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Abstract: Paraserianthes lophantha subsp. lophantha (Leguminosae) is native to southwestern
Australia; but has become naturalized in eastern Australia and in countries around the world.
Previous studies have investigated the introduction sources for P. lophantha subsp. lophantha
overseas; but here; we expand on the knowledge of genetic patterns in its native and naturalized
range in Australia. Genetic patterns were examined using nine nuclear microsatellite loci and three
chloroplast DNA markers. The native populations exhibited phylogeographic patterns; including
north-south differentiation; and a genetic signal related to temperature gradients. Naturalized
Australian populations displayed lower overall genetic variation and no phylogeographic patterns.
Several naturalized populations separated by large distances (350-650 km) shared multi-locus
genotypes; supporting the notion of a shared source of germplasm and possible inbreeding due to
human-mediated introductions from a limited number of individuals and/or source populations
within the native range. We advocate that management strategies are tailored to the distinct
conservation aims underpinning conservation in native or naturalized populations. Within the native
distribution; management should have a long-term aim to replicate historical evolutionary processes;
whereas in naturalized populations; immediate actions may be required to reduce the abundance of
P. lophantha subsp. lophantha and minimize its invasive impact on the recipient vegetation
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1. Introduction

The evolutionary history of a species is determined by the spatially and temporally variable
environments they experience [1-3]. Interactions between the geographic distance, environment, and
random genetic processes generate geographically structured genetic patterns often associated with
climate cycles [4,5]. Species are dynamic entities whose abundance and distribution fluctuate over
time [6] as they adapt to changing or new environments [7]. The natural evolutionary trajectory of a
species begins with range expansion determined by the ability to disperse to new habitats, and
intrinsic genetic factors that allow adaptation to novel environments [6,8,9]. Eventually, a species
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may decline to a point where contraction and fragmentation of the geographic range disrupt
reproductive and evolutionary processes, resulting in local or absolute extinction [1,10].

The management of native species for biodiversity conservation is usually focused on in-situ
strategies that may incorporate genetic resources for activities including genetic rescue and
population augmentation [11,12]. However, the human-mediated dispersal of endemic species
beyond their native range, but within their country-of-origin, may create a considerable risk for
native biodiversity [13] and is an emerging management issue in Australia [14]. In recent decades,
human-mediated dispersal beyond a species’ natural capability has been the major factor underlying
the establishment of plant species outside their native ranges, and their rapid spread effectively
increases contemporary gene flow and global homogenization [15]. There are many examples of such
dispersal of non-native species for horticulture, agriculture, and forestry, which has contributed to
the establishment of both naturalized and invasive plants [16,17]. The anthropogenic alteration of
habitats has also enabled native species to expand their ranges into new environments [18]. Webber
et al. [19] introduced the concept of a projected dispersal envelope (PDE), defined as a region where
a species can be considered native, irrespective of whether human-mediated dispersal is implicated,
as distinct from movement outside a PDE to where a species’ presence can be considered ‘alien’. In
the second instance, there may be a need to control the abundance when the integrity of recipient
vegetation assemblages is at risk. Australian examples include an increasing number of documented
species naturalizing and hybridizing on occasion, even when recipient vegetation assemblages and
climate envelopes do not match those of the native range (e.g., [13,14,20]).

One such plant, Paraserianthes lophantha (Willd.) I.C.Nielsen subsp. lophantha (Leguminosae) [21],
is a fast-growing species related to the genus Acacia and a member of the rainforest mimosoid
legumes of the tribe Ingeae [22,23]. The other subspecies of P. lophantha, subsp. montana, is only
known to occur naturally in Indonesia and few herbarium records exist, all of which are dated 1972
or earlier [24,25]. Subspecies lophantha (referred to hereafter as P. lophantha for brevity) is endemic to
southwest Western Australia (SW WA), but has become invasive outside its natural range, both in
Australia and elsewhere. It grows naturally as a shrub to a medium-sized tree in a range of habitats
in SW WA, from open eucalypt forests to coastal shrubland, extending from the Bibbulmun Floristic
Province (BFP) eastward into the Southeast Coastal Province (SCP) [26-29]. It is most commonly
found in granitic soils and gravels in a sandy or loamy matrix [30]. Little is known about the
reproductive biology of P. lophantha, although plants are diploid (2n =26 [31,32]), and in keeping with
a short lifespan, exhibit fast growth rates with a tendency to flower within 12 months of germination.
Correlated mating, where a single pollen donor sires all seeds within a fruit, is common in mimosoid
legumes because pollen is dispersed in clusters (polyads) of 16 pollen grains [33-35]. Its seed is hard
coated, similar to the seed of its sister group Acacia [25], and can lie dormant in the soil for many
years, germinating prolifically after a fire [36]. Such a response can produce monospecific stands with
little age variation [25]. Its role as an ecologically and economically important taxon widely used for
reforestation and horticulture has prompted the intentional movement of plant material outside its
native range and inadvertently resulted in a need for management intervention to contain its spread,
which is facilitated by prolific seed production and the ability to transform its environment by fixing
nitrogen [37].

Despite a widespread natural distribution within SW WA, most native populations of P.
lophantha are relatively small and isolated (Pers. Obs.; [38]). Naturalization has occurred in Australia
outside its native range, predominantly in near-coastal areas of South Australia, Victoria, New South
Wales (plus Norfolk Is), and Tasmania [28,39,40]. Concern has been raised about its invasive potential
in Australia based on its high fecundity, horticultural popularity, and invasiveness in ecosystems
overseas [37,41,42]. Seeds have been spread unintentionally in contaminated soil and garden waste
[43] and human-mediated introduction into eastern Australia is indisputable based on the evidence
of explorers. For example, Ferdinand von Mueller, of the National Herbarium of Victoria (1857-1873),
provided packets of seed of P. lophantha to be planted as a marker of the route travelled [42]. However,
the degree to which the species colonized naturally or was introduced by humans, particularly to the
granitic islands within Bass Strait, is unknown, and the natural occurrence of P. lophantha on the
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islands off the coast of WA has also been questioned [28]. There is increasing concern about the
potential invasiveness given the rapid expansion of P. lophantha in its naturalized Australian
distribution because it has become a significant weed in South Africa, the Canary Islands, Chile, New
Zealand, Portugal, southern California, and South America [44-51].

The combined impact of human-mediated range expansion and changing climates raises
questions about the best way to reduce the negative effects on native biodiversity where native
species have established outside their native range (or PDE). Native and naturalized regions
generally have independent geographic patterns of genetic diversity, and elucidating these
contrasting patterns is integral to our understanding of species’ distributions and the possible
consequences of current climate change on plant movement and adaptation [7,52]. Information on
the genetics of native populations of P. lophantha and the origins of naturalized populations would
assist in tailoring management plans for each region, designed to maintain connectivity and
evolutionary processes in the native region compared to a reduction in competition with naturally
occurring species in the naturalized region. Several studies have investigated the genetic diversity of
P. lophantha [37,38,44,53]. Genetic structure has been identified in the native range of P. lophantha as
part of studies focusing on the population structure outside Australia [37] and adaptive responses to
novel ranges [38]. Phylogeographic patterns within Australia have not been explored in detail in P.
lophantha, but phylogeographic structure identified in SW WA in both plants (e.g., [5,54-56]) and
animals (e.g., [57-61]) has contributed to conservation in the region by enabling genetically informed
management.

The goal of this study was to investigate and compare the phylogeographic patterns of P.
lophantha within its native range in SW WA and in naturalized populations along coastal southeastern
Australia to guide conservation management strategies. Nuclear microsatellite markers and
chloroplast DNA sequence data were used to quantify genetic patterns and differences among native
and naturalized populations. We used assignment tests to evaluate the source of naturalized
populations and whether the timing of establishment could be attributed to recent human-mediated
introductions or older, natural dispersal events. Finally, the differential climate suitability for native
and naturalized populations was tested by examining associations between environmental variables
and genetic variation.

2. Materials and Methods

2.1. Sampling

One hundred and ninety-six individuals of P. lophantha representing 14 populations were
sampled from the SW WA (native) region of Australia (Figure 1). Native population sampling ranged
in size between one and 22 individuals per population, depending on the population size, and
included one metapopulation (RC) sampled from vegetative tissue from herbarium specimens of five
Recherche Islands off the southwest coast of Western Australia (Table S1). An additional 192 P.
lophantha individuals were sampled from the southeastern region of Australia, representing 11
naturalized populations (Figure 1). Naturalized population samples ranged in size from one to 24
individuals per population and included vegetative tissue from herbarium samples collected on five
islands off the southeast Australian mainland (Table S1). The growth and reproduction of P. lophantha
are important components to consider for sampling. A minimum distance of 2 m was used between
samples. The plant age could not be determined, but where there were multiple height cohorts, taken
as a proxy for age, each cohort was sampled.
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Naturalised

Figure 1. Dark gray areas show the broad extent of native and naturalized populations based on
herbarium records on The Australasian Virtual Herbarium from 1826 to the present day. Small white
circles show the location of sample sites. Approximate southwest Western Australia (SW WA) floristic
provinces as per [27] indicated for the natural range. Details on population codes (e.g., PR and YG)
can be found in Table 1.

2.2. DNA Isolation

Genomic DNA was isolated from silica dried leaves and herbarium specimens (Table S1) using
either the QIAGEN DNeasy Plant Mini Kit (QIAGEN Inc.,, Valencia, CA, USA) as per the
manufacturer’s protocol or the Nucleospin Plant II Kit (Macherey-Nagel) with Lysis buffer PL1 at the
Australian Genome Research Facility (AGRF, Adelaide, SA, Australia).

2.3. cpDNA Sequencing and Phylogeny

Three individuals per population, where possible, were randomly selected for amplification and
sequencing three cpDNA loci. PCRs for all amplifications were run on an Eppendorf Mastercycler
gradient thermal cycler. The intergenic spacers rpl32-trnL and trnQ-5'rps16 were amplified using
primers from Shaw et al. [62]. The 5'trnK-matK region was amplified using primers trnK-3914 [63]
and Ac283R [64]. PCR conditions used for rpl32-trnL and 5'trnK-matK were 94 °C for 4 min; 30 cycles
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of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 2 min; and one hold of 72 °C for 7 min. PCR conditions
used for the trnQ-5'rps16 intergenic spacer were those of Shaw et al. [62].

Contiguous sequences were edited using SequencherTM v3.0 (Gene Codes Corporation, Ann
Arbor, MI, USA) and manually aligned in BioEdit sequence alignment editor v.7.0.9.0 [65] for all
regions separately. Sequences were lodged with GenBank (MW202048-MW202094, MW202095-
MW202149, MW219976-MW220031). Any uncertain base positions and highly variable regions with
uncertain sequence homology were excluded from analyses. Data sets for each chloroplast region
were first analysed independently. As the results were not in conflict, the final analyses were
performed based on a dataset of the three regions combined.

Phylogeny reconstruction was conducted using Bayesian analysis of the combined dataset in
MrBayes 3.2.2 on the CIPRES Science Gateway v.3.3 (http://www.phylo.org/index.php/). The
appropriate model (GTR) was estimated by the Akaike Information Criterion (AIC) in MrModeltest
version 2.3 [66] and was applied to the sequence data. Five indel characters, coded as binary or
unordered multistate characters following the simple indel coding method [67], were included as a
separate partition and a standard discrete data model with a gamma shape parameter was applied
to this partition. The Markov chain Monte Carlo search was run for three million generations, with
trees sampled every 1000 generations. MrBayes performed two simultaneous analyses starting from
different random trees (Nruns = 2, Nchains = 4) and using the default burn-in percentage (relburn-in
= Yes burn-infrac = 0.25). All trees (excluding the trees from the burn-in) were summarized and the
50% majority rule tree (clade credibility tree) with posterior probability values was viewed in iTOL
[68].

2.4. Microsatellite Amplification and Screening

Nine microsatellite loci found to be polymorphic in P. lophantha [69] were amplified using the
Schuelke [70] method. Six of these loci were developed specifically for P. lophantha ([69]: Plop4, Plop6,
Plop8, Plop11, Plop12, and Plop18) and three for species of Acacia ([71]: Am465; [72]: As2.17, and
As2.46). Each 25 pL reaction contained 5 pL of HotStar Taq master mix (QIAGEN), 0.15 pL of 10 uM
forward primer with a tail, 0.5 uL of 10 uM reverse primer, 0.2 pL of fluorescently labeled ‘M13' primer,
1-11 ng of DNA, and H2O. The following PCR program was used: 95 °C for 15 min; followed by 30
cycles at 94 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 30 s; and a final elongation step at 72 °C for 10
min. PCR products were run on a 3730 DNA Analyzer (Applied Biosystems) with a GS500LIZ_3730
size standard. Allele sizes were determined for each locus using PeakScanner version 1.0 (Applied
Biosystems). Individuals with missing data for more than two microsatellite loci were removed from
the dataset prior to analysis.

2.5. Genetic Analyses

Polyads of P. lophantha contain 16 pollen grains [73]. This reproductive feature could promote
genetic structure, especially if full siblings are contained in an individual pod and recruit into a
population [35,74-76]. The removal of siblings is not always considered necessary to circumvent bias
in downstream analyses [77], but we identified siblings in order to test the effect of including or
excluding siblings within populations. To test whether correlated mating could influence our genetic
structure results due to the non-independence of genotypes, we used COLONY v 2 [78] to identify
full-sibling groups within the dataset. The following settings were used: Polygamy for males and
females; monoecious; genotyping errors estimated at 0.05%; and allele frequencies updated every
1000 permutations. Five replicates were used to check for the convergence of estimates. Based on
COLONY results, a second reduced dataset was prepared, limiting siblings by including any
individuals not members of a sibling group and one representative of each sibling group present in
a population.

Genetic diversity parameters, including the mean number of effective alleles (Ne), estimate of
observed heterozygosity (Ho), estimate of expected heterozygosity (He), and Wright's inbreeding
coefficient (Fis), were calculated in GenoDive or Hierfstat with and without multiple siblings per
population. An analysis of molecular variance (AMOVA) was performed in GenoDive v2.0b27 [79]
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on the full and reduced (limited siblings) datasets, and a further reduced dataset was produced where
populations with n <2 were removed, in order to examine the distribution of genetic variation within
and among populations and between native and naturalized regions. The significance of the
estimates was tested using 9999 permutations of the data. Isolation by distance tests were performed
in the Adegenet v1.4-0 [80] package in R v 3.0.3 [81], using the mantel.randtest argument to
independently test within native and naturalized ranges. This measures the correlation between the
Edward’s distances and Euclidean geographic distances between populations, and tests whether the
empirical data are significantly different from the data set in the absence of spatial structure through
1000 permutations.

A discriminant analysis of principal components (DAPC) was performed using Adegenet v1.4-
0 [80,81] to investigate the population and regional structure. DAPC aims to provide an efficient
description of genetic clusters using synthetic variables, with the advantage that there is no
assumption of random mating (i.e., Hardy—Weinberg equilibrium). The variables are constructed as
linear combinations of the original variables (alleles) which have the largest between-group variance
and the smallest within-group variance. Each eigenvalue created in the DAPC explains some variance
in the PCA and the number of eigenvalues kept for the analysis will increase the cumulative variance
explained. First, we calculated the differences between the two regions (native and naturalized), and
then estimated the number of genetic clusters within the native populations using the directions
within Adegenet documentation. Using this information, we visualized the genetic structure in a 2D
PCA-like plot and employed this information to assign clusters to the individuals from naturalized
populations (see below; Section 2.6 for details).

The program STRUCTURE v 2.3.1 was used to run the Bayesian model-based clustering method
described by Pritchard et al. [82] using the admixture model with a correlated allele frequency to
improve the clustering of closely related populations [83]. After preliminary tests were conducted to
find the optimal burn-in period, we performed 15 independent runs for each value of K from one to
14 on all individuals, limited siblings, and for native (SW WA) individuals (all and limited siblings).
Runs had a burn-in period of 100,000 iterations, followed by a sample of 900,000 Markov chain
iterations. We used the Evanno method [84] in STRUCTURE HARVESTER [85] to determine the most
appropriate number of clusters for the data. We then used CLUMPAK [86] to combine the results
obtained from the 15 runs at each K and visualize the membership in clusters.

2.6. Assignment of Naturalized Individuals

Individuals of P. lophantha from naturalized areas in southeastern Australia (including islands)
were assigned to the eight genetic clusters identified by DAPC in the native populations. To do this, we
used the predict function to estimate a probability of assignment for each naturalized individual. We
used image.plot from the fields v 10.3 package to visualize the assignments. The plot consisted of genetic
clusters on the x-axis and naturalized individuals on the y-axis, with probability scores ranging from 0
(highly unlikely) to 1 (highly likely) for each combination (individual x cluster; 99 x 8).

2.7. Relationship between the Genetic Structure and Climate for Natural and Naturalized Populations

A Redundancy Analysis (RDA) in the R package Vegan [87] was used to identify differences in
genetic-climate associations between the populations in native and naturalized regions. We
calculated the relationship between precipitation, temperature, and genetic variation using climate
data from worldclim: mean annual precipitation (BIO12); maximum temperature of the warmest
month (BIO5); and isothermality (BIO3). Pearson’s correlation coefficient (PCC) was used to calculate
the similarities between the three environmental variables, in order to ensure their independence and
appropriateness for the analysis. PCC ranged from 1 (total positive correlation between the two
variables) to -1 (total negative correlation). Population-level allele frequencies were the dependent
variable used as the genetic data. To test the relationship between genotype and climate, we used the
function rda on the genotypic data, and then fit the climate data to the genotype data using the envfit
function employing 999 permutations. The results allowed us to compare how the genetic variation
of the native and naturalized regions is differentially related to the climate.
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3. Results

3.1. cpDNA Phylogeny

Many western individuals (GS, BD, VT, and WD in part, GR; see Table 1 for population codes)
formed an unresolved polytomy, along with an eastern individual from PN (Figure 2; PN = Pearson
Island, South Australia). Two western clades had moderate support; one grouping all BH and PO
individuals (0.88 PP), and one including all DR and MA individuals (0.81 PP). A very weakly
supported clade (0.52 PP) of WD (two of the three sampled individuals), SR, and MR (western), was
related to a pair of YG individuals (0.98 PP) and three individuals from PR (eastern; 0.54 PP, Figure
2). All eastern individuals, except those noted above, formed a well-supported clade (PP 1.0) that also
included three individuals from the west: RC; CA; and one individual from YG (Figure 2).
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Figure 2. cpDNA Bayesian phylogeny. Unrooted tree with posterior probabilities shown for each
clade. Individuals are labeled with their population (as in Table 1); those given in blue are native and
those in green are naturalized.

3.2. Assessment of the Genetic Diversity

The microsatellite dataset consisted of 289 samples from 24 populations. The sole representative
from PN, sampled from a herbarium specimen, had insufficient microsatellite data, so was only
included in the cpDNA phylogeny. In total, 83 microsatellite alleles were detected from nine loci. The
reduced dataset, comprising one representative of each sibling group present in a population and all
individuals not members of a sibling group, consisted of 199 samples. Summary statistics are
provided for the full dataset and for the reduced dataset in Table 1. Population information and
genetic diversity for 14 native and 10 naturalized populations of Paraserianthes lophantha. N = number
of individuals, Ne = number of effective alleles, Ho = observed heterozygosity (bold = Ho < He), He =
expected heterozygosity, and Fis = Wright's inbreeding coefficient. When considering all samples, the
number of effective alleles (Ne) ranged from 1.15 (DR) to 3.28 (RC) in native populations, compared
to 1.10 (EP) to 1.71 (WG) for naturalized populations. The observed (Ho) and expected heterozygosity
(He) for native populations (0.00-0.44 and 0.08-0.67, respectively) had a greater range than Ho and
He for naturalized populations (0.06-0.28 and 0.06-0.35, respectively). Fis was high in most native
populations, with only two having an Fis value < 0.25 (BD and MR), whereas Fis varied greatly in
naturalized populations, ranging from —1.00 (CI) to 0.50 (WR), and supported high heterozygosity in
four out of eight naturalized populations where Fis values were negative.
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Table 1. Population information and genetic diversity for 14 native and 10 naturalized populations of
Paraserianthes lophantha. N = number of individuals, Ne = number of effective alleles, Ho = observed
heterozygosity (bold = Ho < He), He = expected heterozygosity, and Fis= Wright's inbreeding coefficient.

All Individuals No Siblings in Populations
Popn Location N Ne Ho He Fis N Ne Ho He Fis
Native
BD Boranup Drive 20 2305 0389 0469 0.178 18 2308 0.382 0476 0.192
BH Boat Harbour 20 1457 0.211 0.28 0.245 3 1.441 0241  0.333 0.195
CA Cape Arid 1 - 0.444 - - 1 - 0.444 - -
DR Donnelly River 18 1.148 0 0.106 1 18 1.148 0 0.106 1
GR Graphit Rd 2 1267  0.056 0.25 0.5 2 1.267 0.056 0.25 0.5
GS Gingilup Swamp 20 131 0.081 0.176 0.35 1 - 0.222 - -
MA Manjimup 1 - 0.22 - - 1 - 0.222 - -
MR Morangup Reserve 21 1167  0.073  0.078 0.023 21 1.167 0.073  0.078 0.023
PO Porongorups 2 1.667 0 0.667 1 2 1.667 0 0.667 1
RC Recherche Islands 5 3277 0444 0.658 0.35 5 3.277 0444  0.658 0.35
SR SerpentineRiver 155 o9g 0195 0341 0429 19 2098 0195 0341 0429
National Park
VT Van Tripp Rd 20 1.303 0119 0.196 0.376 1 - 0.111 - -
WD Wellington Dam 19 1302 0.093 0.187 0.313 19 1.302 0.093 0.187 0313
YG Yallingup 21 1293 0.071 0.191 0.745 2 1.881 0.167  0.722 0.714
Naturalized
CI Craggy Island 2 1125 0125 0.063 -1 1 - 0.125 -— -—
DT Devil’s Tower 1 -— 0.25 -— -— 1 -— 0.25 --- ---
EP Eyre Peninsula 17 1.097  0.059 0.074 0.43 17 1.097 0.059  0.074 0.43
KI Kangaroo Island 24 1243 0218 0.137 -0.245 24 1.243 0218  0.137  -0.245
LE Lakes Entrance 8 1352 0278  0.173 -0.591 8 1.352 0278 0173  -0.591
PI Phillip Island 7 1521 0238 0294 0.068 7 1.521 0238 0294  0.068
PR Pudney’s Rd 4 1258 0188  0.141 -0.3 1 - 0.143 - -—
RI Rodondo Island 1 - 0.125 - - 1 - 0.125 -— -—
WG Waterfall Gully 16  1.705 0.22 0.353 0.3 6 1.665 0259 0439 0278
WR Wye River 20 1479 0157 0.271 0.498 20 1.479 0.157 0271 0.498

Genotyping of the 289 individuals produced 192 multi-locus genotypes (MLGs), 31 of which
were found more than once. Clonality has not been observed in the species and is not considered an
explanation for recurrent MLGs. The limited number of microsatellites used and possible biparental
inbreeding may have reduced our ability to differentiate between some closely related individuals,
such as siblings. Recurrent MLGs were only shared across populations in the naturalized region,
where six MLGs were found in more than one of five populations. Of those, three MLGs were missing
data for one locus (Am465). For example, individuals from KI shared five MLGs with individuals
from populations WR and LE, but two MLGs were missing data for the locus Am465. The other MLG
shared across populations was found on CI and RI in Bass Strait, but those individuals were also
missing data for Am465. Recurrent MLGs (i.e., those found in different populations) were retained
for analysis to estimate similarities between populations (Table S2 for details).

3.3. Sibling Assessment

Siblings made up a high proportion of samples. From the full dataset of 289 individuals, 103
were assessed as belonging to one of seven sibling groups, with a probability of inclusion > 0.80
(Groups 1-7; Table S3). An additional 174 samples were identified as belonging to another five sibling
groups (Groups 8-13; Table S3); however, the probabilities of inclusion (<0.45) and exclusion (<0.21)
were too low for them to be considered full siblings. Therefore, a reduced data set (n = 199) for
analysis included one representative of each population from Groups 1-7, plus all other individuals
(i.e., all those in Groups 8-13 and all those not assigned to a sibling group). Four full sibling groups
(Groups 2, 3, 4, and 7) were restricted to single populations (GS, PR, BD, and WG), while the
remaining three full sibling groups included individuals from more than one population. Group 1
shared individuals from the three Bass Strait islands (CIL RI, and DT). Groups 5 and 6 shared
individuals across native populations: BH and PO, and BD, BH, YG, and VT, respectively.
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Significant genetic structuring among regions, among populations, and within populations was
indicated by the AMOVA for the full data set (p <0.002 for all sources of variation). Most microsatellite
variation was explained by differences among populations (44%), while 28% of the variation was
explained by region (native vs. naturalized), and 29% within the populations. The removal of siblings
did not have a large effect on the amount of variation explained in the data, with among populations
accounting for 38% of the variation, within populations accounting for 31% of the variation, and among
regions accounting for 31% of the variation (Table 2). The removal of populations with n < 2 did not
change the outcome of the AMOVA (Table S4). Isolation by distance (IBD) was significant for the native
populations (p <0.001), but not the naturalized populations (p = 0.181).

Table 2. Results of hierarchical analysis of molecular variance (AMOVA) based on Fst for populations
of P. lophantha for all samples and for the reduced dataset.

M Esti
Source df Sums of Squares ean Sum stlfna‘ted % Variation  p Value
of Squares Variation

all samples (n =289)

Among Regions 1 425.66 425.66 2.897 27.7 0.001
Among Pops 22 1262.504 57.387 4.578 43.7 0.001
Within Pops 265 792.864 2.992 2.992 28.6

reduced dataset (n = 199)

Among Regions 1 355.749 355.749 3.089 31.3 0.001
Among Pops 22 697.671 31.712 1.921 379 0.001
Within Pops 175 532.444 3.043 2.863 30.8

3.4. Cluster Analysis and Assignment of Naturalized Individuals

DAPC analysis showed distinct genetic signatures between native and naturalized regions with
minimal overlap, which was able to explain 98% of the variation (Figure 3a). When looking at the
variation among native populations, we found that they were grouped into eight genetic clusters,
with 58.2% of the variation explained by the two DAPC axes (Figure 3b). While admixture occurred
within some populations (MR, SR, WD, and BD), low levels of admixture were evident for several
other populations, particularly YG, VT, GS, GR, and BH (Figure 3c). The assignment of naturalized
individuals to native clusters (Figure 3d) revealed that native populations belonging to clusters 1, 2,
4, and 7 are unlikely to be the origin of naturalized plants found in eastern Australia. However,
cluster 3 (populations BD/RC) and cluster 8 (population VT) exhibited a greater genetic similarity to
individuals in the naturalized populations. A smaller proportion of naturalized individuals were
assigned to the cluster of admixed populations MR, SR, and WD.
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Figure 3. Discriminant analysis of principal components (DAPC) reveals genetic structuring at the

regional and native population levels, while also revealing sources of genetic material for the

naturalized populations. (a) Differences in the structure and amount of genetic variation between

native and naturalized populations. (b) Genetic differences between native populations explaining

58.2% of the variation (x-axis: 37.2%; y-axis: 21.0%). (c¢) For the native populations, individual

probabilities of the eight genetic clusters, where each bar represents an individual and the y-axis is

the probability, with 0 at the bottom and 1 at the top. (d) Probabilities of assignment of naturalized

individuals to native genetic clusters, with naturalized populations on the y-axis and genetic clusters

on the x-axis. Genetic cluster colors for a, b, and c indicate the same clusters, and shapes for b and ¢

are the same.

STRUCTURE identified an optimal K value of seven (K =7) for all individuals, three (K = 3) for
the dataset with limited siblings (Figure S1), and four (K = 4) for the native (WA) individuals (Figure
4) . STRUCTURE results for all individuals (i.e., with siblings) were congruent with DAPC results,
showing distinct genetic signatures for the native and naturalized regions and similar genetic
clustering in the native range, despite identifying fewer genetic clusters (Figure 4; Figure S1). Native-
only clusters were largely correlated with geographic areas consistent with the IBD results.
Admixture was evident within populations BD, DR, GR, MA, and YG, but largely absent from
populations MR, SR, WD, VT, GS, BH, and RC. Three clusters recovered with STRUCTURE,
comprising GS (green), BH (orange), and VT (purple), were also identified from DAPC (Figure 3),
whereas populations MR, SR, and WD displayed admixture in DAPC, but not STRUCTURE.
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Figure 4. STRUCTURE analysis identified an optimal value of K = 4 when only all native (WA) samples
were included.

3.5. Relationship between the Genetic Structure and Climate

RDA analysis (Figure 5) shows the relationship between three independent climate variables
and the genetic structure of native and naturalized populations. The regions not only have different
genetic signatures but also have different relationships with the climate variables selected. However,
the two native populations that overlap with the naturalized populations (CA and RC; to the right of
the center line) are the most easterly native populations and are located at least 500 km from the other
sampled native populations. Most of the genetic variation (84.8%) within the species can be explained
by and is highly correlated with the three climatic variables of the mean annual precipitation (BIO12,
p =0.017, 12 = 0.61), maximum temperature of the warmest month (BIO5, p = 0.001, r? = 0.32), and
isothermality (BIO3, p =0.097, r2 = 0.20). Based on significance, BIO5 was the most predictive climate
variable for genetic variation.

WA
. BIO1 Ki
: Al
S L&
o
<<
e T
o
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RDA1 (58.1%)

Figure 5. Redundancy analysis with the mean annual precipitation (BIO12), maximum temperature
of the warmest month (BIO5), and isothermality (BIO3). Individuals are labeled with their population
(as in Table 1). Arrow length indicates the magnitude of variation explained (1?) for each climate
variable (BIO12, p = 0.017, r> = 0.61; BIO5, p = 0.001, r?> = 0.32; BIO3, p = 0.097, r? = 0.20).

4. Discussion

This study reports on differences found in the genetic signal and relationships between climate
variables of Australian P. lophantha for native and naturalized regions and significant isolation-by-
distance (IBD) within the native region, but not the naturalized region. However, within both regions,
individual populations showed contrasting levels of genetic diversity and population structure that
most likely reflect disparate gene flow rates, population history, and propagule sources. Differences
between regions are consistent with generally limited dispersal restricting gene flow in native
populations compared to opportunistic gene flow into naturalized regions due largely to recent
human-assisted migration. Correlated mating and biparental inbreeding, attributable to the dispersal
of pollen within potentially single-sire polyads, and population demography are likely to have
contributed to the variable patterns seen in both regions, where some populations consisted of a large
number of siblings (native: BH, GS, VT, and YG; naturalized: PR and WG).
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4.1. Inbreeding and Allelic Diversity

Pollen in P. lophantha and its relatives (e.g., Acacia and Albizia) occurs in polyads, thus enabling
a single pollen donor to be capable of siring all seeds within a single fruit [33,88]. This reproductive
characteristic increases the chance that full siblings are contained in an individual seed pod [35,75]
and the likelihood that individuals within populations have a high level of genetic similarity due to
non-random mating. This could account for the low number of effective alleles and the high inbreeding
values (Fis) found in this study. More native than naturalized populations appear to be inbred (90% vs.
50%, respectively), with differences likely to be influenced by the level of human-assisted migration of
mixed source seed to the naturalized region. Inbreeding has been detected in other studies of P.
lophantha [37] and related taxa [34,89-96]. Many species of mimosoid legumes are self-incompatible, or
if self-compatible, preferentially outcross which results in higher pod yields from outcrossed
pollinations [97-100]. We cannot rule out the possibility of selfing or biparental inbreeding within the
species contributing to the different levels of inbreeding we found between native and naturalized
populations.

Comparing only those populations for which Ho and He can be calculated for datasets with and
without multiple siblings, Ho was lower than He in all native populations except MR, whereas this
was the case in only half the naturalized populations. All populations of P. lophantha lack allelic
diversity, irrespective of their location. Allelic diversity has been shown to be a good indicator of
long-term adaptive potential [101], but the success of P. lophantha outside its native range suggests
that there are other influences at play. For example, the reduced seed predation and higher seed
viability found in the naturalized range in Australia has been proposed as an indication that invasion
success is most strongly associated with the germination stage of the life-cycle [102]. More generally,
contemporary adaptation to climatic conditions in a new environment [103] or escape from biological
constraints present in the native range [104] may bestow considerable flexibility in P. lophantha’s
naturalized range.

4.2. Phylogeographic Patterns of P. lophantha within Its Native Range in Australia

In the forests of the Bibbulmun Floristic Province (BFP) of southwest Western Australia (SW
WA), populations of P. lophantha are geographically structured and reveal a genetic signal that
follows temperature and geographic gradients aligned with IBRA7 (sub)regions [105]. Many studies
from southwestern Australia indicate that the genetic structuring in the broad SW WA region has
been largely shaped by climatic fluctuations that varied with phytogeographic location during the
late Pliocene and Pleistocene. Today’s predominantly sclerophyllous SW WA flora evolved from old
lineages in isolated pockets on nutrient-deficient soils in landscapes dominated by rainforests that
are now locally extinct [29]. Climatic structuring can be indicative of patterns of local adaptation
[106], and geographically-correlated genetic differences have been reported for several plant and
animal species in SW WA [59,61,107,108]. The significant patterns of IBD in Western Australian
populations is in contrast to the results of Thompson et al. [37], who found no evidence of IBD in P.
lophantha. However, the current study included a broader sampling of individuals from the native
range, with 196 individuals from 14 populations compared to 70 individuals from 7 populations [37],
which may explain the different results.

The three most northerly populations of P. lophantha (MR, SR, and WD) are more similar to each
other and appear to be isolated from southern populations with minimal admixture [37]. The
presence of northern and southern lineages has been documented in other SW WA plants, e.g.,
Corymbia calophylla [109] and Calothamnus quadrifidus [107], where conditions have led to historical
disjunction and a generalized restriction of gene flow. The metapopulation dynamics of populations,
including turnover, often small size, and potentially establishment or expansion with related
individuals, is likely to have contributed to the further structuring we identified amongst the
southern populations. These observations are consistent with the findings of Broadhurst et al. [110],
who found that differentiation in Australian species was strongly influenced by the species
abundance and disjunction, with higher than average population differentiation in species with
patchy distributions and/or disjunct occurrences.
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For the southerly SW WA populations of P. lophantha, the genetic structure is largely geographic.
Population GS was clearly differentiated from the others in the DAPC, possibly due to isolation-by-
environment (precipitation and soil type) rather than distance, as it is found in a swampy area and is
no more geographically isolated than other populations in the south. In the very southwest corner,
populations YG, VT, and BD are geographically close (c. 60 km), yet are genetically differentiated
from each other. YG has a composite genetic signal, which has been found in other plant species in
the area, for example, in Corymbia calophylla, three haplotypes [109] and strong signals of adaptation
to temperature were identified [111], and in two species of Stylidium (S. affine and S. lateriticola)
outliers occur on the granite of Yallingup (Wege, pers. comm.). This area sits on one of the youngest
sediments in SW WA [112], in a complex area where three biogeographic regions (Jarrah Forest, Swan
Coastal Plain, and Warren) meet [105].

The southwest coast genetic cluster containing populations BH and PO is located close to where
the BFP and Southeast Coastal Province (SCP) meet [27]. This area was hypothesized to be a refugium
in the Pliocene and Pleistocene [58,107], but there is no evidence of this in P. lophantha. However, in
another proposed refugial area sitting on the oldest geology in SW WA [58], populations DR, MA, and
GR form a cluster in DAPC and contribute to the genetic admixture of populations YG, BD, and RC.

In its native range, the most easterly SW WA populations of P. lophantha (CA and RC) are found
in the Esperance district [27], where a gap of several hundred kilometers separates them from the
nearest known westward individuals [27,113] (BH and PO). Vegetation within the gap is floristically
more similar to inland areas where P. lophantha is not known to occur, so the area may be a historical
barrier to gene flow (Figure 9 in [27]). The few phylogeographic studies of SW WA species with
distributions extending to Esperance have shown the area to be genetically distinct [61,107]. In
contrast, P. lophantha from near Esperance exhibits relationships to other native populations
(microsatellites) and also to the naturalized populations (cpDNA; Figure 2. ¢cpDNA Bayesian
phylogeny. Unrooted tree with posterior probabilities shown for each clade. Individuals are labeled
with their population (as in Table 1); those given in blue are native and those in green are
naturalized.). While the habitat is similar to other native populations found on granite geology, the
climatic variables overlap with the naturalized populations so it is uncertain whether the presence
of P. lophantha in the Esperance region could be considered an example of movement outside the
species PDE.

4.3. Genetic Diversity of P. lophantha in the Naturalized Range in Australia

The overall genetic variation in the naturalized populations of P. lophantha in Australia is lower
compared to the native populations as previously reported [37,38] and there is a distinct but different
genetic signal related to climate variables in the naturalized region. However, in contrast to
Thompson et al. [37], the observed heterozygosity was less than expected in half of the naturalized
Australian populations in this study. The difference between studies could be due to our greater
sampling depth across a wider geographic range within Australia, compared to Thompson et al. [37],
who compared naturalizations across the world. Four of the largest naturalized Australian
populations showed remarkably little genetic differentiation (EP, KI, WR, and LE; Figure S1) and
three of these (KI, WR, and LE) share MLGs, despite considerable geographic distances between the
populations (350-650 km). The genetic structure and higher observed heterozygosity may indicate
that the populations have not yet reached genetic equilibrium [114] and therefore may be in a
transient state [115]. These results are consistent with a recent bottleneck [38] if the naturalized
populations were established from a small number of founders from few source populations in
Western Australia (Figure 3d; [37]) and/or the movement of genetically similar germplasm within the
naturalized range.

The genetic structure within the naturalized Australian region is best explained through recent
human-mediated introductions but the only evidence we have found for P. lophantha being
deliberately introduced into eastern Australia are reports of Ferdinand von Mueller encouraging its
planting by distributing packets of seed [42]. However, the assignment of naturalized plants in
Australia to native populations in two areas— VT and BD (clusters 3 and 8, Figure 3d) found near the
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west coast and GR and DR (cluster 6, Figure 3d) located close to each other more centrally —suggests
that seed may have been moved via shipping routes. Both areas in the native region have a history
of built structures (from c. 1880) to facilitate the movement of people and goods [116], and sealers’
settlements were established in eastern Bass Strait from 1798 as part of a shipping route between
Western Australia and Sydney [39]. The difference in the relationship to climate variables of
naturalized and native regions also supports the anthropogenic movement of P. lophantha beyond its
natural dispersal envelope. While the most parsimonious explanation of dispersal is human-
mediated, there is still a chance that P. lophantha seeds travelled to the islands naturally via sea
currents and/or animal vectors. Seeds of Acacia melanoxylon have been reported to germinate after 10
years of being submerged in sea-water [117], and with a similar biology, P. lophantha may also be able
to germinate after long periods of submergence while travelling long distances [118]. However,
dispersal of mixed source seed and its establishment at all these locations would be required for the
genetic characteristics we identified, and we consider that an unlikely scenario. Individuals sampled
from the three Bass Strait islands (CI, DT, and RI) are linked to the western coastal cluster (BD), so
our data do not support the hypothesis of Carlyon et al. [40] that P. lophantha is native to Rodondo
Island (RI), Bass Strait.

4.4. Genetic Implications for Conservation and Management

The difference in genetic signals between the naturalized and native range in Australia is
consistent with recent human-mediated movement and the establishment of P. lophantha in eastern
Australia beyond its projected natural dispersal envelope. This is a concern for naturalized Australian
regions where natural constraints on expansion may be absent and disturbance such as fire may
enhance recruitment at the expense of other species [104]. The dominance and effect of P. lophantha
on the integrity of recipient vegetation communities in the naturalized range but not the native range,
highlight the need for a different approach to conservation and management in the two regions. For
example, P. lophantha responds favorably to fire, which has been found to promote the spread of the
species in SW Europe over the native vegetation [36]. This is a concern for its management in
naturalized Australian regions that are prone to fires, particularly as young seedlings cannot be
distinguished from native species of Acacia (M. O’Leary, pers. comm.).

The patterns of diversity in the native range of P. lophantha reflect the species’ evolutionary
history. Therefore, an evolutionarily-based approach to conservation is recommended within the
native range, where the emphasis should be placed on maintaining current levels of variation and
conserving ongoing evolutionary processes [6,119]. Rossetto et al. [120] found substantial differences
in the landscape genetics of five co-distributed naturally-occurring species of Acacia and
demonstrated the importance of species-specific genetic and environmental data for obtaining
evolutionarily representative germplasm for restoration. Ongoing habitat modification from climate
change across SW WA has already caused massive forest dieback [121] and these outcomes
undoubtedly create contemporary patterns of gene flow that are different from historical patterns.
This is important because genetic connectivity is crucial to the future-proofing of species [120].
Therefore, we conclude that intervention may be required to maintain effective landscape-level
connectivity and the ability of the species to respond to environmental change in the native range.
This approach is in contrast to the management of naturalized populations where negative impacts
of invasiveness need immediate attention and control by deploying strategies that prevent spread,
establishment, and persistence (including the soil seedbank) and result in the protection of the
recipient ecosystems and their services, but not P. lophantha [36,41]. The results of this study
demonstrate the complexity of managing species that have become naturalized outside their native
distribution. Improved environmental data will be a valuable addition for future management. In the
meantime, balancing competing land uses will become more frequent as humans continue to alter
ecosystems, resulting in dichotomous management strategies for one species within geopolitical
boundaries.
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Supplementary Materials: The following are available online at www.mdpi.com/1424-2818/12/11/422/s1: Figure
S1: STRUCTURE analysis on native and naturalized samples. (a) K =7 when all samples included and (b) K=3
when no sibs. included (as per colony analysis); Table S1: Accession numbers and population codes (from Table
1) of sampled herbarium specimens and representative specimens of each population lodged from field
collections. Detailed specimen data are available from the Australasian Virtual Herbarium
(https://doi.org/10.26197/ala.6131e24d-bdf2-4c98-a487-dd6390da3c15); Table S2: Multi-locus genotypes (MLGs)
shared across populations; Table S3: Sibling groups identified by colony. Groups 1-7, Pr > 0.80 (full sibs.);
*Groups 8-13, Pr < 0.8; Prob(incl.) = probability of inclusion in group; Prob(excl.) = probability of exclusion from
the group; nSibs = individuals per sib. group; nPopn = total num.; Table S4: Analysis of molecular variance
(AMOVA) of all samples with small populations (n=1 or 2: CA, GR, MA, PO, CI, DT, and RI) removed.
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