silico assembly of chloroplast genomic
DNA SNP detection across all Illumina NextSeq libraries
were performed to generate a comparable data set from
paired-end libraries according to methods by Yap et al.
(2022). Organelle Assembler (http://metabarcoding.org/org.
asm; Coissac et al., 2016) was used to assemble library-
specific chloroplast genome sequences de novo from the
NGS libraries and then a consensus sequence was created
from each of the relevant paired-end libraries using CLC
Bio Genomics Workbench 8.0 (CLC; http://www.clcbio.
com). This process involved trimming the raw paired-end
reads, mapping them to library-specific chloroplast genomic
sequence using default settings and then remapping the
same quality trimmed reads with more stringent parameters
(similarity = 0.8, length fraction = 0.9) to maintain a high-
quality library-specific consensus sequence with read
coverage greater than 5x. GeSeq (Tillich et al., 2017) was
used to provide annotations for each sequence that was
afterward checked for proper start and stop codon
placement using Geneious Pro 2022.9.1.8 (https://www.
geneious.com).

To study the distribution of chlorotypes (chloroplast-
derived genotypes), we generated an alignment of relevant
library-specific consensus sequences using MAUVE
(Darling et al., 2004) in Geneious Pro. The alignment was
checked by removing areas of low coverage and where
dubious SNPs exist (i.e., SNPs in the first or second codons
and repetitive regions). The resulting chloroplast genome
alignment was subdivided into smaller taxonomic groups
for median-joining network analysis with PopArt (Leigh
and Bryant, 2015) using default settings.

Niche modelling and overlap

Environmental niche models (ENMs) fit an overall
environmental envelope for a select group of populations
and permit an examination of spatial distribution of
environmental suitability. Originally purposed to provide
candidate localities for reserve populations of B. vincentia,
we modified ENMs to observe relative environmental niche
overlap to test the ecological concept of species and test the
hypothesis for dispersal/vicariance of the B. vincentia
population since the Last Glacial Maximum (LGM =
22,000 years before present). Our ENM analysis included
a comparison of suitability between the present and LGM,
using a range of environmental characters pertinent to plant
growth (see Appendices S2 and S3 for explanation). We also
examined the level of the climatic envelope predicted at the
Vincentia site for the group of populations most closely
related to B. vincentia (as corroborated by snmf and

phylogenetic analysis). An environmental PCA was also
generated to examine key differences in environmental
characters between groups. MaxEnt niche models (Phillips
and Dudik, 2008; Elith et al., 2011) were fitted using the R
package  maxnet  (https://cran.r-project.org/package=
maxnet) with a data set of geographic coordinates from
our sequenced specimens and records from the Atlas of
Living Australia website (http://www.ala.org.au; accessed 25
April 2020). Records were removed if they were earlier than
1990, had spurious locations or unspecific geocoordinates,
and lacked herbarium vouchers. After filtering, the
B. cunninghamii clade included 459 occurrence records,
and the B. spinulosa clade included 423 occurrence records
(see Appendices S4 and S5 for relevant details).

RESULTS

Structure and relationships according
to nDNA data

The number of SNPs for the raw total data set was 3813.
After filtering, 1384 SNPs remained for 642 samples.
Network analysis recovered the hairpin banksias as two
main clusters (Figure 3), one consisting of all samples of B.
cunninghamii, B. neoanglica, and B. vincentia (herein
referred to as the B. cunninghamii clade), and the second
with B. collina and B. spinulosa s.s. (herein referred to as the
B. spinulosa clade). Other clusters and isolated taxa were
associated with large cycling and were distantly isolated
from their respective populations and hence suspected of
recent genetic admixture between the two main clades and
outgroup (see admixture section below). Following removal
of putative hybrids from the data set, a maximum likelihood
tree inferred moderate support for these two separate clades
(Figure 4). After excluding outgroup Banksia and ex situ
material from the sample set, separate reanalyses of the
B. cunninghamii and B. spinulosa clades retrieved 8519 and
8096 SNPs for the raw data set, respectively. Postfiltering,
the data were reduced, respectively, to 2404 SNPs for 193
samples and 800 SNPs for 385 samples.

The B. cunninghamii clade consisted of two subclusters
in the network, the first consisting of all B. cunninghamii
populations and the second consisting of B. vincentia and B.
neoanglica (Figure 3). The PCA ordination demonstrated
this separation but also articulated B. cunninghamii as two
clusters, with populations south of the Towamba River
(southern New South Wales) as the first and populations
found farther north as the second cluster (Appendix S6).
These three groups were also identifiable in the results of the
snmf analysis, and with the exception of B. vincentia,
occupied three separate regions across southeastern Austra-
lia (Figure 5A; see Appendices S7-S10 for corresponding Q
values). Although the southern B. cunninghamii and the
B. neoanglica plus B. vincentia clusters were recovered as
clades in the phylogeny, the northern B. cunninghamii
populations formed a paraphyletic grade that was more
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B. collina

B. spinulosa

B. ericifolia

var. ericifolia

B. ericifolia

var. macrantha

B. paludosa

NSW1033087

FIGURE 3

B. vincentia
(ABG cultivated)

B. spinulosa

B. spinulosa
NSW1033079

B. neo-anglica
NSW1033769

B. vincentia
2 (wild and cultivated)

B. neo-anglica

B. cunninghamii

B. ericifolia Nnsw1033705

. "W B. ericifolia Nsw1033094

(( Legend

I 5. cunninghamii
[ 8. neoanglica
[ | B.ericifolia

B. spinulosa

I 8. vincentia

F B. collina )

SplitsTree network analysis of 1384 SNP loci for 597 specimens sampled from across the Banksia spinulosa complex using B. ericifolia and

B. paludosa as outgroups. The network clusters members of the hairpin banksia complex into two distinct groups/clades: B. cunninghamii clade

(B. cunninghamii, B. neoanglica and B. vincentia) and B. spinulosa clade (B. collina and B. spinulosa). The network indicates (1) relative amounts of
reticulation through the width of the branches between clusters of samples: extensive reticulation is evident between B. cunninghamii, B. neoanglica, and B.
vincentia subclusters, and (2) wild-sourced specimens of B. neoanglica, B. spinulosa, and B. ericifolia and cultivated seedlings of B. vincentia (Australian
Botanic Gardens, ABG) are placed between major species clusters, which is indicative of a hybrid genome

closely related to B. neoanglica plus B. vincentia than to the
southern B. cunninghamii clade, albeit without bootstrap
support (Figure 5C). Banksia vincentia was deeply nested
within a strongly supported B. neoanglica clade, sharing the
closest relationship to the Girraween NP and Boonoo
Boonoo populations, and similarly, was shown to have the
closest genetic similarity with the most northern popula-
tions of B. neoanglica by snmf and PCA (Figure 5;
Appendices S6, S7). A low (20%) incomplete quartets value
indicated a low incidence of incomplete lineage sorting.

Calculations of genetic diversity between populations
generally retrieved low Fgr values (<0.5), with the highest
values (0.5-0.73) being produced between the populations
of the southern B. cunninghamii clade and those of
B. vincentia and B. neoanglica (Appendix S11). A curve
representing isolation by distance (IBD) was produced
when transformed Fgr values were graphed with log-
transformed distance (Appendix S12a), and levels of
heterozygosity (Fis) were generally low (63% below 0.2),
including for the B. vincentia population (Appendix S13).
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FIGURE 4 TreeMix maximum likelihood tree of the relationships among representative populations of the hairpin banksia complex indicating one

migration event and its direction between sympatric species at the Lamington site. Migration events are modelled for populations that do not fit well into the
bifurcating tree model, because they have ancestry from multiple parental populations, and they are indicated as edges. The number of migration events
presented is based on an examination of the progressive improvement in fit (Appendix S18). The color of the edges reflects the relative weight of migration,

i.e., the fraction of alleles in the descendant population that originated in each parental population (m=0- 1, yellow: small fraction of alleles, red: large
fraction). Bootstrap support values below 50% are not reported. Refer to Appendix S1 for detailed locality data.

The network of the B. spinulosa cluster did not recover
B. spinulosa and B. collina samples as separate subclusters
(Figure 3). The corresponding B. spinulosa OTUs in the
PCA ordination were more or less situated at one end of a
large cluster of B. collina found south of Tewantin
Queensland (Appendix S14). Remaining populations farther
north from Tewantin Queensland clustered in an adjacently
placed and widely spaced cluster. Similar to PCA, snmf
graphs demonstrated that these northern and northwestern
populations provided the most distinct genetic signature;
however, a large portion of this genetic signature was found
in neighboring populations farther south, nearly resembling
the gradual proportional shift of other genetic signatures
throughout the southern populations (Figure 6A;
Appendix S15). Banksia spinulosa and B. collina were not
recovered as clades, and many populations of B. spinulosa
were recovered as separate early-divergent branches of the
phylogeny (Figure 6C) and network (Figure 3). Similar to
the PCA, phylogenetic analysis generally organized popula-
tions according to latitude, and similar to all results, the

most northern and western populations were markedly
distinct, each being recovered as a clade with strong branch
support (Figure 6C). The same analysis reported high
genetic admixture between populations, coinciding with the
general trend of low Fgr values (Appendix S16), the highest
of which were observed between either of the most
northerly distributed clades and populations farther south.
A distinct curve demonstrating IBD was produced when
transformed Fgsy values were graphed with log-transformed
distance (Appendix S12b). Heterozygosity (Fis) was gener-
ally low across the B. spinulosa clade (63% were below 0.2),
with the maximum score found at 0.454 for B. collina at
Calga (Appendix S13).

Relationships according to chloroplast genome
Chloroplast genomic sequencing yielded 32 paired-end

libraries with an average of 5,398,937 quality reads for the B.
cunninghamii clade and 59 paired-end libraries with an
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(15) across southeastern Australia. (A) Pie charts represent averaged snmf Q values according to three ancestral populations (K = 3) for each population.
(B) Network analysis of the chloroplast genome where each hash on a branch represents a mutational change and color corresponds to results from snmf
analysis. (C) SVDQ quartets coalescent tree, with total incompatible quartets = 20475 (20.475%), branch tips representing a population of up to six
individuals, bootstrap support values >70% placed above branches and green circles indicating inclusion in the chloroplast genomic dataset; Mount Mitchel
(5) and Medway (12) were not included; proximally located specimens were amalgamated as one population in two places: Secret River (19) and Shipwreck
Creek (20) as “Croajingalong NP”, and Girraween NP (2) and Boonoo Boonoo NP (2) as “Girraween/Boonoo”. Refer to Appendices S7-S10 for cross
entropy vs. number of ancestral populations and corresponding averaged Q values, Appendix S1 for detailed locality and sampling information for all
analyses, and Bryant and Kosch (2016) for description of the Hunter Valley Corridor (HRC) and Southern Transition Zone (STZ) biogeographical barriers.

average of 5,903,501 quality reads for the B. spinulosa clade.
The final chloroplast sequence length used in the analyses
for both data sets was 129,427 bp with 41 polymorphic sites
detected within the B. cunninghamii clade and 170
polymorphic sites detected within the B. spinulosa clade
(Appendix S17).

Separate analysis of the two largest hairpin banksia
clades (B. cunninghamii or B. spinulosa clusters from
Figure 3) did not produce discrete haplogroups with respect
to the current species hypothesis (Figures 5B, 6B).

Distinctively unlike the nDNA phylogeny, the B. cunning-
hamii clade was structured as two large haplogroups
consisting of populations distributed north and south of
the Towamba River of southern New South Wales. As in the
nDNA phylogeny, the haplotype of B. vincentia clustered
with the most northern haplotypes of B. neoanglica and was
most similar to that of the Boonoo Boonoo population
(Figure 5B). However, unlike the nDNA phylogeny,
B. neoanglica populations were not recovered as a distinct
haplogroup since they shared a most recent ancestor with
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Head (26), Limeburners Creek (27), Parr (31d), Forrester's Beach (34), Bouddi (36), Evan's Lookout (38) and Bournda (49). Refer to Appendices S7-S10 for
cross entropy vs. number of ancestral populations and corresponding averaged Q values and Appendix S1 for all locality and sampling information.
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the northern B. cunninghamii populations. Analysis of the
B. spinulosa clade also was dissimilar to the nDNA
phylogeny since it produced two discrete haplogroups
separated by the relatively highest number (59) of
mutational changes (Figure 6B). The constituents of one
of the haplogroups consisted of all populations north from
Tewantin, and although a clade in the phylogeny similarly
recovered most of these populations, in addition to having
low branch support, it did not include D'Aguilar National
Park, Byfield, Crows Nest and Tewantin populations
(Figure 6C). The structure of the southern haplogroup
was also in conflict with the phylogeny, since few (if any)
mutational differences contributed to the substructure
between haplotypes within the southern haplogroup, rather
than a grade structured according to latitude.

Evidence of contemporary and
historical admixture

Network analysis recovered ex situ B. vincentia (Australian
Botanic Garden cultivated), B. neoanglica (NSW1033769),
B. spinulosa sl. (NSW1033079) and B. ericifolia
(NSW1033705) as positioned away from other samples
collected at their respective populations, all suggesting
contemporary hybridization (Figure 3). Seed-grown ex situ
plants either demonstrated typical B. vincentia leaf mor-
phology, or leaf morphology similar to B. ericifolia
(Appendix S18). Although no quantitative analysis for
morphology here is provided, some of the plants identified
as ex situ hybrids produced leaves that are intermediate
between B. ericifolia and individuals described as
B. vincentia (Appendix S18); these do not fit the description
of B. vincentia because their leaves are half as long and with
fewer teeth along the leaf margin (PlantNet 2022). We also
found that some individuals that were initially identified as
B. ericifolia and B. spinulosa in the immediate vicinity of
B. vincentia also are likely to have hybrid origins (Figure 3).

With SplitsTree-identified plants of putative hybrid
ancestry removed from the network, the snmf results did
not reveal introgression from neighboring populations of B.
cunninghamii into the B. vincentia population (Figure 5A).
The maximum likelihood tree generated by TreeMix
(Figure 4) produced a substructure topology within each
of the two main clades with few support values much like
the svdq phylogenies (Figures 5C, 6C), likewise recovering
the Vincentia population in a clade with the most northern
populations of the B. cunninghamii clade. One migration
event was the most optimal for describing the demographic
history of the hairpin banksia complex populations
(Figure 4; Appendix S19). This migration was consistently
found to originate and travel from the B. cunninghamii
clade to the B. spinulosa clade, specifically between the
functionally sympatric populations at Lamington National
Park, although the migration only consisted of a relatively
small fraction of alleles.

Environmental niche modelling and overlap

Model performance was uniformly good (Appendix S20)
with Akaike information criterion (AIC) values well above
0.7 for all four groupings of occurrence records. Diagnostics
indicated that niche modelling results were of very good
quality for the B. cunninghamii and B. spinulosa clades
(Boyce's continuous index = 0.91 and 0.895, respectively).
The first three principal components for the environmental
PCA of each clade accounted for 72.7% and 75.0% of
variation, respectively (Appendices S21, S22). The opera-
tional taxonomic units (OTUs) for both analyses were
distinctively sorted according to latitudinal cline but did not
form discrete clusters. The LGM projection of environ-
mental suitability above zero for each clade covered the
same general area as the present-day area, although
B. cunninghamii included additional area either to the
north or south (Figure 7; Appendix S23). However,
suitability values for the LGM were always lower compared
to the present-day values. The highest suitability for B.
cunninghamii was concentrated inland at higher elevation
along the eastern portion of the Australian continent,
whereas for B. spinulosa it was highest along the coast.
Separate analyses for the northern, central, and southern
groups of the B. cunninghamii populations (as recovered by
snmf at K = 3) each showed a more restricted area of
suitability above 0 compared to the results from the total
data. The suitability did not exceed 0.2 in the LGM
projections, and although this suitability covered a greater
area than the present, it did not include the coastal areas of
Australia in the analysis of the northern and central groups
(Figure 7).

DISCUSSION
Hairpin banksias: a case of oversplitting

Geographically correlated morphological variation amongst
populations of hairpin banksias seemingly presents a typical
case of allopatric differentiation of numerous morphologi-
cally similar, but narrowly distinct taxa. However, in testing
this model by analyzing nuclear and chloroplast genomic
data sets at a population level, we have shown that the
hairpin banksias form two main clades of populations,
within each of which genetic variation is more complex than
expected, only partly correlated with morphological varia-
tion and taxonomic diversification is incomplete. The first,
the B. cunninghamii clade, consists of all populations
currently recognized as B. cunninghamii, B. neoanglica,
and B. vincentia, and the second, the B. spinulosa clade,
consists of all populations currently recognized as B. collina
and B. spinulosa. Within these clades, genetic variation is
often morphologically cryptic, is clinal in some parts of the
distribution, forms discrete metapopulations in other parts,
and only some morphological gaps correspond to genetic
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FIGURE 7 Last glacial maximum (LGM) and present environmental niche modeling projections provided for the samples of the hairpin banksia

B. cunninghamii clade nDNA data set, with B. vincentia removed and augmented with specimen records from the Atlas of Living Australia website (http://
www.ala.org.au [accessed 25 April 2020]). Modelling was provided for the (T) total data set and for the three groups of populations identified from analysis
of the nDNA data set: (N) northern group found north of the Hunter river in New South Wales; (S) southern group found south of the Towamba River in
southern New South Wales; (C) central group found between the Hunter river and Towamba River. The total data set showed a present-day optimal climatic
envelope similar to its southeastern Australia range but extending much farther south. The highest optimality occurred away from the coast along most of
the eastern side of the continent, along the southern coast of the mainland, and extensively throughout the island of Tasmania. When the data set was
restricted to southern, central, or northern groups, the projected optimality envelope was generally similar to the current distribution, although it extended
north of the Hunter River corridor for the central group, and south to the north coast of the island of Tasmania for the southern group. Projections of each
data set for the LGM were all provided a lower suitability, although the range of suitability was more extensive by latitude.


http://www.ala.org.au
http://www.ala.org.au

1664 |

EVOLUTIONARY PERSPECTIVE UNEXPECTEDLY REDUCES THE ENDANGERED LIST

discontinuities. Because of these complexities, our results do
not support the recognition of more than two taxa.
Satisfying a phenetic concept of species, the clustering of
these two groups is broadly similar, although not strictly
congruent. Only two major incongruencies between them
are evident: (1) the morphometric analysis (Stimpson et al.,
2016) does not resolve the basal split between the two main
clades, clustering B. spinulosa with the B. cunninghamii
clade, not with B. collina; (2) the Shipwreck Creek
population (at Croajingalong National Park) is clustered
with B. cunninghamii populations in our results, rather than
the expected B. spinulosa clade. Both of these discrepancies
are probably the result of overweighting in the phenetic
morphometric analysis of style color, in which it was
represented by two binary characters, color before and after
anthesis (Stimpson et al, 2016). The yellow style color
found in Croajingalong is also widespread in the B.
spinulosa clade north of the Hawkesbury River but had
never previously been observed in the B. cunninghamii clade
(Stimpson et al., 2016). Satistying a phylogenetic concept of
species, there is unequivocal evidence that these two groups
are reciprocally monophyletic (Figures 4-6). Finally,
satisfying an ecological concept of species, each clade shows
a distinct area of environmental optimum despite some
overlap: where latitude is standardized, higher altitudes
away from the coast are mostly suitable for the B.
cunninghamii clade and lower altitudes adjacent the coast-
line are mostly suitable for B. spinulosa (Figure 7; Appendix
S23). Unequivocal evidence of recurrent hybridization
between B. cunninghamii and B. spinulosa (Figures 3, 4)
might for these two clades be used to argue they are not
distinct species. However, B. spinulosa and B. cunninghamii
are sympatric over a large area in the Central Tablelands of
New South Wales, and despite hybridization reported here
for the first time, there remains strong genetic and
morphological signal separating these two lineages.
Extracting further taxonomic resolution from within the
two hairpin banksia clades becomes challenging based on
the much higher amount of genetic admixture within each
of the clades relative to that between them. Relationships
based on nDNA and cpDNA do not correspond with each
other, nor do they correspond with those based on phenetic
morphometric analysis (Stimpson et al., 2016). Recognizing
previously described taxa even as early divergent lineages
within either clade would necessitate the recognition of
paraphyletic subspecies (Crisp and Chandler, 1996; de
Queiroz, 2020). However, although taxonomic recognition
of such metapopulations may be acceptable in some cases,
here each main clade shows little restriction of gene flow
across its range, according to low Fgr values and a
characteristic isolation by distance (IBD) trend, which is
what would be expected among populations of a single
species rather than between several species of a genus.
Within each of the two main clades, patterns of nuclear
and chloroplast genomic variation differ from morphomet-
ric variation as well as taxonomic hypotheses, but there are
also differences between the two genomes as well. For both

clades, the chloroplast network generally shows less
structure, but in some specific areas it also shows
incongruence with the nDNA phylogeny. For example, the
reciprocally monophyletic clades of northern B. collina
populations shown in our analysis of the nuclear genomic
data set (Figure 6C) did not form separate haplogroups, and
two populations of B. cunninghamii were clustered with
either northern populations of the B. cunninghamii clade
(cpDNA) or southern populations (nDNA). Although not
the only cause of cytonuclear incongruence (Funk and
Omland, 2003; Ballard and Whitlock, 2004; Barrett and
Schluter, 2008; Sloan et al, 2017; Nge et al, 2021),
incomplete lineage sorting is likely to be involved. The
nDNA phylogeny retrieved a high number of total
incompatible quartets, and despite relatively close proximity
to each other, populations of B. cunninghamii across the
Central Tablelands of New South Wales were clustered with
either northern or southern clades rather than forming a
clade of their own (Figure 5C).

Although the hairpin banksias can be organized into
several groups according to morphological characters, based
on the evidence of genetic variation, the group would most
logically be interpreted as two distinct species. The current
taxonomy therefore requires change, as it is not compatible
with the findings here, or even the findings from previous
morphological analysis. Taxonomic reorganization is a
constant accompaniment to discovery through technologi-
cal and theoretical advances, and the need of such a change
is unsurprising given that other profound reinterpretations
of morphological diversity in Proteaceae have recently been
made or are currently underway (George, 2008, 2012, 2014;
Weston, 2014; Mast et al., 2005, 2008, 2015; Thiele
et al.,, 2015).

A biogeographic anomaly: long-distance
dispersal or a relictual population?

Our results show that such a high morphological similarity
between B. neoanglica and B. vincentia (Stimpson et al.,
2016) is simply explained by the fact that they are the same
species. This situation would not be a surprising if B.
vincentia were distributed at the northern end of the
distribution of B. cunninghamii. However, it is not; it occurs
600 km south of its genetically closest relatives, and the gap
between them is scattered with many populations of the B.
cunninghamii clade that are less genetically similar to it. An
explanation for such a peculiar anomaly in genetic
distribution could be that the individuals at Vincentia are
a relictual population of a once wider distribution of the
northern populations currently described as B. neoanglica
that otherwise contracted northward. However, it seems
unlikely that the Vincentia population is merely genetic
residue from a once wider distribution since traces of
admixture between the Vincentia population and popula-
tions situated proximally north or south of it (ie,
populations of B. cunninghamii) are effectively nil. If the
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Vincentia population was relictual, it would be expected to
have acquired at least a trace of genetic signature from
neighboring populations of B. cunninghamii. Geographic
barriers have not been identified in the area that might have
created such a distinct contrast in genetic structure between
the Vincentia site and adjacent populations of B. cunning-
hamii. Furthermore, it is unlikely that there are many (if
any) prezygotic barriers between these neighboring popula-
tions that could prevent gene flow since we show that
historical and contemporary gene flow has occurred
between B. vincentia and other cooccurring species that
are more genetically different (e.g., B. ericifolia and B.
spinulosa). Modelling also shows that the Vincentia site
does not have an ideal climatic envelope for northern
populations that are most closely related to B. vincentia,
both now and at the height of the LGM (Figure 7).

With results not in favor of a relictual hypothesis, such
marked separation in the closely related Vincentia and
Girraween populations might also be explained by a
recent, highly unusual long-distance dispersal, especially
given that Banksia seeds can be wind-dispersed (He et al,,
2004, 2009). Long-distance dispersal might seem unlikely
based on what evidence has currently been gathered for
vectors, seed dormancy, and dispersal distances for
Banksia (Abbott, 1985; Carthew, 1993; Myerscough et al.,
2001; Whelan and Ayre, 2020); however, as seen in other
Proteaceae with low vagility, there is good evidence to
suggest that long-distance dispersal events have happened,
albeit extremely rarely (Mast et al. 2008). On the other
hand, successful establishment after long-distance disper-
sal would appear unlikely given that the Vincentia site does
not have an optimal climatic envelope. Furthermore, a
strong isolation-by-distance signal across the whole group
suggests that long distance dispersal is not a prevalent
feature in this group. While more examination of the
reproductive biology of other Banksia species is warranted
to study this anomaly further, another hypothesis in need
of testing is that of recent anthropogenic dispersal, since
none of our results can be used to reject this possibility.
That there is evidence for human-mediated dispersal of
plants including Banksia (e.g., Rossetto et al., 2017; Silcock,
2018) should inspire further exploration into the move-
ment of this group of plants. The Vincentia population
might not be ecologically important if dispersed anthro-
pogenically; however, it might still be valuable for under-
standing human history.

Evolutionary context highlights a classification
in need of reinterpretation

From the discussion above, it is evident that the hairpin
banksias do not correspond to more than two species.
Instead, with exception to the unique situation of the
Vincentia population as described above, we assert that the
pattern across the landscape in each of the hairpin banksia
species is an example of a morphologically variable

continuum structured by pronounced interruptions to gene
flow at specific areas or biogeographic barriers.

Across the landscape, genomic diversity is partitioned
along with the morphology-based taxonomic boundaries by
the Hunter River Corridor and Southern Transition Zone in
the B. cunninghamii clade, and Brisbane Valley Barrier and
St. Lawrence Gap in the B. spinulosa clade (Figure 2). The
most outstanding pattern in this data set, which corre-
sponds closely with morphological differentiation, is the
disruption of gene flow at the Hunter River Corridor in the
B. cunninghamii clade, or slightly south of this location at
the Hawkesbury River for the B. spinulosa clade. The
Hunter River Corridor is a dry, open woodland and
savannah that bisects upland closed forest and appears to
have had a similar marked disruption of gene flow between
or within several other taxa (Chapple et al.,, 2011; Milner
et al,, 2012; 2015; Rix and Harvey, 2012; Bryant and Krosch,
2016 and references therein). However, chloroplast results
instead show a major difference elsewhere in each clade:
across the Southern Transition Zone for the B. cunning-
hamii clade (Figure 5B) and around the St. Lawrence Gap
for the B. spinulosa clade (Figure 6B). Differing evolutionary
histories are not rare (e.g., Acosta and Premoli, 2010;
Barrett et al., 2015; Folk et al., 2017; Vargas et al., 2017) and
cytonuclear incongruence (i.e., between chloroplast and
nuclear genome) is frequently indicative of incomplete
lineage sorting (Birky, 1995; Soltis and Kuzoff, 1995; Yoo
et al,, 2002; but see Lee-Yaw et al., 2018). This explanation
seems most likely given that, in at least the B. cunninghamii
clade, the svdq analysis returned a high number of
incompatible quartets, and despite their high genetic
similarity, populations of the central group were not
recovered as a single clade in the phylogeny.

A growing number of studies link incomplete lineage
sorting to historical range expansions and contractions,
whereby isolated populations reach preliminary levels of
vicariance, although not reproductive isolation, before they
expand and overlap again (e.g., Georges et al., 2018;
Simpson et al., 2018; Liu et al., 2019; Nistelberger et al.,
2020). Indeed, our models suggest that during the LGM
there was some level of environmental suitability for each
hairpin banksia clade within their present-day distributions
(Figure 7; Appendix S23). Although this suitability was
relatively lower, it suggests that several populations had the
opportunity to persist in refugia along this latitudinal
distribution throughout the LGM, thereby reinforcing an
IBD pattern. Cyclical patterns of glaciation over the last 10
million years (Ehlers and Gibbard, 2007; Colhoun and
Barrows, 2011) in combination with the effects of
geographic barriers could have repetitively separated
populations, permitting some degree of drift and adaptation
to localized environments, while not extensive enough to
allow for the evolution of reproductive incompatibility.
Porous reproductive barriers between B. cunninghamii and
B. spinulosa clades might equally be explained by this
process, given that historically their total range distributions
lay adjacent to each other at the LGM (Figure 7; Appendix
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S23). If groups of populations with particularly distinct
genetic signatures reconnected in postglacial encounters,
then introgression could have occurred, as supported by the
numerous hybridizations we have detected (Figures 3, 4).

The apparently complicated evolutionary history
described here emphasizes the desirability of critically
testing morphology-based taxonomic models using genomic
data sets, especially around biogeographic barriers. It is
evident in this example that, although a previous analysis of
morphology was based on a suitably comprehensive
sampling across both distributional range and morphologi-
cal variation, incongruent signal between genomic and
morphological variation within the two main clades did not
support finer taxonomic division within them. That
chloroplast results showed a bigger change than nuclear
genomic data across the Hunter River Corridor furthermore
underscores that no single line of evidence adequately
represents evolution in this group. As such, our results
make it clear that species hypotheses (especially with
reference to widely distributed species complexes) associ-
ated with complex geomorphological partitioning require
rigorous testing.

Evolutionary perspective and implications
for conservation

At a time when species loss is increasing and climate is
changing, oversplitting might seemingly be the safest plan
in a vacuum of knowledge when the known consequences
(i.e., extinction) are irreversible. The case of the hairpin
banksias is not a singular occurrence where recognizably
distinct and attractive taxa have been extracted from
morphological grades with a complicated taxonomic
history (Georges et al., 2018; Hundsdoerfer et al., 2019).
Seemingly innocuous, recognizing too much diversity (in
this case based on morphology of banksias) has the
capacity to draw resources away from effective conserva-
tion of species diversity. Thus, interpreting morphologi-
cal variability as a proxy for genetic variation (and thus
resilience of a population) should be tested directly, not
assumed.

Banksia vincentia should not be accepted as a distinct
taxon at the species level, and intuitively, the endangered
species list should be reduced to liberate resources for
other conservation priorities. There is no question that
species recognition is critical for conservation, and there
is a long list of undescribed species and taxonomic
complexes awaiting treatment by an underfunded taxo-
nomic community. Banksia has several other critically
endangered species in need of conservation (Galea and
Lamont, 1993; Lamont, 1996; Day et al., 1997; Millar
et al.,, 2010; Coates et al., 2013; Bradbury et al., 2019;
Millar and Byrne, 2020) that represent a greater propor-
tion of the genetic biodiversity of the genus than the
population at Vincentia (Cardillo and Pratt, 2013).
Therefore, maximizing conservation efforts for this

population would draw from our capacity to save other
endangered flora that represent a higher value of
biodiversity. Furthermore, the anticipated intensive
repropagation and translocation of populations at Vin-
centia would not only hamper conservation, it would also
be capable of producing a human-induced bottleneck
through amplification of a relatively (i.e., with respect to
the B. cunninghamii s.l.) genetically poor and highly
inbred population. Reciprocally, such an introduction of
individuals that apparently rely on hybridization (i.e.,
that which we observed between it and B. ericifolia) to
balance the lack of natural diversity would also increase
the occurrence of unwanted admixture among other
locally occurring Banksia populations.

Our results also show that, in addition to an inaccurate
estimation of species, over-splitting has the capability of
cryptically eroding species resilience through the means of
obscuring genetically diverse populations. In the case of B.
cunninghamii s.1., there is disproportionately more impor-
tance placed on northern populations through the
recognition of B. neoanglica and B. vincentia, despite that
southern populations have an equal amount of genetic
diversity. Similarly, a recognition of B. spinulosa and
B. collina conceals the more genetically diverse northern
populations of B. spinulosa s.l.

It had been earlier concluded that there were no
hybrids at the Vincentia site, as exhaustive searches
recovered no morphologically intermediate forms
between cooccurring Banksias (Stimpson et al., 2012).
However, we show that genetic swamping and cryptic
hybridization have occurred at the Vincentia site,
bringing into picture a major pitfall for conservation
work that relies solely on morphology to detect genetic
admixture. A demonstration of such admixture with
other sympatric species of Banksia (Usher, 2011;
Figure 3) also suggests that such genetic introgression
is neither rare nor a recent occurrence and can be
problematic for taxonomic assumptions in general. For
instance, a similar lack of visual evidence for intermedi-
ate forms at a contact zone between two species, such as
at Lamington National Park where B. neoanglica and a
morphologically distinct population of B. collina occur
in close proximity, suggests reproductive isolation and
hence support for distinct species (Stimpson et al.,
2016). Yet, this idea does not take into account the
possibility that at contact zones a certain portion of
genetic material has already been dispersed throughout a
recipient population, and hence corresponding morpho-
logical characters are already stabilized such that no
hybridization grade amongst individuals visibly exists.
Based on our results that suggest historical migration
between the B. cunninghamii and B. spinulosa clade at
Lamington National Park, it appears that there has been
time for stabilization to have occurred across proximally
located and morphologically similar (Stimpson et al,,
2016) populations at Mt Maroon (Mt Barney National
Park) and Lamington National Park.
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CONCLUSIONS

Inextricably linked to the efficacy of conservation
management is the way a taxon is defined, a process
which is now assisted by an understanding of evolu-
tionary processes. In the case of the hairpin banksias,
genomewide scans (i.e., nuclear SNP data and chloroplast
genome sequence) have shown that the number of species
has been overestimated. Although such an outcome is
typically the exception of the result of investigation into
these problems, it is nonetheless as important as the
identification of cryptic species. An incorrectly applied
taxonomy such as the case of the hairpin banksias has the
capacity to put into effect the gradual erosion of species
resilience via human-mediated measures by overempha-
sizing the conservation of genetically poor populations
and masking others that are more genetically diverse.
Therefore, like other studies (e.g., Ahrens et al., 2020a,
2020b; Rossetto et al., 2021; Rutherford et al., 2019;
Nielsen et al., 2020; Hope and Frey, 2022), our study here
has shown that a genomic analysis complemented by a
good sampling strategy is a well-justified step at the
beginning of a conservation campaign. This step has
enabled a dramatic reduction in time and cost, and
although these factors still impose some limitations,
where protection measures are urgently needed for
putative entities with conservation value, the step should
at least be used as soon as possible.
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