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Executive summary
This study was conducted to determine whether the vulnerable species P. maritima is distinct from
the common species P. villosa, to assess the population health of P. maritima, and to test if there is a
genetic basis for morphology variation observed. Samples of P. maritima were collected from
subpopulations along the NSW coast from Evans Head to Pinny beach. The genetic analyses found low
levels of genetic diversity in all subpopulations of P. maritima, and all subpopulations also present
detectable levels of inbreeding likely due to selfing. Inbreeding and limited gene flow between
geographically separated sites has resulted in highly structured subpopulations and genetic isolation
between northern and southern subpopulations, which may account for phenotypic differences
observed. The southern group is not phylogenetically distinct or genetically segregating from P. villosa,
indicating they are the same species. Based on these findings, additional sampling of P. villosa
sympatric to the northern P. maritima subpopulations is recommended to conclusively determine if
any distinction exists between P. maritima and P. villosa. Gene flow is evident among geographically
close subpopulations of P. maritima in the north, particularly in Bare bluff, Woolgoolga headland,
Pebbly beach, and Evans head sites. If the subpopulation of P. maritima in the north is tested to be
genetically distinct, or if management actions will be deemed to be necessary to conserve the
prostrate form, we can provide the necessary combinations of propagules to select to involve facilitate
gene flow between subpopulations to increase diversity and reduce the risk of inbreeding depression.
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Introduction
Background
The vulnerable Coast Headland Pea, Pultenaea maritima is a prostrate shrub found in coastal
headlands and low coastal heath along the New South Wales coast, from Byron Bay to Newcastle
(NSW Scientific Committee, 2004). Threats faced by the species include competition from invasive
weeds, habitat degradation from human activities, and the effects of inappropriate fire regime and
soil erosion upon habitat.

The genus of P. maritima is taxonomically complicated and is considered the most speciose within its
tribe Mirbelieae of the subfamily Faboideae in the family Fabaceae. The genus is characterised as
having multiple informal groups (de Kok and West 2002, 2003, 2004) circumscribed by whether the
ovary was glabrous or hairy and by leaves that either appear involute or revolute. The informal group
that includes P. maritima has ovaries that are glabrous and/or with tufted hairs (de Kok and West,
2002) but relationships within the group are unresolved. Additionally, taxonomic uncertainty exists
within P. maritima due to its own morphological variation and resemblance to the common shrub, P.
villosa. Both species occurs along the east coast of Australia, and previously P. maritima was
considered the prostrate maritime form of P. villosa (de Kok and West, 2002) because it occurs only
on coastal grasslands whereas P. villosa is widely distributed inland in dry open forests and woodlands.
The paper that justified formally describing P. maritima (de Kok and West, 2002) indicated that its
prostrate habit, more rounded leaf, lack of hispid hairs and having longer peduncle differentiates P.
maritima from P. villosa. However since the description, morphologically intermediate individuals
have been discovered which challenges the taxonomic status of P. maritima. Additionally, differences
in leaf morphology between northern and southern P. maritima exist (Renner pers. comm); with the
type specimen collected by de Kok and West having broad obovate-rotund leaves that is a feature of
the northern P. maritima whereas further south, the leaves are more narrow-elliptical. No study has
addressed whether these two forms of P. maritima are monophyletic groups and whether P. maritima
warrants a species distinction using non-morphological data. These questions can be addressed
through a genetic study of diversity within P. maritima and an assessment of genetic distinction to P.
villosa that will be crucial for guiding any attempts to conserve the natural spectrum of genetic
diversity of a threatened species.
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A source of genetic variation within species can also arise from hybridisation with a co-occurring
species. Hybridisation is a relatively common process associated with the evolution of new plant
lineages and given the propensity of other Pultenaeas to hybridise (Renner et al. 2022), the current
populations of P. maritima were suspected to include hybrids. Admixture tends to be more
pronounced in circumstances where a small population of one species is found in close proximity to a
larger population of a closely related species with a shared flowering time. If postzygotic barriers are
relaxed, which is common within some Pultenaeas, disproportionately large pollen loads received
from larger populations can result in genetic swamping of smaller ones. In outcrossing species, the
underlying preference of the smaller population to receive outcrossed pollen can maximise the uptake
of inter-specific pollen and augment the production of hybrid propagules. The distribution of P.
maritima parallels the distribution of P. villosa along the east coast. Any impact of hybridisation, as
well as confirming P. maritima as a bona fide subspecies, will be critical to conservation and
management.

Loss of genetic diversity can reduce the health of a population, and consequently increase the risk of
local extinction. Genetic health is the concept used to combine current population fitness, and longterm adaptive potential to climatic and environmental changes. Populations of P. maritima occur on
highly degraded landscapes that it likely suffered loss of genetic diversity and impacted by gene flow
disruptions. Genetic tests of relationships at the population scale across the P. maritima presents a
tractable approach for measuring diversity and identifying demography and relationships.

Under the premise that Pultenaea maritima is a vulnerable species, a conservation and management
plan was developed under the Saving Our Species initiative by the Department of Planning and
Environment (DPE). This plan identified site-based management as a priority conservation action,
principally because of an inexplicable progressive decline of P. maritima. The Royal Botanic Gardens
& Domain Trust (RBG&DT) was contracted by the DPE to conduct a conservation genomics study on
P. maritima to provide foundational knowledge essential to the development of effective conservation
strategies and help guide management strategies. The benefits of a single genetic study in the
framework of conservation work are manifold as outputs can be used to rigorously test species status,
quantitatively assess genetic diversity, determine genetic health, identify hybrids and provide practical
solutions to long-term management strategies (Rossetto et al. 2021).
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Aims and objectives
This report has three key aims:
1. To provide a preliminary determination on whether Pultenaea maritima is phylogenetically
distinct from P. villosa and whether admixture is occurring between these named species.
2. To investigate the population structure and health of P. maritima.
3. To determine whether there is a genetic basis of the phenotypic diversity seen within P.
maritima.
These objectives will provide foundational knowledge essential for developing effective conservation
strategies and help guide management strategies to ensure species’ survival (Rossetto et al., 2021).

Methods
Sampling
Sampling of P. maritima for this study was conducted by threatened species officers from the
Department of Planning and Environment (DPE) and rangers from various National Parks. In total, 82
P. maritima specimens were collected from 12 locations across the coast of New South Wales and a
population of P. villosa that occurs sympatrically with P. maritima in Merewether was also collected
(Table 1, Figure 1A).
Herbarium specimens of the Pultenaeas were included to obtain a preliminary understanding of
relationships among the Pultenaeas (Table 1, Figure 1A). The specimens were destructively obtained
from the National Herbarium of New South Wales.

DNA extraction and sequencing
Samples were sent to Diversity Arrays Technology (DArT) Pty Ltd in Canberra for DNA extraction and
genotype-by-sequencing analysis (referred to as DArTseq analysis) using the documented in-house
procedure. DNA was extracted from each sample using the Plant DNA Extraction Protocol for DArT.

Data analysis
All data analysis was conducted in R v4.1.2 (2021-11-01) using RStudio v2022.2.0.443.
Quality filtering
Single nucleotide polymorphisms (SNP) data was quality checked using the filtering scripts
implemented by an in-house custom package RRtools v1.0 (as described in Rossetto et al., 2019).
Samples that did not pass standardised quality thresholds were removed and were not used in
downstream analysis. To ensure that only higher quality DArTseq markers were used for analyses,
SNPs with a reproducibility (proportion of replicate assay pairs for which the marker score is
consistent) of less than 96% were excluded from the dataset. In total 81 P. maritima, 10 P. villosa, and
one P. parviflora passed quality filtering (Table 1).
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Kinship
Pairwise kinship coefficient (k) was estimated using identity-by-descent with SNPrelate v1.28.0. A
matrix of pairwise kinship between individuals and visualised using ComplexHeatmap v2.10.0.
Individuals were inferred to be clones (belonging to the same genet or genetic individual) where the
kinship coefficient was greater than or equal to 0.45.

Population structure
The adegenet v2.1.7 package was used to perform a Principal Component Analysis (PCA) to better
understand relationships between individuals and populations. This method of PCA derives an
ordination based on Euclidean transformed dissimilarity matrix of the data.

Population genetic diversity measures
In order to evaluate F-statistics and population-level measures of diversity, the RRtools package v1.0
was used to generate a matrix of spatial distances between the populations and calculate expected
(HE) and observed heterozygosity (HO) and inbreeding coefficient (FIS) across each population.

Phylogenetic network
The phylogenetic network of all Pultenaea samples was generated in R using the package SplitsTree
v0.1.0 using a distance matrix based upon SNP data. The network was visualised in the desktop
software SplitsTree v4.18.2.

Population segregation analysis
Pairwise fixation index (FST) and geographic distance was calculated between populations of P.
maritima using SNPRelate v1.28.0. Pairwise F ST indicates the level of differentiation between the two
populations. Results were visualised using ComplexHeatmap v2.10.0.

Admixture analysis
Using the whole genome SNP data, ancestral populations of each individual were estimated by LEA
v3.6.0. The optimal number of ancestral populations (K) was determined by identifying the lowest K
that minimised cross entropy. Admixture analysis can be used to determine recent admixture events
and genetic drift.
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Results and discussion
This study was conducted to inform conservation status and guide the long-term recovery efforts of
Pultenaea maritima. The main goals were to determine whether P. maritima is genetically distinct
from the common species P. villosa, examine the genetic health of P. maritima, and test if there is a
genetic basis for the morphology variation observed between northern and southern subpopulations
of P. maritima.

Data caveats
The resulting data that was generated by DArT was mostly of high quality, having low missingness
(<30%). This is except that the herbarium samples had high missingness (50-80%); missingness occurs
in DArT SNP datasets when a SNP cannot be called at a locus either due to mutations at the restriction
sites preventing enzyme recognition, or low DNA quality. The missingness in the herbarium samples
therefore could be due to either the age of these samples (collected primarily between 1998-2004)
resulting in lower quality DNA, or these samples being genetically different from the fresh collections.
This should be kept in mind when interpreting these results, as although the herbarium sample results
have a sufficient number of reliable SNPs (3,000-7,000 SNPs), their data is much less extensive than
the fresh samples (11,000-15,000 SNPs).

Population structure
Population structure and phylogeny of the Pultenaeas was assessed through various analyses of the
DArTseq SNP data. The Principal Components Analysis (PCA) showed that genetic diversity among the
Pultenaeas is characterised mainly by the variation between the northern (from Evans Head to
Crescent Head) and southern P. maritima sites (from Boat Harbour to Terrigal Haven), as both groups
separate along PC1 (18.52%; Figure 1B-C). This finding aligns with morphological differences observed
in leaf shape between northern and southern individuals (Renner pers. comm). The five Pultenaea
villosa individuals sampled from Scenic drive grouped with the southern P. maritima samples in the
PCA. Variation for the northern sites was observed along PC2 (8.91%), with P. maritima from Crescent
head which is the most geographically isolated also more genetically different from the other northern
sites. The P. villosa and P. parviflora herbarium samples were distributed between the northern and
southern P. maritima (Figure 1B) implying that P. villosa, P. parviflora, and P. maritima are not
genetically distinct.
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The phylogenetic network (Figure 2) mirrored the results from the PCA (Figure 1B-C) with the grouping
of subpopulations and close association of P. villosa with southern P. maritima. Although the southern
and northern groups had some separation in the network, the P. villosa and P. parviflora herbarium
samples were distributed along this branch bridging the gap between the groups (Figure 2). The
branch lengths of individual subpopulations were very short, indicating a minor degree of phylogenetic
differentiation.

Population segregation analysis detects the genetic differentiation of populations to determine if
groups are becoming genetically segregated. Pairwise fixation index (FST) ranges from 0 to 1, with 0
indicating the two populations are not at all genetically differentiated and 1 indicating complete
separation. Geographic distance and genetic divergence are significantly correlated (Mantel test,
r=0.492, p=0.001, permutations = 999) resulting in gene flow between the Pultenaea subpopulations
including the Scenic Drive population P. villosa becoming highly restricted as populations become
further apart (i.e. 100km, Figure 3a). Within the northern and southern groups, subpopulations have
low to moderate FST, however between groups FST is high (Figure 3b). P. maritima from Crescent head
is both geographically and genetically isolated from all other subpopulations. P. villosa from Scenic
drive has low differentiation from the southern P. maritima subpopulations, further implying they are
the same species. Altogether these segregation results imply a strong self-preference within
subpopulations and lack of gene flow between sites, especially over large distances.

Population health
The population health of P. maritima was assessed using identity by descent kinship analysis and
genetic diversity statistics. These analyses determine the degree of relatedness between individuals
and allelic diversity within a population, which can identify inbreeding, clonal reproduction, and
diversity trends.

All subpopulations had low levels of diversity (HO 0.085-0.156). Moderate inbreeding coefficients (FIS
0.074-0.252) for each subpopulation support the hypothesis of self-preference and limited gene flow
between sites (Table 2). This is consistent with the strong subpopulation structuring (FST analysis) and
clustering of sites in the PCA and phylogenetic network.
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Identity by descent analysis also detected kinship between individuals within sites. The sites are
Macauley, Crescent head, Boat harbour, and Snapper head have extensive kinship consistent with high
inbreeding coefficients (Figure 4). No clones were found indicating asexual reproduction is unlikely.

Admixture
Admixture analysis estimates ancestry using DArTseq SNP data and can be used to detect hybridisation
between groups. This analysis found five source populations for the Pultenaea samples (Figure 5A).
These were consistent with previous clustering of subpopulations along the latitudinal gradient and
limited gene flow over large distances (Figure 5B).

The southern subpopulations were primarily made up of source population 4; The P. villosa from
Scenic drive and P. parviflora had the same ancestral population as the other southern P. maritima
subpopulations, and the herbarium P. villosa had a combination of all five source populations. P.
maritima from Crescent head were unique once again, and the northern subpopulations were further
divided into three dominant ancestral populations. There is some evidence of mixing between
adjacent subpopulations, particularly in Bare bluff, Woolgoolga headland, Pebbly beach, and Evans
head sites (Figure 5A). This supports the hypothesis of gene flow between geographically close
subpopulations, and indicates cross breeding could be possible between groups despite moderate
pairwise FST (Figure 3). Strategic cross breeding could increase the genetic diversity and evolutionary
resilience in highly inbred subpopulations to improve the survival of the vulnerable species.
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Conclusions
This conservation genomics study highlights the following conclusions on the population structure and
health of Pultenaea maritima:
1. P. maritima tend towards highly structured populations, likely due to inbreeding from strong
self-preference and limited gene flow over distances greater than 100 km. This has led to drift
and consequently genetically distinct subpopulations (clustering in PCA and phylogenetic
network) and genetic isolation between northern and southern subpopulations (increased
pairwise FST). Despite this evident structuring, phylogenetic distance remains low between
subpopulations.
2. P. villosa collected from Scenic drive are not genetically different from southern P. maritima
subpopulations, and are likely the same species. Sampling of P. villosa sympatric to the
northern P. maritima populations is needed to conclusively determine if this group is a
prostrate form of P. villosa as originally suggested.
3. Historical P. villosa from the herbarium are genetically intermediate to the northern and
southern P. maritima groups, as shown by hybrid signature in the admixture analysis, PCA,
phylogeny, and low FST with all P. maritima subpopulations. This could indicate P. maritima
and P. villosa are the same species with subpopulations becoming genetically isolated due to
inbreeding and limited gene flow.
4. Admixture takes place between adjacent P. maritima groups, and facilitating further gene flow
between subpopulations could increase diversity and reduce the risk vulnerability of isolated,
drifted populations.
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Figures and tables

Figure 1: A) Location of study sites and Principal Component Analysis (PCA) of SNP data for Pultenaea
maritima and other Pultenaeas that are either sampled for this study (i.e., “wild sourced”) or
destructively sampled from the National Herbarium of New South Wales (i.e., “herbarium”). The PCA
is redrawn in C) to show how diversity varies along a latitudinal gradient (red is towards north and
blue is towards south). In (A), site labels are indicated in the map and an asterisk in a label highlights
that a herbarium specimen was collected at the site. In (B), the dotted circle consists of southern P.
maritima individuals from Boat Harbour, Hickson Street, Pinny Beach Headland and Terrigal Haven
and a subpopulation of P. villosa from Scenic Drive.
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Figure 2: Phylogenetic network of Pultenaea samples mostly clustered by site (shown as different
coloured clades). Note that the clade of P. villosa from Scenic drive (with a #) included a herbarium
specimen of P. maritima from Merewether Heights. All other herbarium specimens individually stood
out rather than belong to a clade. Locality information of each herbarium specimen is indicated in
Table 1.
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Figure 3: Pairwise distance and FST between Pultenaea subpopulations, presented as a scatterplot in
(A) and a heatmap in (B). (A) shows that geographic distance and genetic divergence are correlated
(Mantel test, r=0.667, p=0.001, permutations = 999). Orange dots in (A) indicate pairwise fst between
P. villosa and P. maritima subpopulations and show that pairwise relationship fit within the pattern
observed between P. maritima populations. In (B) Each collection subpopulation is labelled with
species initals and site initials (e.g. P. maritima at Evans Head is ‘PM: EH’; see Table 1 for more details)
and the subpopulations are ordered by latitude with the red bar to indicate subpopulations from the
north and blue bar to indicate subpopulations from the south.
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Figure 4: Pairwise Kinship analysis of Pultenaea samples. 92 specimens were studied in a pairwise kinship
analysis, and this resulted in the heatmap above consists of pairwise kinship coefficients displayed as colours:
Black (high Kinship; 0.4 or greater = clone), Dark Red (siblings) -White (no relationship). The descending BLACK
diagonal on the graph is the result of an individual matched with itself. Annotations at the bottom highlight:
“Subpop with kin” whereby only subpopulations with kinship detected are highlighted, “species” indicating the
name of the species and “group” to show whether individuals are from the northern (from Evans Head to
Crescent Head) or southern (Boat Harbour and south) group.

Most relationships (coloured squares) were detected in the northern group. Herbarium specimens were
included in this analysis but no relationship detected.
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Figure 5: A) Admixture plots of Pultenaea maritima and P. villosa grouped by subpopulation and ordered by latitude. B) Pie plots of Pultenaea admixture for
each subpopulation plotted geographically. Each collection subpopulation is labelled with species initals and site initials (e.g. P. maritima at Evans Head is
‘PM: EH’; Table 1).

Table 1: Summary of Pultenaea samples in this study. The genetic sample number is provided for each
destructively sampled herbarium specimen. The number of samples collected for each species from
each site is indicated as Total (n). Rows highlighted in grey are northern subpopulations of P. maritima
and other subpopulations of P. maritima that are highlighted are from the south.
Key

Species

Site

Wild sourced specimens for this study
PM: EH
P. maritima
Evans Head
PM: SH
P. maritima
Snapper Head
PM: PB
P. maritima
Pebbly Beach
PM: WH
P. maritima
Woolgoolga headland
PM: BB
P. maritima
Bare Bluff
PM: GB
P. maritima
Green Bluff
PM: M
P. maritima
Macauley
PM: CH
P. maritima
Crescent Head
PM: BH
P. maritima
Boat Harbour
PM: HS
P. maritima
Hickson Street walk
PV: SD
P. villosa
Scenic drive
PM: PBH
P. maritima
Pinny Beach Headland
PM: TH
P. maritima
Terrigal Haven
Herbarium specimens from the National Herbarium of NSW
P. maritima
Herbarium (Merewether Heights: NSW1154327)
P. parviflora
Herbarium (Shanes Park: NSW1169323)
P. villosa
Herbarium (Bargo: NSW1169331)
P. villosa
Herbarium (Thirlmere: NSW1169324)
P. villosa
Herbarium (Timbarra: NSW1169313)
P. villosa
Herbarium (Valla Beach: NSW1169318)
P. villosa
Herbarium (Vincentia: NSW1169329)

Total
(n)
6
6
6
7
9
12
5
10
6
6
5
6
1
1
1
1
1
1
1
1

Table 2: Diversity statistics for Pultenaea subpopulations including expected heterozygosity (HE),
observed heterozygosity (HO), inbreeding coefficient (FIS), and population size (n). Subpopulations
where n=1 are excluded. Rows highlighted in grey are northern subpopulations and the rest are
southern subpopulations.
Subpopulation
P. maritima: Evans Head
P. maritima: Snapper Head
P. maritima: Pebbly Beach
P. maritima: Woolgoolga headland
P. maritima: Bare Bluff
P. maritima: Green Bluff
P. maritima: Macauley
P. maritima: Crescent Head
P. maritima: Boat Harbour
P. maritima: Hickson Street walk
P. villosa: Scenic drive
P. maritima: Pinny Beach Headland

HO
0.1
0.107
0.085
0.156
0.152
0.125
0.091
0.138
0.116
0.107
0.121
0.137

HE
0.113
0.114
0.118
0.185
0.181
0.144
0.134
0.163
0.151
0.131
0.15
0.152

FIS
0.1
0.037
0.231
0.133
0.116
0.116
0.252
0.115
0.188
0.149
0.154
0.074

n
6
6
6
7
9
12
5
10
6
6
5
6
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