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ABSTRACT

Spatial phylogenetics complement existing biodiversity metrics of species richness and endemism
by incorporating evolutionary information from phylogenies with spatial distribution data. These
complementary metrics of phylogenetic diversity (PD), phylogenetic endemism (PE), and categorical
analysis of neo- and paleo-endemism (CANAPE) have largely been obtained from phylogenies con-
structed with a few genetic markers from different genomic datasets. Incongruent topologies may
affect subsequent spatial phylogenetic results, leading to uncertainty for conservation outcomes. Here,
we examined the effects of topological conflicts between plastid and nuclear phylogenies of two
Australian plant genera — Isopogon RBr. ex Knight and Petrophile RBr. ex Knight (Proteaceae). We
constructed the first densely sampled and generally well-resolved nuclear and plastid phylogenies of
the two genera using a hybrid capture high throughput sequencing approach. We show that
incongruent phylogenies from different molecular datasets have an important effect on downstream
spatial phylogenetic analyses. Significant areas of PD and PE and neo- and paleo-endemism for Isopogon
and Petrophile include south-west Western Australia, Kangaroo Island and the Sydney Basin. These areas
are located along the mesic fringes of the Australian continent, congruent with the peripheral vicariance
hypothesis in biogeography. However, these significant areas differ depending on whether the analyses
were made with a nuclear or plastid topology. We caution against combining different datasets as is
commonly done without detailed assessment of potential incongruence between datasets.

Keywords: Australian flora, biodiversity hotspot, Isopogon, Petrophile, phylogenetic diversity,

phylogenomics, Proteaceae, reticulate evolution, spatial phylogenetics, SWAFR.

Introduction

Spatial phylogenetics has been increasingly used to provide additional diversity metrics that
incorporate the evolutionary history of selected biotic groups (Mishler 2023). These metrics
include phylogenetic diversity (Faith 1992), phylogenetic endemism (Rosauer et al. 2009)
and associated methods to distinguish different patterns across landscapes (relative phyloge-
netic diversity, RPD; relative phylogenetic endemism, RPE; and categorical analysis of neo-
and paleo-endemism, CANAPE; Mishler et al. 2014). These spatial metrics have been applied
across different scales from global (Safi et al. 2011; Fritz and Rahbek 2012; Rosauer and Jetz
2015; Qian et al. 2023; Tietje et al. 2023), regional and continental (e.g. Forest et al. 2007;
Thornhill et al. 2016, 2017; Hu et al. 2020), to local scales (e.g. Arroyo-Rodriguez et al.
2012; Costion et al. 2015; Cardoso et al. 2021). Incorporating an evolutionary dimension into
biodiversity studies has allowed researchers to determine the drivers for phylogenetic and
species richness disparity across space, e.g. climate-driven regional extinctions in the
Cenozoic across temperate Northern Hemispheric regions resulted in phylogenetic clustering
of tree lineages (Eiserhardt et al. 2015; Saladin et al. 2020).

The argument for spatial phylogenetic studies has often been linked to optimising
conservation outcomes (e.g. Faith 1992; Winter et al. 2013; Pollock et al. 2015;
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Millar et al. 2017; Aguilar-Tomasini et al. 2021; Yang et al.
2022, to name a few). In many cases PD and PE hotspots match
those of known species-richness hotspots and overlap with
protected areas; however, there are also others that do not
show this trend (Forest et al. 2007; Daru et al. 2015; Quan
et al. 2018). Prioritising PD and PE metrics over species-
richness and endemism areas for conservation has been increas-
ingly promoted to conserve more evolutionary potential across
different lineages (Rodrigues and Gaston 2002; Rosauer et al.
2009; Winter et al. 2013; Palmer and Fischer 2022).

Importantly, underpinning these spatial phylogenetic
results are the input data of phylogenetic trees that contain
evolutionary information. Phylogenetic uncertainty of poorly
supported or unresolved nodes can be accounted for in spatial
phylogenetic analyses (Mishler 2023). In addition, these
uncertainties are found to have minimal effects on the results
(Gonzélez-Orozco et al. 2016; Thornhill et al. 2017; Allen
et al. 2019). Most spatial phylogenetic studies for plants
only used a few (1-10) genetic markers and usually combined
genetic data from different genomes (nuclear, plastid and
mitochondrial; Table 1). Most of these studies prioritised
taxonomic rather than molecular sampling, i.e. trying to
include as many taxa as possible over number of genes per
taxon (Table 1). Combining different molecular datasets may
lead to erroneous results if these datasets are in conflict.
Indeed, incongruence across different phylogenetic datasets
due to different analytical approaches (e.g. concatenated
v. coalescent) or genomic datasets (nuclear v. organellar)
has often been detected across the Tree of Life (e.g. Chong
et al. 2016; French et al. 2016; Garcia et al. 2017; Nge et al.
2021a; McLay et al. 2023; Stull et al. 2023). In the current
phylogenomic era, we now have access to hundreds or even
thousands of genetic loci providing unprecedented phyloge-
netic resolution but also uncovering gene-tree to species tree
conflicts (Smith et al. 2015, 2020; Nge et al. 2024). The
effects of phylogenetic conflicts have been commonly investi-
gated for species delimitation, often with differing results
across datasets affecting conservation outcomes (Jacobs
et al. 2018; Weber et al. 2019; Firneno et al. 2021). By
contrast, the effects of topological conflicts have not been
fully explored for spatial phylogenetics.

Incongruent nuclear and plastic topologies did not subs-
tantially affect PD and PE results in one study (Toro-Ntfez
and Lira-Noriega 2020). In another, discordance between
nuclear and plastid datasets did not affect the PD results
across genera in Chloranthaceae but presented significantly
different results within Hedyosmum Sw. at the species level
(Zhang Q. et al. 2015). Elliott et al. (2018) considered differ-
ences in spatial phylogenetic results between phylograms and
chronograms across four different plant groups and found
substantial differences between the two types of phylogenies.
This finding is congruent with another study showing that
even with identical topologies, whether a phylogeny is time
calibrated (chronogram) or not (phylogram) may result in
significantly different spatial results (Allen et al. 2019).

These studies show that, in some taxa at least, input phyloge-
netic data can affect spatial phylogenetic results depending on
the specific data and phylogenetic methodology used in the
study.

Several studies on Australian plants have been conducted
on spatial phylogenetic patterns across the continent
(Table 1). These studies generally highlight scattered pock-
ets of high PD, PE and significant CANAPE levels across
mesic fringes of the continent. Most of these studies utilised
few selected plastid markers, and only several of these
studies included additional nuclear markers. In all cases,
studies that used both nuclear and plastid data combined
these together and did not assess for potential topological
conflicts and associated effects on their results.

Here, we focus on two Australian plant genera — Isopogon
R.Br. ex Knight and Petrophile R.Br. ex Knight (Proteaceae).
Isopogon and Petrophile are species-rich, charismatic
Australian plant genera that are found across southern tem-
perate Australia (Fig. 1). Both Isopogon and Petrophile have
most of their species diversity in the South-west Australian
Floristic Region (SWAFR), with 79% (30/38 spp.) and 88%
(58/66 spp.) of species confined to the SWAFR respectively
(Prentice et al. 2017). The Australian genera Isopogon,
Petrophile, Franklandia R.Br. and Adenanthos Labill. com-
prise a clade along with several South African genera in the
subfamily Proteoideae, with the clade being sister to Protea
L. plus Faurea Harv. and Beauprea Brongn. & Gris (Sauquet
et al. 2009). Isopogon is sister to Adenanthos and the African
subtribe Leucadendrinae, Franklandia is sister to the tribe
Leucadendreae (i.e. Isopogon + Adenanthos + subtribe
Leucadendrinae), and Petrophile is sister to the African
genus Aulax P.J.Bergius, based on the one nuclear (ITS)
and seven plastid marker phylogeny from Sauquet et al
(2009). However, the topology of Sauquet et al. (2009)
differs from that of a recent angiosperm-wide phylogenomic
study based on 353 low copy nuclear markers (Zuntini et al.
2024). Species-level phylogenies are lacking for the
Australian genera in subfamily Proteoideae, with the excep-
tion of Adenanthos (Nge et al. 2021a).

In this study, we present a phylogenomic nuclear and plastid
dataset for Isopogon and Petrophile. We used this as a basis to
(1) assess for phylogenomic incongruence between nuclear and
plastid datasets for the two genera, (2) conduct spatial analyses
of PD, PE and CANAPE to infer areas of high PD and PE,
concentrated areas of neo- and palaeo-endemism, and (3)
assess for potential effects of phylogenomic incongruence on
these spatial patterns in an Australian context.

Materials and methods

Sampling and sequencing

We sampled 89 taxa from vouchered herbarium specimens
across both Petrophile (72%; 48/66 spp.) and Isopogon
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Table 1. Examples of spatial phylogenetic studies, associated study taxa, region and number of genetic loci used.

Study Study group Region Nuclear genes Plastid genes Mitochondrial genes Combined datasets
Schmidt-Lebuhn et al. (2015) Asteraceae Australia 1(ITS) 3 0 Yes
Thornhill et al. (2016) Angiosperm genus level Australia 1(ITS) 6 0 Yes
Hammer et al. (2021) Ptilotus (Amaranthaceae) Australia 1(ITS) 1 (matkK) 0 Yes
Miller et al. (2023) Banksia (Proteaceae) Australia 0 4 0 NA
Nagalingum et al. (2015) ferns genus level Australia 0 3 0 NA
Lee and Mishler (2024) Conifers Australia 0 2 0 NA
Mishler et al. (2014) Acacia (Fabaceae) Australia 2 4 0 Yes
Gonzalez-Orozco et al. (2016) eucalypts (Myrtaceae) Australia 2 2 0 Yes
Forest et al. (2007) Angiosperm genus-level Cape South Africa 0 1 (rbel) 0 NA
Scherson et al. (2017) Vascular plants genus level Chile 2 5 0 Yes
Thornhill et al. (2017) Vascular plants California, USA 4 5 0 Yes
Hu et al. (2020) Vascular plants China 0 4 1 (matR) Yes
Qian et al. (2019) Seed plants China Unspecified number Unspecified number 0 Yes
Millar et al. (2017) Vascular plants genus level New Zealand 0 1 (rbel) 0 NA
Qian et al. (2023) Angiosperm Africa and South America Unspecified number Unspecified number

Tietje et al. (2023) Vascular plants Global Unspecified number Unspecified number 0 Yes
Faurby et al. (2016) Palms (Arecaceae) Global 4 9 0 Yes
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Fig. 1.

(Caption on next page)
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Fig. 1.

Representative floral and vegetative diversity of Petrophile and Isopogon (top left and across, down). (a) Petrophile squamata, (b)

Petrophile teretifolia. (c) Petrophile prostrata. (d) Petrophile diversifolia. (e) Petrophile fastigiata. (f) Petrophile recurva. (g) Isopogon dubius. (h)
Isopogon asper. (i) Isopogon pruinosus subsp. glabellus. (j) Isopogon teretifolius subsp. teretifolius. (k) Isopogon formosus. (l) Isopogon
sphaerocephalus subsp. lesueurensis. (m) Isopogon divergens. (n) Isopogon ceratophyllus. (o) Isopogon anemonifolius. (p) Isopogon baxteri.

Photographs: a—e, k-p by F. ). Nge, f—j by K. R. Thiele.

(94%; 36/38 spp.), including a putative hybrid of Petrophile
— P. ericifolia X seminuda (Rye et al. 2011) (see
Supplementary Table S1 for voucher details). All eastern
Australian species of Petrophile (6 spp.) and Isopogon (8
spp.) were sampled, with multiple accessions for P. shirleyae
F.M.Bailey, P. canescens A.Cunn. ex R.Br. and I. anemonifo-
lius (Salisb.) Knight. Seven outgroup samples were included
(Aulax, Protea, Leucadendron R.Br., Franklandia [2] and
Conospermum Sm. [2]), selected based on the topology of
Sauquet et al. (2009).

We adopted a high-throughput sequencing (HTS) approach
using the OzBaits custom bait set (OzBaits; Biffin et al. 2025)
that targets ~100 single-copy nuclear loci for angiosperms,
following the success of the bait set in Proteaceae (Nge et al.
2021a) and other plant groups (Foster et al. 2021; Nge et al.
2021b, 2022, 2023; Simpson et al. 2022). We also used the
OzBaits plastid baits (Biffin et al. 2025) that target ~60
chloroplast coding regions and three tRNAs (trnG-UCC, trnL-
UAA and trnM-UAC) across seed plants. A quantity of ~20 mg
of silica-dried leaf material sourced from herbarium or field-
collected specimens was used for DNA extractions performed
by Intertek Group plc (Adelaide, Australia) using sbeadex
magnetic bead chemistry. Library preparation steps followed
Biffin et al. (2025). Briefly, extracted DNA was sheared using
a Diagenode Bioruptor Pico sonicator to fragment lengths of
~400-600 bp, DNA libraries were constructed using JetSeq
Flex DNA Library preparation kit (Bioline, Cincinnati, OH, USA),
hybrid capture was performed following manufacturer’s instruc-
tions (Arbor Biosciences, Ann Arbor, MI, USA), and libraries
were pooled in equimolar concentrations and sent for [llumina
paired-end sequencing (2 X 150) on a lane of a HiSegX Ten at
the Garvan Institute for Medical Research in Sydney.

Bioinformatic pipelines

The raw reads were imported and processed (demultiplexed,
barcodes and adaptors removed and quality trimmed using a
phred score of 20) in CLC Genomics Workbench (ver. 20.0.2,
see https://digitalinsights.qiagen.com/). To recover the tar-
geted nuclear genes, trimmed reads were processed using
the SECAPR pipeline (ver. 2.2.5, see http://www.github.
com/AntonelliLab/seqcap_processor; Andermann et al. 2018).
SECAPR uses de novo assembly and a BLAST-like algorithm
to recover sequences from each individual that match
the targeted genes at a specified level of similarity, and
multiple sample sequence alignments are generated for
each of the targeted genes. We used SPAdes (ver. 3.15, see
https://github.com/ablab/spades; Bankevich et al. 2012)

with default k-mer values to generate the assemblies. We
used LASTZ (ver. 1.04.52, see https://github.com/lastz/lastz;
Harris 2007) with a similarity value of 0.9 to extract the ‘on
target’ nuclear loci with the ‘--keep_paralogs’ flag disabled (i.e.
samples with two or more hits to a given target are removed
for that locus), using a reference comprising the corresponding
OzBaits gene targets sourced from the 1KP (One Thousand
Plant Transcriptomes Initiative 2019) sample for Hakea dru-
pacea (C.F.Gaertn.) Roem. & Schult. (sample code: SIIK). The
extracted loci were aligned using MUSCLE (ver. 3.8.425, see
http://www.drive5.com/muscle/) and imported into Geneious
(ver. 2022.0.1, see https://www.geneious.com; Kearse et al.
2012) for manual checking and curation.

We used the Yang and Smith (2014) pipeline as imple-
mented by Jackson et al. (2023) to resolve putatively para-
logous sequences for the target loci into ortholog groups.
Briefly, the de novo assemblies generated by SECAPR were
imported into Geneious and converted into a BLAST database.
We used the Hakea target file (above) to query this database
using blastn (see https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PROGRAM = tblastn&PAGE_TYPE = BlastSearch&LINK LOC =
blasthome) with an expect (e) value of 1e-100 and keeping
500 sequences per query. For each query, the BLAST hits were
filtered to remove short and poorly aligned hits (Yang and
Smith 2014) using a query coverage cut-off of 30%. The locus
specific ‘paralog’ files were compiled and input into the
paragone-nf pipeline (ver. 1.0.0, https://github.com/
chrisjackson-pellicle/paragone-nf) for orthology inference
using the RT (rooted ingroups) algorithm of Yang and Smith
(2014) and generating locus alignments using MUSCLE. We
retained all alignments with > 5 samples (248 ortholog groups
in total) for downstream analyses.

To generate the plastid dataset, we used the chloroplast
genome sequence of Macadamia integrifolia Maiden &
Betche (GenBank accession: KF862711) as an initial map-
ping reference (Nock et al. 2014). The sequence reads from
Conopsermum glumaceum Lindl. (FN631) were mapped to
the Macadamia reference using CLC Genomics Workbench
with a length and similarity fraction of 0.7 and otherwise
default parameters. A set of consensus sequences was
extracted using a low coverage threshold of 50 X and splitting
into separate sequences around low coverage regions. We
retained a total of 43 consensus sequences with length greater
than 300 bp and ranging from 341 to 5558 bp in length that
were used as a mapping reference for all other samples. For
this step, the length and similarity fractions were set to 0.85
with otherwise default parameters and following read map-
ping, consensus sequences were extracted for each sample
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using a low coverage threshold of 8, inserting Ns in low
coverage regions and conflicts were resolved using a noise
threshold of 0.3. The resulting contigs were imported into
Geneious and aligned using the MUSCLE plugin (Edgar
2004) with default parameters, and the individual alignments
were subsequently concatenated to generate the final dataset.

Phylogenetic reconstruction

We generated concatenated (hereafter, CON) and multi-species
coalescent (hereafter, MSC) phylogenies for both nuclear (-NU)
and plastid (-P) datasets. The concatenated datasets were ana-
lysed using IQ-TREE (ver. 2.1.3, see https://github.com/
igtree/iqtree2; Minh et al. 2020b), and alignments partitioned
across all 82 nuclear genes used in this study. The optimum
partition model was selected for each locus in IQ-TREE using
MFP + MERGE, and clade support assessed by 1000 replicates
of ultra-fast bootstrap (-B, UFBoot2, see http://www.iqtree.
org/; Hoang et al. 2018), gene (-gCF) and site (-sCF) concor-
dance factors (Minh et al. 2020a). For coalescent phyloge-
netic analyses, we implemented weighted ASTRAL
(WASTRAL, ver. 1, see https://github.com/chaoszhang/
Weighted-ASTRAL.data; Zhang and Mirarab 2022) that has
been shown to improve species tree support by reducing
noise from both low support and long terminal branches.
The hybrid function command in wASTRAL was utilised as
this considers both node support and branch lengths. The
input gene trees for WASTRAL were constructed individually
with RAXML (ver. 8.2.9, see https://github.com/stamatak/
standard-RAxXML; Stamatakis 2014) using the GTRGAMMA
substitution model (Abadi et al. 2019). Nodes with very low
bootstrap support (<10) were collapsed using Newick
Utilities (ver. 1.6, see https://github.com/tjunier/newick_
utils; Junier and Zdobnov 2010) to further improve the accu-
racy of MSC inference in wWASTRAL (Zhang C. et al. 2017).
Conflicts between different topologies were visualised as a
tanglegram using ‘cophylo’ function in the R package phytools
(ver. 1.2.0, see https://CRAN.R-project.org/package = phytools/;
Revell 2012) implemented in R (ver. 4.0, R Foundation for
Statistical Computing, Vienna, Austria, see https://www.r-
project.org/). The phylogenies were rooted using
Franklandia as this is the earliest diverging sampled outgroup
in subfamily Proteoideae (that includes Isopogon and
Petrophile). The phylogenetic plcaement of Franklandia is
based on the Plant and Fungal Trees of Life (PAFTOL, see
https://treeoflife.kew.org) and an unpublished Australian
Angiosperm Tree of Life (AAToL, that includes Franklandia,
Conospermum, Isopogon and Petrophile), with both datasets
utilising the same nuclear markers from the Angiosperms353
bait kit (Johnson et al. 2019).

Spatial phylogenetics

To investigate spatial phylogenetic patterns for the two
genera, distribution records and phylogenies were required.

The IQ-TREE topologies were used for both nuclear and
plastid datasets. The wASTRAL trees were not included as
the branch lengths in these trees were not biologically mean-
ingful (Zhang C. et al. 2018). Outgroups were pruned from the
phylogenies prior to analysis, and Isopogon and Petrophile
analysed separately. For species with multiple accessions
sequenced, the best sequenced representative (greatest DNA
coverage) was selected for each taxon. We also conducted
sensitivity analyses by pruning out samples that were only
successfully sequenced in one dataset but not the other, result-
ing in identical but reduced sampling of taxa across both
datasets. These pruned topologies were subsequently used to
conduct spatial analyses and compared with our main results
(see Supplementary Materials for more detail).

Occurrence records based on vouchered herbarium speci-
mens for the two genera were downloaded from the
Australasian Virtual Herbarium (see http://avh.chah.org.au,
accessed September 2022) that comprises specimens housed
in Australasian herbaria. These records were manually cleaned
in OpenRefine (ver. 3.4, see https://openrefine.org). Records of
cultivated or introduced plants and erroneous records (e.g.
locations located in oceans or outside the known distributional
range) were trimmed. Search terms as ‘botanical gardens’,
‘cultivated’ and ‘planted’ were used to search for cultivated
specimens. Records with more than 10 km of uncertainty
associated with their geo-coordinates were excluded from our
final dataset to improve precision of downstream analyses.
Occurrence records of infraspecific taxa (e.g. subspecies or
varieties) were merged up to the species level.

The co-ordinates of each spatial dataset were converted
to Albers Equal (EPSG: 3577) 15- X 15-km grid cells (see
Thornhill 2017 for justification of cell size). Diversity and
endemism metrics were calculated using Biodiverse (ver.
3.0, see https://shawnlaffan.github.io/biodiverse/; Laffan
et al. 2010) with the randomisations and figures completed
using an R pipeline.

Five diversity metrics were calculated, two of which were
empirical (PD and PE) and three randomised (PDR, RPD and
CANAPE). The method and meaning of these metrics has
previously been described in Mishler et al. (2014) and
Thornhill et al. (2016). As raw PD values are heavily influ-
enced by species richness, PDR accounts for this by identify-
ing areas that contain diversity or endemism greater or less
than that expected by chance (by comparing the observed
richness against 999 randomised results, null expectation).

Results

Sequencing stats

Our plastid dataset included 79 samples with an aligned
length of 60,977 base pairs (bp) across 30 genes for the
full dataset. We used the full plastid dataset for all our
downstream analyses as this contains more information
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than only the coding sequences (Supplementary Table S2).
Our nuclear dataset (OzBaits) included 79 samples with an
alignment length of 146,652 bp across 82 genes.

Phylogenetic relationships within Isopogon and
Petrophile

Both Isopogon and Petrophile were recovered as mono-
phyletic with high support in both nuclear (CON-NU) and
plastid (CON-P) IQ-TREE topologies (Fig. 2). Aulax is sister
to Petrophile, and Leucadendron sister to Isopogon of the
genera included in our sampling. Infrageneric relationships
of Petrophile were recovered with high support across both
CON-NU and CON-P topologies, except for the sister rela-
tionship between P. shirleyae and P. canescens that had a
bootstrap (BS) support value of 58 in CON-NU. Infrageneric
relationships of the south-western Australian (SWA) clade
within Isopogon were moderately well supported in general,
with some weakly supported nodes noted across both data-
sets (Fig. 2). The Isopogon spathulatus R.Br. clade within the
larger SWA clade was retrieved with high support across
both datasets.

The south-eastern Australian (SEA) clades of both genera
were recovered as monophyletic with high support and no
topological conflict across all datasets. For Isopogon, the SEA
clade was retrieved as sister to all SWA taxa that also formed
a clade. In Petrophile, the SEA clade was strongly nested
within SWA, being sister to P. phylicoides R.Br. and
P. ericifolia R.Br., with high support (Fig. 2). All three
species with multiple accessions (P. shirleyae, P. canescens,
I. anemonifolius) were recovered as monophyletic with high
support across all analyses.

Extensive topological conflicts between CON-NU and
CON-P were noted for Isopogon, but not Petrophile (Fig. 2).
Only two instances of incongruence were detected for
Petrophile — P. striata and P. scarbiuscula Meisn. with
P. drummondii Meisn. For Isopogon, I. alcicornis Diels was
sister to I trilobus R.Br. in CON-NU but shown to be nested
in the SWA clade excluding I trilobus, I. sphaerocephalus
Lindl. and I spathulatus clades in CON-P. Similarly, differ-
ent topological placements were noted for I. uncinatus R.Br.,
I villosus Mesin., I. scabriusculus Meisn., I. adenanthoides
Meisn., I. robustus Foreman ex N.Gibson, I. divergens R.Br.,
L inconspicuous (Meisn.) Foreman and I. gardneri Foreman.

The CON-NU and MSC-NU topologies were also in con-
flict, in particular for SWA Isopogon clades that were weakly
supported in MSC-NU (Supplementary Fig. S1). The overall
topology of CON-NU was better supported than MSC-NU. In
Petrophile, P. acicularis R.Br. was sister to a clade consisting
of P. prostrata, P. filifolia R.Br. and P. longifolia R.Br. in
MSC-Nu, whereas P. prostrata Rye & Hislop was sister to
P. acicularis and the other two species in CON-NU. Two
other conflicts were noted in the genus across the two
datasets, namely the position of P. glauca Foreman and
P. pedunculata R.Br. (Supplementary Fig. S1). In Isopogon,

conflicting phylogenetic positions were noted for I. robustus,
I. gardneri, I. divergens, I. adenanthoides and I. inconspicuus
(Meisn.) Foreman albeit with generally low support in MSC-
NU (Supplementary Fig. S1).

Spatial phylogenetics

Significant areas based on our spatial phylogenetic analyses
are highlighted in Fig. 3. The SWAFR contained the highest
PD for both Isopogon and Petrophile across all datasets
(plastid and nuclear) (Fig. 4, 5). For Petrophile, high PD
was found throughout the SWAFR except for the south-
west corner with the highest rainfall, whereas Isopogon
had highest PD in the northern (Geraldton Sandplains) sub-
region and Stirling Range within the SWAFR. For Isopogon,
the Sydney Basin region was a secondary hotspot for PD
across both plastid and nuclear topologies (Fig. 4).
Different results were obtained between plastid and
nuclear topologies for randomised PD (PDR). For Petrophile,
the semi-arid region adjacent to the SWAFR and northern
New South Wales had significantly lower PDR in the plastid
but not nuclear dataset. Similarly, the southern Queensland
area had significantly higher PDR (>0.975, blue) in the
nuclear but not plastid dataset, due to a sampling artefact as
P. shirleyae was excluded from the plastid dataset due to low
plastome recovery. For Isopogon, the north-west corner of the
SWAFR had significantly low PDR (<0.01, red) based on the
plastid topology, but this pattern was not present in our
nuclear results (Fig. 4). Similarly, other regions such as
the Sydney Basin region and south-west corner of the
SWAFR had significantly low PDR, but these areas were
only identified based on our nuclear and not plastid dataset
(Fig. 4). Despite these differences, for Petrophile both plastid
and nuclear datasets showed the Sydney Basin region as
having significantly lower PDR than expected (<0.01, red),
when compared to other regions across Australia (Fig. 5).
Different spatial phylogenetic patterns were also obtained
for our CANAPE analyses in identifying hotspots for phylo-
genetic endemism. For Petrophile, despite three main areas
identified as significant across both plastid and nuclear data-
sets (south-west SWAFR, northern sandplains and adjacent
semi-arid SWAFR, and Kangaroo Island), different grid cells
in these areas were identified across the SWAFR (Fig. 5).
Kangaroo Island was noted as a paleo-endemic centre, as this
area contains an endemic species (P. multisecta F.Muell.)
that is sister to all other remaining eastern Australian species
in both phylogenies. For Isopogon, the northern sandplains
subregion of the SWAFR was identified as a hotspot of mixed
PE, with five grid cells identified from that area for the
nuclear dataset but only one grid cell for the plastid dataset
(Fig. 4). The southern wheatbelt subregion of the SWAFR
was identified as significant across both plastid and nuclear
data, though for plastid data the area contained primarily neo-
endemics compared to our nuclear topology that indicated a
mixed hotspot (containing both neo- and paleo-endemics).
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Two other regions were identified as significant from the
CANAPE results based on the plastid but not nuclear dataset:
south-west corner of the SWAFR and Sydney Basin region

(Fig. 4). These differences between nuclear and plastid topol-
ogies for both PDR and CANAPE analyses were also consistent
in our sensitivity analyses (with exact matching taxa across
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Fig. 3. Species richness and weighted endemism maps for Isopogon (a, b), and Petrophile (c, d). Maps show the

states and territories, and geographical areas mentioned in text.

datasets), thus ruling out sampling artefact as a contributing
factor (Supplementary Fig. S2, S3).

Discussion

Differences in spatial phylogenetic patterns
between plastid and nuclear datasets

We present the first densely sampled and generally well-
resolved nuclear and plastid phylogenies of Isopogon and

Petrophile. We show that incongruent phylogenies from dif-
ferent molecular datasets have an effect on downstream spa-
tial phylogenetic analyses. We document differing spatial
phylogenetic results for the two genera depending on whether
the spatial analyses were based on the nuclear or plastid data.

Incongruent spatial phylogenetic patterns in this study
have important implications for conservation and policy
decisions. Focusing on phylogenetic diversity and endemism
for conservation has often been championed over species
richness metrics (e.g. Winter et al. 2013; Pollock et al
2015; Carvalho et al. 2017; Millar et al. 2017, 2018;
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Fig. 4. Spatial phylogenetic results for Isopogon based on nuclear and plastid topologies. (a) Phylogenetic
diversity. (b) Phylogenetic endemism, and randomisation test of relative phylogenetic diversity based on (c) nuclear
and (d) plastid topologies, and endemism hotspots from CANAPE based on (e) nuclear and (f) plastid topologies.

Aguilar-Tomasini et al. 2021; Yang et al. 2022). However,
most of these studies of plants combined nuclear and plastid
datasets in their analyses (Table 1). Few of these studies
explicitly tested for conflict across their datasets prior to
conducting spatial phylogenetic analyses. In contrast to

our study, Toro-Nufiez and Lira-Noriega (2020) showed
that phylogenetic discordance between nuclear and plastid
datasets did not significantly affect spatial phylogenetic
endemism results for Brassicaceae in the Atacama Desert.
The presence and severity of phylogenetic conflict is likely
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Spatial phylogenetic results for Petrophile based on nuclear and plastid topologies. (a) Phylogenetic diversity.

(b) Phylogenetic endemism, and randomisation test of relative phylogenetic diversity for (c) nuclear and (d) plastid
topologies, and endemism hotspots from CANAPE based on (e) nuclear and (f) plastid topologies.

dependent on the individual biotic group and region of
interest, due to their idiosyncratic evolutionary histories.
Nevertheless, substantial phylogenetic conflict across dif-
ferent molecular datasets is present and being increasingly
documented across a wide range of biotic groups (e.g.
Smith et al. 2015; Vargas et al. 2017; Stull et al. 2020;

Kao et al. 2022). We recommend that assessment of phylo-
genetic conflict across different datasets be conducted prior
to spatial phylogenetic analyses. If substantial conflict is
detected, we further recommend that the different datasets
be treated separately and not combined in downstream
analyses.
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Different spatial phylogenetic patterns across nuclear and
plastid datasets raise relevant questions about optimising
conservation of areas of high PD and PE. One approach
would be to prioritise the overlapping regions with high
PD and PE in both plastid and nuclear datasets for
Isopogon and Petrophile (i.e. most congruent option).
Another would be to include all regions identified across
all datasets (most inclusive option). Other approaches
include regions that are identified as significant from one
dataset but not the other (e.g. nuclear v. plastid results). The
latter approaches might be justified based on specific con-
servation aims, e.g. conserving plastid haplotype diversity
or using plastid data to identify refugial areas and geo-
graphic breaks. Indeed, some studies have shown that geo-
graphic patterns are more pronounced in plastid datasets for
several reasons: maternal inheritance, smaller effective pop-
ulation size and no recombination (e.g. Currat et al. 2008;
Worth et al. 2010; French et al. 2016; Biffin et al. 2020).
Further research would be required to adequately assess the
merits of each different approach. Making this information
transparent, as we have done here, would allow for conser-
vation policy makers to account for differences across data-
sets and organismal groups, in the hope of achieving better
conservation outcomes (Pollock et al. 2015).

Significant areas of spatial phylogenetic diversity
and endemism

Several regions across Australia were identified as having
significant PD and PE/CANAPE levels for both Petrophile
and Isopogon, despite group-specific differences and topo-
logical conflicts between plastid and nuclear datasets.
Significant areas include the SWAFR, Sydney Basin and
Kangaroo Island of South Australia that generally corre-
spond to areas of high species richness and endemism,
corroborating other studies of a general positive association
between PD and PE measures and standard species richness
metrics (Tucker and Cadotte 2013; Thornhill et al. 2016;
Andrikou-Charitidou et al. 2020). These areas of signifi-
cantly high PD and PE are not specific to Isopogon or
Petrophile, but are a recurring pattern seen throughout the
Australian flora (Rosauer et al. 2009; Mishler et al. 2014;
Gonzalez-Orozco et al. 2016; Thornhill et al. 2016; Miller
et al. 2023). These regions also contain high plant species
richness and endemism (Crisp et al. 2001; Gonzalez-Orozco
et al. 2011, 2014; Stevenson et al. 2012; Guerin et al. 2016;
Prentice et al. 2017).

Recurring high species richness, endemism and signifi-
cant spatial phylogenetic patterns in the SWAFR point to
shared evolutionary histories of the flora. Indeed, Nge et al.
(2020) have shown that the regional flora of the SWAFR was
buffered from extinction in contrast to other regions, driven
by large-scale global cooling in the Eocene-Oligocene bound-
ary (c. 33 Ma) and in more recent Quaternary climatic cycles
(Byrne 2008; Sniderman et al. 2013). Emerging consensus

from our study and others (mentioned above) points to the
SWAFR as an important region for the diversification and
long-term persistence of many Australian plant lineages
(Nge and Skeels 2025), not observed only from the high
local species richness but also significant PD and PE levels.

In the SWAFR, areas of high PD for Isopogon are the
northern sandplains and Stirling Range, both of which are
dominated by kwongan heath vegetation. This spatial phy-
logenetic pattern matches the species richness and ende-
mism patterns of Isopogon and wider flora more broadly
(Gioia and Hopper 2017). Another study showed that the
northern sandplains was the ancestral area for most extant
species of Cryptandra Sm. (Rhamnaceae) in the SWAFR (Nge
et al. 2023), reinforcing the evolutionary significance of this
subregion. The high species and phylogenetic richness of
kwongan vegetation has been attributed to a combination of
environmental, ecological and evolutionary factors; namely
climatic stability, mosaic of different environmental condi-
tions (soil nutrients, fire), and adaptations allowing different
lineages to persist in oligotrophic environments (Mucina
et al. 2014; Zemunik et al. 2015; Tsakalos et al. 2019).

The northern sandplains of the SWAFR and adjacent
semi-arid regions were noted as having significantly lower
PD than expected for both Isopogon and Petrophile (plastid
data). Phylogenetic clustering in these subregions of the
SWAFR suggests that either habitat filtering (ecological) or
evolutionary radiations have occurred. The CANAPE results
support the latter, with mixed neo- and paleo-endemism for
both genera noted in those regions, similar to results in
another study on Daviesia Poir. (Fabaceae; Rosauer et al.
2009). In other words, high endemicity (CANAPE) suggests
that in-situ radiations had occurred in the region. Similar
spatial patterns have also been recorded for other plant
groups such as Banksia L.f. (fig. 2b, ¢ in Miller et al
2023), and for angiosperms at the genus level (fig. 3 and 4
in Thornhill et al. 2016). Miller et al. (2023) argued that soil
and climatic factors played a significant role in phylogenetic
structure and turnover of Banksia in the region, more so
than other Australian plant groups such as Acacia or euca-
lypts (Bui et al. 2014, 2017). Prentice et al. (2017) also
demonstrated similar results for Isopogon and Petrophile,
showing that soil factors (phosphorus and pH) were main
determinants for species turnover. Whether these factors
also play a role in explaining phylogenetic turnover across
the SWAFR and Australia for these genera remains to be
tested.

The Sydney Basin bioregion was also noted to have sig-
nificantly lower PD than expected for both Isopogon (nuclear
and plastid) and Petrophile (nuclear data only). Our
CANAPE results also did not identify the Sydney Basin as
a significant neo- or paleo-endemism centre in contrast to
the northern sandplains of the SWAFR. Taken together,
these results could be largely explained by the fact that
only one clade is represented in SEA for both genera, in
contrast to SWA. Other plant groups such as ferns and
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Acacia Mill. (Fabaceae) also show similar spatial phyloge-
netic patterns of significantly lower PD in the region
(Mishler et al. 2014; Nagalingum et al. 2015). Many narrow
endemics are confined to sandstone substrates in the Sydney
Basin, including those that are recently described (e.g.
Coleby and Druitt 2019; Renner et al. 2022; Wilson et al.
2023; Barrett et al. 2024). Indeed, two rare endemic
Isopogon species (I. dawsonii R.T.Baker and I fletcheri
F.Muell.) occur exclusively on or near sandstone cliff faces
in the region (Benson and McDougall 2000). There has been
extensive research interest on the ecological determinants of
relative high plant species richness and endemism patterns
in the Sydney Basin bioregion (e.g. Rice and Westoby 1983;
Le Brocque and Buckney 1995; Auld 1996; Myerscough
1998; Mokany and Adam 2000; Auld 2001; Weston et al.
2005). By contrast, evolutionary drivers apart from popula-
tion genetic refugia patterns are less well known (Rossetto
et al. 2018; Rutherford et al. 2018; Wilson et al. 2022).
Interestingly, assembly of the present-day Sydney Basin ende-
mic flora occurred relatively recently, with most lineages
diverging from sister lineages in other regions c. 5 Ma in the
Pliocene (F. J. Nge, unpubl. data). Phylogenies from other
plant groups also show endemic Sydney Basin lineages to be
phylogenetically dispersed, i.e. the lineages are not from one
clade. These include Pomaderris brunnea N.A.Wakef., P. coto-
neaster N.A.Wakef. and P. sericea N.A.Wakef. in the genus-
wide phylogeny of Nge et al. (2021b). Additional spatial
phylogenetic studies are required to test whether other plant
groups also show similar patterns of PD and PE in the Sydney
bioregion.

Paleo-endemism for Petrophile multisecta on Kangaroo
Island could be linked to the island acting as an important
refugium — one that can be expanded to other plants based
on their distributions (Crisp et al. 2001). Indeed Guerin and
Lowe (2013) demonstrated that the Adelaide Geosyncline
(that includes Kangaroo Island, and Mount Lofty and
Flinders Ranges) is an arid refugium for different plant
lineages across the region. The presence of paleo-endemics
on Kangaroo Island is noteworthy as this region has experi-
enced severe climatic and tectonic shifts, including recent
sea-level changes in the Quaternary (McLaren and Wallace
2010; McGowran and Hill 2015; Bourman et al. 2016).
Southern Australia has also experienced repeated marine
transgressions particularly around the Eucla and Murray
Basins from the Eocene to the present (McGowran et al.
2004; McGowran and Hill 2015). These repeated shifts in
the tectonic, climatic and associated vegetation of southern
Australia in contrast to the relatively stable SWAFR suggest
that the P. multisecta lineage may have origniated from other
regions of Australia. As the climate became progressively
more arid in the Miocene and Pliocene, lineages retreated
to the mesic fringes of the Australian continent (Byrne et al.
2011) (see the peripheral vicariance hypothesis; Nge et al.
2021b, 2023). A dated phylogeny would be required to
estimate when P. multisecta diverged from other eastern

Australian species. Interestingly, a leaf macrofossil with
Petrophile affinities from the mid-Eocene was discovered at
Maslin Bay (R. S. Hill, pers. comm.). Petrophile could possibly
have been present in the region since at least the Eocene based
on this fossil record. Biogeographic models and the incorpora-
tion of scenarios simulating the aridification of Australia would
be required to test these questions and whether the paleo-
endemic P. multisecta endemic to Kangaroo Island is the result
of peripheral vicariance across southern Australia.

It is worth noting that results presented in this study are
based on phylograms (i.e. not time calibrated). Therefore the
different branch lengths between the plastid and nuclear
topologies may also be contributing factors to the different
spatial phylogenetic patterns documented in this study. Our
plastid data show larger variation in root-tip distances than
the nuclear data and several unusually long terminal
branches, and this may have driven at least some of the
differences in inferred spatial patterns between the two
datasets. The significant PD, PE and CANAPE hotspots pre-
sented here are reflective of genetic differences (from phylo-
grams) rather than by time of colonisation or divergence
across regions (chronogram). Some studies have shown
that spatial phylogenetic patterns do not differ significantly
between phylograms and chronograms (Thornhill et al
2017) whereas others show the opposite result (Elliott
et al. 2018). Future studies using divergence dating methods
on Isopogon and Petrophile would provide further insights on
this topic. Although it is beyond the scope of our current
study that focused on plastid and nuclear incongruences,
further studies should compare spatial phylogenetic results
derived from concatenated v. coalescent approaches (e.g.
using ASTRAL-IV to explicitly compute branch lengths in
substitution-per-site units; Zhang C. et al. 2025).

Phylogenomics

We show that the sister species relationships across Petrophile
and Isopogon are well resolved, across both plastid and nuclear
topologies. The backbone of Isopogon remains inadequately
resolved in contrast to Petrophile, despite the inclusion of
more than 50 nuclear and plastid loci per sample. The inclusion
of additional genomic data in future works may provide better
resolution of the backbone topology (i.e. crown radiation of
Isopogon). However some recalcitrant nodes may never be
resolved even with the presence of thousands of loci as
shown for some other plant groups (Koenen et al. 2020).

The lack of substantial branch divergence and associated
unresolved backbone topologies of Isopogon suggest that a
rapid crown radiation occurred in the evolutionary history of
this genus. Similar patterns of unresolved and conflicting
topologies coinciding with evolutionary radiations have
been documented for many other organismal groups (Parins-
Fukuchi et al. 2021; Stull et al. 2021; Zhou et al. 2022).
Interestingly, rapid radiations have also been documented
for close relatives of Isopogon and Petrophile, such as the
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Australian Adenanthos (Nge et al. 2021a) and South African
Paranomus Salib., Sorocephalus R.Br., Spatalla Salisb.,
Leucospermum R.Br. and Mimetes Salisb. genera within the
subtribe Leucadendrinae (Sauquet et al. 2009). These South
African genera were shown to have elevated diversification
rates indicative of rapid radiations (Sauquet et al. 2009).
Isopogon and Adenanthos were shown to not have signifi-
cantly elevated diversification rates compared to other
Proteaceae genera in Sauquet et al. (2009). However, diversi-
fication rates of the two genera were calculated from stem
divergence in this study. Denser taxonomic sampling in our
study and Nge et al. (2021a) revealed rapid radiations of
Isopogon and Adenanthos. Rapid radiations of Isopogon and
closely related genera in Leucadendrinae suggest that radia-
tions in Proteaceae are clade-specific (Kozak and Wiens 2016)
and may be driven by shared evolutionary traits (Jordan et al.
2008; Onstein et al. 2016; Hayes et al. 2021).

Similarly, substantial incongruence was noted between
nuclear and plastid topologies for Isopogon but not Petrophile.
Some of these topological conflicts are poorly supported (soft
conflict) due to the unresolved backbone, but others are
strongly supported (hard conflict; see Fig. 2). Deep reticulate
evolution has been shown for Adenanthos (Nge et al. 2021a)
and may also be the case for the closely related genus
Isopogon. However further analyses will be required to con-
firm this phenomenon for Isopogon (Joyce et al. 2025).

Very few extant hybrids have been documented for
Petrophile, with two observed for Isopogon to our knowledge
(Bate and Trickett 2019). Fewer than 10 putative hybrids
have been observed in the field based on morphology
(Supplementary Table S3). Only one putative hybrid for
Petrophile (P. ericifolia X seminuda, sampled in this study)
located in the SWAFR has been published (Rye et al. 2011).
We show that this hybrid is sister to P. seminuda Lindl. and
P. crispata R.Br. in both nuclear (concatenated) and plastid
topologies. Petrophile ericifolia formed another distinct
clade with P. phylicoides that is sister to the eastern
Australian Petrophile clade, across both nuclear and plastid
trees. The hybrid is possibly a backcross with P. seminuda,
resulting in closer phylogenetic affinity with this than P.
ericifolia. However, further population genetic studies are
required to determine the taxonomic status of P. ericifolia X
seminuda.

Summary

We presented the first comprehensive phylogenies of Isopogon
and Petrophile, utilising both nuclear and plastid genomic data.
We found incongruent topologies between the two datasets
that substantially affected spatial phylogenetic results. Wider
awareness is needed, and we caution against combining differ-
ent datasets as is commonly practice without detailed assess-
ment of potential incongruence in different datasets. Significant
areas of PD and PE and neo- and paleo-endemism for Isopogon

and Petrophile include the SWAFR, Kangaroo Island and the
Sydney Basin. These areas are located along the mesic fringes
of the continent, congruent with the peripheral vicariance
hypothesis in biogeography. Further biogeographic studies
are required to test this hypothesis. In addition, further spatial
studies of different groups utilising different molecular data
sources would shed light on the spatial evolution of the
Australian flora, and impacts of phylogenetic incongruence
on these patterns.

Supplementary material

Supplementary material is available online.
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