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Abstract

Habitat loss and fragmentation are critical threats to biodiversity. Consequent decreases in population size and connectivity
can impact genetic diversity and, thus, future adaptability and resilience to environmental change. Understanding landscape
patterns of genetic diversity, including patterns of adaptive variation, can assist in developing conservation strategies that
maximise population persistence and adaptability in the face of environmental change. Using a reduced-representation
genomic approach, we investigated genetic diversity, structure, and adaptive variation across an aridity gradient in the
woodland forb Arthropodium fimbriatum. Moderate levels of genetic diversity (H¢=0.14-0.23) were found in all 13 sampled
provenances. Inbreeding varied among provenances (F;3=0.08-0.42) but was not associated with estimated population size.
Four genetic clusters were identified, including one highly differentiated cluster. Higher pairwise F¢; (0.23-0.42) between
the three provenances of this cluster and the remaining 10 provenances (pairwise Fg; between 10 provenances 0.02-0.32)
suggested two highly divergent lineages or potentially a cryptic species. After excluding the three highly differentiated popu-
lations, outlier and genotype-environment association analysis identified 275 putatively adaptive loci suggesting genomic
signatures of climate adaptation in A. fimbriatum is primarily associated with changes in aridity. Combined, these results
suggest that all provenances have conservation value, contributing to the maintenance of genetic diversity and adaptive varia-
tion in this species. The uncovering of a potential cryptic taxon highlights the power of genomics approaches in conservation
genetics and the importance of understanding the role of landscape variation shaping genetic variation to effectively define
conservation management units in an era of rapid biodiversity decline.
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Introduction

Habitat loss and fragmentation are among the leading threats
facing species and their populations (Young et al. 1996;
Honnay and Jacquemyn 2007; Leimu et al. 2010; Aguilar
Rebecca Jordan and Meridy Price have contributed equally. et al. 2019). Such landscape changes can be further com-
pounded by the ongoing pressure of climate change that is
already affecting species and their ecosystems (Parmesan
2006; Scheffers et al. 2016). These threats can impair the
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niche through migration or adapt via genetic changes, or per-
sist in the altered environment by individuals adjusting their
phenotype (plasticity) (Aitken et al. 2008; Hoffmann and
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Sgr6 2011). Given their sessile nature and often slow dis-
persal rates, range shifts in plants are unlikely to keep pace
with ongoing climate change (Corlett and Westcott 2013),
and may be further limited in fragmented environments by
a lack of suitable habitat to move into (Leimu et al. 2010).
In altered, rapidly changing environments, in situ adaptation
will likely be an important mechanism that will enhance
survival of many plant species (Jump and Pefiuelas 2005).

Maintaining high genetic diversity within populations
will be important for facilitating adaptation and resilience
to biotic and abiotic stressors (Jump et al. 2009; Sgro et al.
2011; Kardos et al. 2021). While it has been argued that
there exists a poor relationship between genetic diversity
and a species’ risk of extinction (Teixeira and Huber 2021),
evidence suggests that high genetic diversity is associated
with greater fitness (Reed and Frankham 2003; DeWoody
et al. 2021) and minimises small population effects—such
as genetic drift and inbreeding—that can decrease adaptive
potential (Kardos et al. 2021). For example, seagrass popu-
lations with higher genetic diversity had faster and greater
recovery following an extreme heat event (Reusch et al.
2005).

Beyond levels of genetic diversity, adaptation to local
environments across a species’ range can create distinct
population-level genetic differences. Local adaptation to
the home-site environment is common in both plants and
animals (Leimu and Fischer 2008; Hereford 2009). Indeed,
species often show adaptation to abiotic factors—e.g. soils
(Selby and Willis 2018), temperature and precipitation
(Fournier-Level et al. 2011; McLean et al. 2014; Prober
et al. 2016) and biotic factors (e.g. disease resistance (Ham-
ilton et al. 2013) and animal browsing (O’Reilly-Wapstra
et al. 2004)). Local adaptive variation could enhance future
adaptability of populations by introducing genotypes
already adapted to new conditions, either by natural gene
flow between populations (Sgro et al. 2011) or by active
management [e.g. assisted gene flow strategies; Prober et al.
2015; Aitken and Bemmels 2016)]. Conversely, gene flow
may introduce maladapted variation or result in outbreed-
ing depression, especially between populations adapted to
contrasting environments, highly divergent lineages or even
cryptic species (Hufford and Mazer 2003). For conserva-
tion, understanding landscape patterns of genetic diversity,
population differentiation, and the extent and drivers of local
adaptation, including identifying the key environmental
drivers of adaptation, will assist in developing and imple-
menting in situ and ex situ strategies that maximise popula-
tion persistence in the face of climate change, habitat loss
and fragmentation.

Landscape genomics has become a valuable approach for
assessing patterns of genetic diversity and adaptive variation.
In addition to explaining neutral patterns of diversity, land-
scape genomics is also revealing cryptic lineages (Steane
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et al. 2015), potential signatures of adaptative genomic vari-
ation and associated environmental drivers of such variation
(e.g. Yeaman et al. 2016; Guerrero et al. 2018), including
extensions to exploring genomic vulnerability to future cli-
mate change (e.g. Rellstab et al. 2016; Jordan et al. 2017,
Dauphin et al. 2020). A large number of studies to date have
focused on woody species, for example, trees such as euca-
lypts (e.g. Steane et al. 2014; Butler et al. 2022), oaks (e.g.
Gugger et al. 2021), poplars (e.g. Zhang et al. 2019) and
conifers (e.g. Yeaman et al. 2016; Lotterhos et al. 2018). In
contrast, landscape genomic studies for herbaceous species
have focused predominately on the model plant Arabidopsis
thaliana (Fournier-Level et al. 2011; Hancock et al. 2011)
and related species (Franks et al. 2016; Rellstab et al. 2017,
Lobréaux and Miquel 2020; Walden et al. 2020), with fewer
studies on non-model herbaceous species (e.g. Manel et al.
2012; Roda et al. 2017).

The temperate eucalypt woodlands of south-east Australia
are target ecosystems for conservation and restoration. A
200-year legacy of land use change and fragmentation has
resulted in a significant decline in many woodland understo-
rey species in these ecosystems (Prober and Thiele 1995),
and a suite of eucalypt woodlands are listed as Threatened
Ecological Communities under Federal legislation. Of par-
ticular concern is the loss of ground-layer species in these
ecosystems owing to weed invasion, nutrification, and live-
stock grazing (Prober and Thiele 2005). Re-creating this
important structural layer is a priority not only to conserve
these plant species, but to facilitate functional connectivity
and habitat for dependent native animals (Prober and Thiele
2004; Harrison et al. 2022). The trees of these ecosystems
have been the focus of genetic and genomic studies (Prober
and Brown 1994; Gauli et al. 2014; Jordan et al. 2017; Sup-
ple et al. 2018; Murray et al. 2019), but there is little known
about the genetic and adaptive variation of associated her-
baceous forb species (though see Prober et al. 1998). Fur-
thermore, genomic studies may also identify cryptic taxon
(e.g. Binks et al. 2021) that would need to be considered on
their own for conservation and restoration.

The current study uses a landscape genomics approach to
explore the role of environmental features in shaping genetic
diversity and adaptive variation in the woodland forb spe-
cies, Arthropodium fimbriatum R.Br (nodding chocolate-
lily). This species is an ecologically important component
of the ground-layer flora of temperate grassy eucalypt wood-
lands (Prober and Thiele 2005). Arthropodium fimbriatum is
a geophyte, forming underground storage tubers to survive
the hot summers. This tuber also formed a significant ‘root
staple’ food source in traditional diets of local indigenous
peoples (Gott 2008). Though no data are available, A. fim-
briatum is presumed to be insect pollinated, with limited
seed dispersal given seeds have no dispersal structures. This
species is currently under taxonomic revision (J. Conran
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pers. comm.) and its boundaries may be refined in the future.
Effective conservation and restoration of this species there-
fore requires an understanding of genetic variation, includ-
ing adaptive variation and potential cryptic lineages to guide
management decisions. We undertook this study with the
aim of generating the first population genomic information
for this ecologically and culturally important species. The
study aimed to provide baseline knowledge to guide conser-
vation and restoration strategies under future climates. We
investigated (i) genetic diversity within and variation (dif-
ferentiation) among provenances of A. fimbriatum in central
New South Wales, including the presence of any cryptic
lineages, and (ii) genomic signatures of climate adaptation
and key climate drivers of adaptive variation.

Methods
Study area

Arthropodium fimbriatum was sampled from 13 sites (here-
after referred to as ‘provenances’) in central New South
Wales, Australia (Fig. 1). This area was selected because:
(1) the grassy eucalypt woodlands that predominate in this
area are of conservation significance owing to widespread
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Fig. 1 Map of the 13 sampled provenances of Arthropodium fimbria-
tum across New South Wales, Australia. Provenance abbreviations
(see Table 1) are shown next to the coloured points, where unique
colours correspond to the genetic clusters based on the genomics
PCA (red =cluster 1, yellow =cluster 2, green=cluster 3, blue =clus-
ter 4; see Fig. 2). Colour gradient indicates the first climate principal
component (climPC1) representing aridity, with blue being cooler,
wetter areas and red being warmer, drier areas. Inset map of Aus-
tralia shows the location of the study region (red box) relative to the
recorded occurrences of A. fimbriatum (points) obtained from the
Atlas of Living Australia (www.ala.org.au, accessed: 20th Dec 2021)

clearing and decline of component understorey plant species
and fauna; (2) it captured a substantial proportion of the core
temperature range of the species—mean annual temperature
across distribution =mean of 14.9 °C + 1.4 standard devia-
tion (based on all A. fimbriatum occurrence data and mean
annual temperature data from Atlas of Living Australia
[www.ala.org.au, accessed: 30th June 2022]), (3) relatively
shallow elevation gradients (range 161-614 m) enabled
us to minimise autocorrelation between climatic variables
(mean annual rainfall [Moran I=0.29, P=0.041], mean
annual temperature [Moran [ =0.34, P=0.024]) and spatial
location; and (4) rainfall seasonality was similar across all
sites (range 7-15%), despite a latitudinal cline from increas-
ingly summer- to winter-dominant rainfall patterns (Moran
[=0.39, P=0.015). Note that the taxonomy of A. fimbria-
tum across its broader distribution is currently under review
(J. Conran pers. comm.). In this study we used the current
taxonomic treatment of A. fimbriatum which also included
A. sp. Albury (NSW FloraOnline 2022).

Despite only a portion of the range of A. fimbriatum
being represented, the sampled area covers climate gradients
informative for conservation in this species. In particular,
sampled sites spanned a mean annual temperature range of
3.7 °C (13.4-17.1 °C; mean period: 1979-2013), a range
exceeding projected increases in annual mean maximum
temperature under a high emissions scenario by 2050 (+ 1.5
to+3 °C, RCP 8.5) and in the range of projected increases
under a high emissions scenario by 2090 (+3 to+4.5 °C,
RCP 8.5; Prober et al. 2017). Rainfall projections for the
region are more variable, with changes of — 25 to+5% in
mean annual rainfall; our rainfall gradient ranged from 450
to 746 mm (mean period: 1979-2013).

Provenances and sample collection

For each provenance, seed was collected from 4 to 10 indi-
vidual plants (Table 1, Fig. 1). Of the sampled provenances,
most were from cemeteries (n=10), which are important
refuges for declining woodland plant species in fragmented
agricultural landscapes due to being relatively undisturbed
and protected from livestock grazing (Prober and Thiele
1995). The remaining three sites were two travelling stock
reserves and a roadside woodland remnant patch. The num-
ber of individuals within a provenance was estimated visu-
ally, based on population area and density, and classified into
three broad size classes of ‘small’ (approximately <2000
plants), ‘medium’ (approximately 2000 to 20,000) and
‘large’ (approximately >20,000).
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DNA extraction, DArTseq genotyping and SNP
filtering

Seed from the 13 provenances was grown by Greening Aus-
tralia (Canberra) in 2016. Leaf samples were taken from one
randomly chosen adult plant per maternal seed collection,
to minimise the chance of familiar relationships between
samples, and dried on silica gel (4—10 samples per prov-
enance; Table 1). Total genomic DNA was extracted using
E.Z.N.A.® Plant DNA DS Kit (Omega Bio-tek, USA), fol-
lowing the manufacturer’s protocol. Approximately 1 pug of
high molecular weight genomic DNA per sample was sent
to Diversity Arrays Technologies Pty Ltd (Canberra, Aus-
tralia) for DArTseq genotyping (see Supplementary Methods
for details). In brief, DArTseq is a reduced-representation
genomic approach, generating SNP data by combining DArT
genomic complexity reduction using restriction enzymes
with next generation sequencing (Kilian et al. 2012). For
A. fimbriatum, Pstl and Msel restriction enzymes were used
for complexity reduction (see Supplementary Methods).
Individual SNP genotypes were called by Diversity Arrays
Technology using their proprietary bioinformatics pipeline
(see Supplementary Methods).

A total of 96 samples were genotyped using DArTseq,
including seven technical replicates (Table 1). Technical rep-
licates were used to check reproducibility of genotypes (see
below) and then removed from further analyses, leaving 90
samples in the final data set.

All data filtering and analyses were performed in R ver-
sion 4.1.0 (R Core Team 2018). A total of 225,339 SNPs
were identified across the 90 samples. For analysis, the SNP
dataset was filtered based on DArTseq metadata to retain
only SNPs with a call rate greater than 0.95, repeatability
greater than 0.99, and minor allele frequency greater than
or equal to 0.05. Only one SNP per DArTseq fragment was
retained by filtering out ‘secondaries’ (i.e., multiple SNPs
present on the same DArTseq fragment). All filtering was
performed using the R package dartR (Gruber et al. 2018)
and yielded a final dataset of 8760 high quality SNPs for
analysis for all 13 provenances (hereafter ‘full dataset’) and
7189 SNPs for 10 provenances when the highly differen-
tiated cluster of provenances was excluded (hereafter ‘10
provenance dataset’; see ‘“Results”).

Following filtering, all loci for both datasets had less than
5% missing data. Linkage disequilibrium, as tested by cor-
relations between genotypes for all pairs of SNPs using the
‘cor’ function in R, was low for both datasets, with >98%
of pairwise comparisons having r><0.2. Deviation from
Hardy—Weinberg Equilibrium were tested for each locus
within each population using the ‘gl.hwe.pop’ function in
dartR. All loci were retained as less than 2.3% of loci within
any given population were out of HWE (average =1.4%) and
less than 6 (of 13) populations were out of HWE for any

locus (average =0.18). Genotypes were compared between
the two samples in each of the 7 pairs of technical replicates
for the ‘full dataset’ of 8,760 SNPs. Similarity (same scored
genotype) ranged from 90 to 98%, with an average similarity
of 96% (Supplementary Table S1).

Genetic diversity and population genetic structure
analyses

Provenance-level genetic diversity metrics and overall differ-
entiation among provenance (Fy) were estimated using the
‘basic.stats’ function of the R package hierfstat (v 0.04-22;
Goudet and Jombart 2015) using the ‘full dataset’. Mean and
standard deviation (s.d.) for gene diversity (Hy) and observed
heterozygosity (H,) were calculated from provenance-level
per-locus estimates. Unbiased gene diversity (UHy) as cal-
culated as 2n/(2n—1)*Hg, where n is the population sam-
ple size. Unbiased gene diversity was calculated per locus
for each provenance, and the mean and standard deviation
then calculated per provenance. Overall Wright’s inbreed-
ing coefficient (F;g) per provenance was then calculated as
1 — H /Hg as per hierfstat. To determine whether Fg dif-
fered significantly from zero, bootstrapped 95% confidence
intervals were estimated by running 10,000 bootstraps using
the ‘boot.ppfis’ function in hierfstat. The percentage of poly-
morphic loci (P) was determined from provenance-level per-
locus allele frequencies. A Spearman’s rank correlation was
used to test if provenance-level genetic diversity estimates
were correlated with sample size or estimated population
sizes (small, medium or large. See Table 1), using the ‘cor.
test” function (method = ‘spearman’) in R.

Contemporary effective population size (N,) was cal-
culated for each of the four genetic clusters identified (see
below) using the linkage disequilibrium method (Hill 1981;
Waples 2006; Waples and Do 2010) with all alleles included,
and jackknife estimates of confidence intervals (Jones et al.
2016), implemented in NeEstimator V2.1 (Do et al. 2014).

Differentiation between provenances was assessed by cal-
culating pairwise Fgp values using the R package StAMPP
(v1.6.1; ‘stamppFst’ function; Pembleton et al. 2013) using
the ‘full dataset’. To investigate whether provenance differ-
entiation was associated with geographic distance (i.e. isola-
tion by distance—IBD), a Mantel test was executed in the R
package vegan (v 2.5-6; Oksanen et al. 2019) using genetic
differentiation measured as Fgr/(1—Fgr) and In(geographic
distance + 1) following Rousset (1997). Pairwise geographic
distances between provenance were calculated using the
function ‘rdist.earth’ of R package fields (v 10.3; (Nychka
et al. 2017)). Significance of the Mantel correlation was
tested using 999 permutations.

The potential influence of missing data, the minor allele
frequency (MAF) threshold, and differences in sample sizes
within populations were checked separately by recalculating
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genetic diversity metrics (Hg, UHg, Hy), F;g and P) and pair-
wise F¢r with three different subsets of the ‘full dataset’ —
(1) using only loci without any missing data (2,260 loci), (2)
using loci with a MAF >0.1 (4898 loci), and (3) rarefaction
of each population to the lowest sample size (n =4) through
random resampling. Random resampling was performed
100 times and the mean and standard deviation across resa-
mples calculated. Correlations between metric estimates
using these data subsets and the ‘full dataset’ were calcu-
lated using the ‘cor’ function in R. Results were deemed
robust to missing data, minor allele frequency and within-
population sample size, with absolute values being similar
(Supplementary Tables S2 and S3) and highly correlated to
results from the ‘full dataset’ (> 0.99 for all measures of
Hq, UHg, Hy, P, F)g and pairwise F¢p, except for F;¢ with
no missing data (r=0.91) and rarefied P (r=0.93). Hence,
all analyses presented are those undertaken using the origi-
nal filtering parameters and within-population sample sizes
(“full dataset’ and ‘10 provenance dataset’).

Two approaches were used to investigate population
genomic structure across the samples. First, a multivariate
approach was used by undertaking a Principal Component
Analysis (PCA) using the ‘glPCA’ function of adegenet.
Second, the number of ancestral, genetic clusters (K) was
determined using a sparse nonnegative matrix factorisation
algorithm (sSNMF), implemented using the ‘snmf” function
of the R package LEA (v 3.4.0; Frichot and Francois 2015).
The sNMF model was run for values of K between 1 and
13, where 13 assumes each provenance is a unique ancestral
gene pool. Each value of K was replicated 15 times using
default parameters. The optimum number of clusters was
estimated using the cross-entropy criterion following Frichot
et al. (2014), where the suggested number of clusters cor-
responds to the lowest cross-entropy value. Individual pro-
portion memberships—the least-square estimate of ances-
try proportions (Q-matrix)—were plotted for the optimum
value of K, using the run of K that yielded the lowest cross
entropy score. Two additional values of K, with similarly
low cross-entropy values, were also plotted and explored.
PCA and sNMF analyses were performed on both the “full
dataset’ and ‘10 provenance dataset’, the latter having ‘clus-
ter 1’ provenances removed (see “Results”), and therefore
only testing values of K from 1 to 10 (10 being maximum
number of provenances).

Genomic signatures of climate adaptation

Correlations between local climate and provenance-level
SNP allele frequencies were explored to investigate evi-
dence of climate adaptation across the sampled range. The
three provenances from genetic ‘cluster 1’ (Figs. 1, 2; see
“Results”) were excluded from this analysis given their
strong differentiation to reduce the probability of putatively
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adaptive SNPs been driven by outlier populations. All cli-
mate association analyses were therefore performed on the
‘10 provenance dataset’.

Climate data for each provenance were acquired from
CHELSA (Karger et al. 2017; http://chelsa-climate.org/
accessed 07/10/2019) for the standard 19 BIOCLIM vari-
ables (Xu and Hutchinson 2012) representing eleven tem-
perature and eight precipitation variables averaged across
the period between 1976 and 2013. To reduce the complex-
ity of the climate data to the main, independent climate
gradients that transgressed the sampled provenances, the
climate variation was summarised by a Principal Compo-
nent Analysis (PCA) using the R package FactorMineR (v
2.4; Lé et al. 2008). Principal components (PC) with an
eigenvalue greater than one were retained and indicated
that single PC axis accounted for more variation than a sin-
gle variable alone. This resulted in the first three PCs that
explained 93% of the climate variation among provenances
(climPC1-3; Supplementary Table S4) being retained. These
PC axes were then ‘characterised’ using the Pearson correla-
tion coefficient between the original climate variables and
each PC axis (Supplementary Table S4) following Costa e
Silva et al. (2018).

Genomic signatures of adaptation and relationship to
climate for the 10 provenances were explored using two
approaches—an outlier approach and a multivariate, geno-
type-environment association (GEA) analysis. For both anal-
yses, missing SNP data were imputed for the 10 provenances
using the ‘impute’ function of LEA, which draws on popu-
lation structure identified by ‘snmf” to inform imputation.
Missing genotypes were imputed using the ‘mode’ method
and informed by the ‘snmf’ run of the optimal K value for
the ‘10 provenance dataset’ with the lowest cross entropy
score (K =3; see “Results”). The SNPs were further filtered
to those where both alleles were present in at least 3 of the
10 provenances (prior to imputation) and thus could be more
confidently associated with environmental differences rather
than population structure, drift or other processes (n=6706).

Signatures of adaptation with no a priori assumptions
of environmental drivers, were investigated using the R
package pcadapt (v 4.3.3 Privé et al. 2020). pcadapt is
an individual-based genome scan approach that compares
SNPs to K principal components (pcadapt-PCs) represent-
ing population structure. Outlier, putatively adaptive SNPs
were identified as those whose relationship with the K pca-
dapt-PCs (population structure) differed from most SNPs,
suggesting a difference from neutral patterns and therefore
potential selection acting upon this SNP (Luu et al. 2017).
By not including a priori variables, this approach allows
for the identification of putatively adaptive SNPs that may
be associated with environmental variables not included in
the genotype-environment association analysis (see below).
For analysis, eight pcadapt-PCs were retained to account for
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population structure based on an initial run and exploration
of the screeplot and the pcadapt-PC plots, showing popula-
tion structure represented in pcadapt-PC 1 to 8 (Supplemen-
tary Fig. S1). To control for false discovery rates, g-values
were calculated from p-values using the gvalue package (v
2.24.0; Storey et al. 2021) in R. Outliers which we declared
as putatively adaptive loci were those with a ¢ <0.001 (FDR
0.1%).

A redundancy analysis (RDA) was used to explore
genomic signatures of adaptation through a multivariate,
genotype-environment association (GEA) approach. Par-
tial RDA was performed with vegan using default settings,
to assess genetic variation (individual imputed genotypes;
response data) explained by climate (explanatory variables;
climPC1-3), conditional on population structure (first two
PCs from population structure analysis; see above). Cor-
recting for population structure can reduce power and affect
error rates if there are low levels of genetic differentiation
among populations (Forester et al. 2018). However, as there
was a moderate level of genetic differentiation among the 10
provenances (see “Results”), we accounted for population

PCA Axis 1 (15%)

Geu Bal Ung Bar NBJ Mar Mon
Provenance

Can Wal Sto

structure in the GEA analysis. Significance of the partial
RDA model and RDA axes was assessed using the ‘anova.
cca’ function with default parameters (999 permutations).
Outliers—putative climate-adapted SNPs were identified as
those with scores greater than 3 standard deviations from the
RDA axis mean.

For outlier SNPs identified by both analyses (i.e. strong
adaptive candidates), Pearson’s correlations between prov-
enance-level allele frequencies and climate variables (PC)
were calculated using the ‘cor’ function in R to determine
the climate variable with which each SNP was most strongly
associated. Population-level allele frequencies for the outlier
SNPs were calculated using the ‘basic.stats’ function for the
10 provenance dataset.

The potential adaptability of the 10 provenances was
explored by calculating the percentage of polymorphic loci
within a population. Putatively adaptive loci that are fixed
(monomorphic) have no diversity for selection to act upon
and therefore have no capacity to contribute to in situ prov-
enance adaptation. Conversely, polymorphic loci have vari-
ation upon which selection could act and thus contribute to
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future adaptation if selection gradients change. Therefore,
a high percentage of polymorphic adaptive loci within a
provenance was interpreted as suggestive of higher adap-
tive potential. The percentage of polymorphic ‘adaptive’
loci per provenance was calculated for (i) all loci in the 10
provenance dataset, (ii) the loci identified by each individual
analysis (pcadapt, RDA), and (iii) the subset of common loci
identified by both analyses.

Results
Genetic diversity and population structure

Genetic diversity within populations, as measured by gene
diversity (Hg), varied from 0.14 to 0.23, with unbiased
gene diversity estimates being slightly higher but showing
similar relative patterns between provenances (Table 1).
Observed heterozygosity (H,) was lower in all populations,
ranging from 0.11 to 0.20. Reflecting lower H,, than H, all
populations showed evidence of inbreeding (F5), which
ranged from 0.08 to 0.23 and were all significantly differ-
ent from zero based on bootstrapped 95% confidence inter-
vals (Table 1). Only approximately half of the SNPs were
polymorphic in any given provenance—the percentage of
polymorphic loci ranged from 33 to 67% (Table 1). Levels
of genetic diversity and inbreeding were not correlated to
either sample size or estimated population size (p > 0.05),
with some small populations having genetic diversity esti-
mates similar to those of large populations (Table 1).
There was a moderate level of differentiation among the
13 sampled provenances, with overall F¢;=0.25 and pair-
wise F¢r ranging between 0.02 and 0.42 (Supplementary
Table S3). High levels of Fg were driven primarily by three
highly differentiated provenances—Canowindra, Stockinbin-
gal, and Wallendbeen. Pairwise Fgy values of these three
provenances when compared to the other ten ranged from
0.23 to 0.42. In contrast, pairwise Fgr values among the
other ten provenances were slightly lower, ranging from 0.02
to 0.32 (see below; Supplementary Table S3). Overall F;,
for the 10 provenances excluding the three highly differenti-
ated provenances was 0.18. There was evidence of isolation

by distance (IBD) across the sampled range but only when
the three highly differentiated provenances were removed
(full dataset: Mantel r=0.14, p=0.129; 10 provenance data-
set: r=0.55, p=0.002; Supplementary Fig. S2).

Both the PCA and sNMF analyses provided evidence of
population genetic structure across the sampled range of A.
Sfimbriatum. As expected based on the pairwise Fgr results,
the PCA showed Canowindra, Stockinbingal and Wallen-
dbeen to be highly differentiated from the other 10 sampled
populations, forming a separate genetic cluster (hereafter
‘Cluster 1’; Fig. 2a). The PCA also revealed three additional
genetic clusters (Fig. 2a), and these remained even after
excluding cluster 1 (Supplementary Fig. S3). The presence
of four genetic clusters in the full dataset was confirmed with
the SNMF analysis (Fig. 2b). Cross-entropy criterion analy-
sis suggested K=4 or 5 as the optimal number of genetic
clusters (Supplementary Fig. S4a). For K =4, the clustering
matched that in the PCA, with Baldry, Ungarie and Montea-
gle showing strong signals of admixture between clusters.
As K increased, Euchareena and Geurie (K=5) and Stock-
ingbingal (K =6) formed separate clusters (Supplementary
Fig. S5). Similar results were found when cluster 1 popula-
tions were removed, with the optimal number of clusters
becoming K=3 or 4 (Supplementary Figs. S4b and S5).

Contemporary effective population size was less than 100
for all genetic clusters except cluster 2. Cluster 2 had the
highest estimate of N,=145.9 (95% Confidence Interval (CI)
106.5-168.2), followed by cluster 1, the highly differenti-
ated cluster, (N, =64.0, 95% CI 38.4-121.6) and cluster 4
(N,=63.4,95% CI 18.6-21.5), with cluster 3 having the
lowest estimate of N,=36.9 (95% CI 60.6-136.4).

Genomic signatures of climate adaptation

Evidence suggesting the presence of genomic adaptation
was found in A. fimbriatum. Excluding the highly differ-
entiated ‘Cluster 1°, a total of 275 SNPs across the 10
populations were identified as putatively under selection.
The environment-naive approach of pcadapt identified 147
outlier SNPs (Supplementary Fig. S6). Further to this, the
multivariate partial RDA found environment explained a
small but significant portion of genetic variation (adjusted

Table 2 The retained climate PC

o Interpretation RDAI (40%) RDA2(31%)  RDA3 (29%)
principal components (envPC),
their interpretation, and the envPCl Aridity - 0.055 0.033 0.023
number of SNPs associated with envPC2 Temperature isothermality & associ-  — 0.046 —0.103 —-0.073
each of the RDA axes . .
ated with wettest and driest quarters
envPC3 Precipitation seasonality —0.039 0.079 —0.082
Number of associated SNPs 60 42 44

Percent of constrained variance explained by each RDA axis is shown in parenthesis. Under each RDA axis
are the climate PC coefficients from the RDA model
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% =0.04, model p=0.001), with 142 unique outlier SNPs
identified across the three RDA axes (Table 2). Fourteen
outliers were common to both methods. Of these, the
majority were most strongly associated with climPC1, rep-
resenting aridity (10 SNPs, |rl=0.33-0.80). Three SNPs
were most strongly associated with climPC2 which repre-
sented continentality (Irl=0.23-0.52) and one SNP with
climPC3 which represented rainfall seasonality (Irl=0.20).

The percentage of putatively adaptive loci that were
polymorphic, and therefore the proportion of putatively
adaptive loci that had variation upon which selection may
act and contribute to in situ adaptation, differed between
provenances and analysis method (Fig. 3). Most putatively
adaptive loci identified by pcadapt were not polymorphic
within provenances (27-57% polymorphic adaptive loci),
suggesting little adaptive variation for selection. Con-
versely, most (>70%) putatively adaptive loci identified
by RDA were polymorphic within provenances, suggest-
ing a large amount of variation for selection and adapta-
tion in all provenances. Of the putatively adaptive loci
identified by both methods, 33-73% were polymorphic
within a provenance. Comparing the shared loci between

Fig. 3 Proportion of loci that
are monomorphic (grey) or
polymorphic (white) within
each of the 10 provenances of
A. fimbriatum based on a all
7,189 SNPs (‘10 provenance
dataset’), b outlier SNPs identi-
fied by pcadapt, ¢ partial RDA
and d SNPs found by both pca-
dapt and partial RDA. Pie charts
for each of the 10 provenances
are overlaid on the first climate
principal component (climPC1)
representing aridity

Latitude

provenances, Marrar, Merryville and Monteagle had the
highest amount of putatively adaptive variation (higher
percentage of polymorphic loci, > 65%), while Baldry,
Euchareena had the lowest (< 40%).

Discussion

This is one of the first studies to identify potential genomic
signals of adaptation to climate in an herbaceous woodland
forb of conservation interest in Australia. This study found
evidence of genetic diversity maintained within provenances
despite detection of inbreeding and notable habitat fragmen-
tation. High levels of population differentiation among prov-
enances of A. fimbriatum and structure were detected across
central New South Wales (NSW). Of note was the potential
presence of a cryptic lineage (cluster 1) that was highly dif-
ferentiated from the other ancestral lineages (clusters 2—4).
Furthermore, after excluding the potential cryptic lineage
(‘Cluster 1), provenances of the other ancestral lineages
showed potential genomic signatures of selection to climate,
particularly aridity, suggesting evidence for local adaptation

149

Longitude
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across this range. Together, these results suggest remaining
populations of A. fimbriatum have high conservation value
despite fragmentation, since they have maintained genetic
diversity and potentially important adaptive variation that
may enhance adaptability and conservation actions.

Genetic diversity and structure

Provenances of A. fimbriatum in this study appear to have
maintained moderate levels of genetic diversity, despite
habitat loss and fragmentation across the sampled region.
Absolute genetic diversity estimates vary between marker
types (Broadhurst et al. 2017; Fischer et al. 2017), limit-
ing direct comparisons of diversity levels among studies.
Given SNP-based estimates of genetic diversity are lower
than hypervariable markers such as microsatellites (Fis-
cher et al. 2017), genetic diversity in A. fimbriatum appears
slightly below the mean diversity found in other Australian
herbaceous species (mean expected heterozygosity of 0.22
and 0.63 for allozymes and microsatellites respectively) as
well as short-lived perennials globally (0.12-0.13 based
on allozymes; references within Broadhurst et al. 2017),
though similar to SNP-based expected heterozygosity esti-
mates in Arabidopsis halleri (Fischer et al. 2017). While
habitat loss may be expected to reduce genetic diversity,
due to decreases in population size and gene flow (Young
et al. 1996; Aguilar et al. 2008), this is not always the case.
Moderate levels of genetic diversity, despite fragmentation,
have been found in other herbaceous species (gene diversity
0.18-0.312, AFLPs; Honnay et al. 2006; Reisch et al. 2017)
including in south-eastern Australia (expected heterozygo-
sity 0.13-0.28, allozymes; Young et al. 1999). For example,
small populations of Microseris lanceolata, a herbaceous
perennial of eucalypt woodlands across south-eastern Aus-
tralia, displayed genetic diversity similar to that of large
populations, as measured by number of alleles (allozymes;
Prober et al. 1998). Similarly, moderate diversity has also
been maintained in fragmented populations of the south-
eastern Australian grassland herbaceous perennial Ptilotus
macrocephalus (microsatellite expected heterozygosity
0.41-0.54; Ahrens and James 2016).

Species in remnant patches of vegetation may have
the potential to maintain high levels of genetic diversity
or show a lag in the expression of the negative impacts
of habitat fragmentation, as suggested by a relationship
between genetic diversity and historic, rather than contem-
porary, landscape. Genetic diversity was related to historic
(1954) habitat patch area, not current area or population
size (2011) for Campanula rotundifolia in Sweden (Plue
et al. 2017). Genetic diversity in several calcareous grass-
land species in Germany was related to distance to nearest
grassland in 1830, prior to fragmentation, not current habitat
area or population size (Reisch et al. 2017). With multiple
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generations since clearing commenced ca. 180 years ago in
NSW (Prober and Thiele 1993), our findings suggest A. fim-
briatum has retained modest genetic diversity, potentially by
maintaining moderate population sizes despite habitat loss.
Even in very small habitat remnants of less than 1 ha, A.
fimbriatum populations can generally contain more than 500
individuals and could be potentially buffered from the effects
of genetic drift. However, caution should be exercised when
interpreting these results. First, changes in genetic diversity
may take time to appear (Aguilar et al. 2008). Second, esti-
mates of contemporary effective population size for each
genetic cluster (genetic population) were small, suggesting
these provenances may be at risk of future genetic diver-
sity loss through inbreeding or genetic drift, and subsequent
decreases in population fitness and adaptability. While N,
estimates for three of the four genetic clusters was greater
than 50, the size suggested for avoiding short-term effects of
inbreeding (Jamieson and Allendorf 2012), all N, estimates
were much lower than the suggested N, > 500 (Jamieson and
Allendorf 2012) or > 1000 (Frankham et al. 2014) necessary
to support adaptation and long term evolutionary potential.
Focus should therefore remain on maintaining population
sizes and diversity within provenances of A. fimbriatum to
maintain adaptability within these provenances.

Of interest are the low diversity measures, signaled by
low percentage of polymorphic loci, in the provenances of
cluster 1 (Canowindra, Stockingbingal and Wallendbeen).
The studied progeny came from large and relatively intact
populations that are unlikely to have gone through a genetic
bottleneck. What is driving this lower diversity requires fur-
ther investigation, though one possibility may be explained
in part by the discovery of a cryptic lineage (see below) and
the possibility of reproductive barriers with the other lineage
represented by the 10 provenances.

Significant population structure suggests distinct genetic
differences among provenances of A. fimbriatum across cen-
tral NSW. Population differentiation was generally higher
than the mean of other Australian herbaceous species—
F¢r=0.25 and 0.18 for 13 and 10 provenances respectively
of A. fimbriatum versus a mean Fg of 0.11 for Australian
herbaceous species generally based on allozymes and micro-
satellites (Broadhurst et al. 2017). The spatial arrangement
of genetic clusters of A. fimbriatum could indicate IBD-style
gene flow between geographically close provenances or
geographic differences in selective pressures resulting in
spatially distinct adaptative genetic differences (see next
section).

In contrast to moderate differentiation between three of
the four identified genetic clusters, one cluster (cluster 1)
was highly differentiated, suggesting a potentially cryptic
lineage. While such divergence among provenances could
arise due to differences in ploidy levels, as observed in other
Australian herbaceous species (Brown and Young 2000;
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Broadhurst et al. 2012), there was no evidence that any of the
provenances in this study were polyploids (D. Steane, unpub.
data, 2018). An alternative hypothesis is that the level of dif-
ferentiation is due to isolation by environment. While this
was not specifically tested, there were no obvious differences
in climate or soils of the home-site environments between
this cluster and the other provenances. For example, the Wal-
lendbeen provenance grows on rich volcanic soil in gently
hilly terrain in White Box eucalypt (Eucalyptus albens)
woodlands, while the Stockinbingal and Canowindra prov-
enances occur on flatter plains, on red brown soils typical
of Grey Box eucalypt (E. microcarpa) woodlands. However,
we can not dismiss the possibility that provenances of cluster
1 originated from other parts of the species’ distribution
and were translocated by First Peoples of Australia as they
moved across the landscape. Movement of A. fimbriatum
seed may explain genetic similarities between provenances
within this cluster despite the geographic distance between
them. A broader genetic analysis of provenances across the
distribution of A. fimbriatum is warranted and may help
determine the genetic origins of the cluster 1 provenances
or whether they represent a cryptic lineage of this species.
Indeed, the A. fimbriatum species complex is currently
undergoing taxonomic review and several more taxa have
been proposed (J. Conran, personal communication).

Of additional note was the Monteagle provenance
(belonging to cluster 4) situated geographically close to
provenances comprising cluster 1 but remaining highly dif-
ferentiated from this cluster. This could not be convicingly
explained by differences in the home-site environment or
drift. With the evidence at hand, the most plausible explaina-
tion is either the presence of a potential cryptic lineage or
movement of cluster 1 samples into the region from other
areas of the species distribution, as discussed above. Fur-
ther sampling of more provenances across this region, and
the broader distribution, would help to disentangle the full
geographic distribution of the distinct genetic clusters and
lineages.

Genomic signatures of climate adaptation

This study identified putative signals of genomic adapta-
tion to home-site climate variation in A. fimbriatum, particu-
larly in response to differences in aridity. These signals were
identified across the 10 populations (clusters 2—4) excluding
the potential cryptic lineage. Evidence suggestive of local
adaptation to climate has been identified in other herbaceous
species, through common garden and reciprocal transplant
trials (e.g., Leinonen et al. 2009; Pickup et al. 2012) as well
as genotype-environment association analyses (Fournier-
Level et al. 2011; Hancock et al. 2011; Lasky et al. 2012).
Beyond the model species Arabidopsis thaliana, and close
relatives (e.g., Rellstab et al. 2017; Lobréaux and Miquel

2020), studies of genomic signatures of adaptation in herba-
ceous species have received less attention than forest trees.
In an early study of genomic adaptation in non-model plants,
Manel et al (2012) found evidence of genomic signatures
of adaptation, primarily associated with temperature and
precipitation variables, in alpine species, including herba-
ceous species. [solation by environment was identified in a
microsatellite study of Ptilotus macrocephalus across south-
eastern Australia, suggesting significant genetic variation
associated with both temperature and precipitation (Ahrens
& James 2016). While the present study focused on a com-
ponent of the species’ gene pool, although representative of
the species’ core climate envelope, broadening the scope to
across the native range of A. fimbriatum may uncover further
associations between climate and genomic variation beyond
putative adaptation to aridity.

In situ adaptation will likely be an important mechanism
for this species to persist into the future given both projected
changes in temperature and precipitation and, thus, aridity
across this region (IPCC 2021) and altered land use limiting
dispersal. The identification of polymorphic genomic vari-
ants associated with aridity suggest there may already be
adaptive variation related to aridity within the sampled range
of A. fimbriatum, that could aid future adaptation. Altered
land use, however, may restrict long-distance gene flow and
limit the geographic spread of this adaptive genomic varia-
tion, leaving provenances reliant on adaptation from stand-
ing genetic variation. Moderate genetic diversity overall, as
well as variation in putatively adaptive loci, suggest that all
provenances within this region have some variation upon
which selection could act. However, the large number of loci
fixed for putatively adaptive provenance-specific alleles sug-
gests that assisted gene-flow within ancestral lineages may
provide an avenue by which to increase the genetic diversity
available for selection and, therefore, improve the adaptive
capacity of provenances in the face of climate change. Fur-
ther studies to better characterise adaptive variation across
A. fimbriatum and within individual provenances, including
increasing the number of sampled provenances and indi-
viduals within each provenance to gain more accurate esti-
mates of allele frequencies, would assist in understanding
the amount of standing variation available, and thus potential
adaptability of provenances.

Conservation and restoration

Understanding landscape patterns of genetic diversity,
including adaptive diversity and differentiation, can help
inform biodiversity conservation decisions (Hoffmann
et al. 2015), including seed sourcing for restoration plant-
ings under climate change (Prober et al. 2015). Despite the
lack of a reference genome for A. fimbriatum, the set of loci
identified in this study and their associated climatic variables

@ Springer



484

Conservation Genetics (2023) 24:473-487

may be considered as a generalised genomic signature of
possible climate adaptation, describing landscape patterns
of genetic variation that may be important for adaptation to
climate and allowing inferences about important climatic
drivers of this variation. The potential presence of adaptive
variation among populations suggests there may exist impor-
tant genomic differences that could be exploited to enhance
the resilience and adaptability of current populations as well
as future restoration plantings. Furthermore, these results
suggest that even small provenances of A. fimbriatum have
reasonable levels of genetic diversity and, thus, conserva-
tion value. Maintaining current diversity, including putative
adaptive diversity will be important for conservation and
restoration of this species.

The highly divergent cryptic lineage found in this study
requires further investigation. Cryptic lineages have been
observed in other Australian species (Broadhurst et al. 2012;
Steane et al. 2015; Binks et al. 2021), and could have sig-
nificant implications for the intentional movement of mate-
rial across the landscape for conservation or restoration. For
example, while the inclusion of highly divergent lineages
in mixed provenance restoration plantings may introduce
hybrid vigour to a population in the short term, it may per-
versely result in outbreeding depression (i.e. reduced vigour)
in later generations (Edmands 2007; Hoffmann et al. 2020),
although this may be less common than initially thought
(Frankham et al. 2011). Furthermore, the adaptive variation
identified in the other provenances may not be applicable to
this cryptic lineage, which may have experienced different
selective pressures and adaptive responses. Gaining a deeper
understanding of potential cryptic variation in A. fimbriatum
and how adaptive variation within the different lineages may
vary will be critical to determine how this might influence
conservation and restoration decisions. This study helps
provide information towards understand the taxonomy of
this species.

Conclusion

Provenances of the woodland forb, Arthropodium fimbria-
tum, contain moderate levels of genetic diversity and puta-
tive adaptive variation that could be harnessed in conserva-
tion and restoration plantings to aid adaptability and create
resilient revegetation in the face of climate change. However,
the evidence of a cryptic lineage warrants consideration. We
caution mixing provenances from different clusters for use
in conservation and restoration until the taxonomy has been
reviewed and further note that patterns of adaptive genetic
variation within this lineage may differ from those identi-
fied in the other lineages in this study. Further, population
genetic studies across a broader distribution of A. fimbriatum
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would help untangle the identity of the cryptic lineage as
well as identify the range of adaptive variation available for
use in restoration.
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