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Abstract

Understanding the contribution of neutral and adaptive evolutionary processes to
population differentiation is often necessary for better informed management and
conservation of rare species. In this study, we focused on Pinus torreyana Parry (Torrey
pine), one of the world's rarest pines, endemic to one island and one mainland popula-
tion in California. Small population size, low genetic diversity, and susceptibility to abi-
otic and biotic stresses suggest Torrey pine may benefit from interpopulation genetic
rescue to preserve the species' evolutionary potential. We leveraged reduced repre-
sentation sequencing to tease apart the respective contributions of stochastic and
deterministic evolutionary processes to population differentiation. We applied these
data to model spatial and temporal demographic changes in effective population sizes
and genetic connectivity, to identify loci possibly under selection, and evaluate ge-
netic rescue as a potential conservation strategy. Overall, we observed exceedingly
low standing variation within both Torrey pine populations, reflecting consistently low
effective population sizes across time, and limited genetic differentiation, suggest-
ing maintenance of gene flow between populations following divergence. However,
genome scans identified more than 2000 candidate SNPs potentially under divergent
selection. Combined with previous observations indicating population phenotypic
differentiation, this indicates natural selection has probably contributed to the evolu-
tion of population genetic differences. Thus, while reduced genetic diversity, small
effective population size, and genetic connectivity between populations suggest ge-
netic rescue could mitigate the adverse effects of rarity, evidence for adaptive differ-
entiation suggests genetic mixing could disrupt adaptation. Further work evaluating
the fitness consequences of inter-population admixture is necessary to empirically

evaluate the trade-offs associated with genetic rescue in Torrey pine.
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1 | INTRODUCTION

Conservation biology aims to preserve rare species and determine
the appropriate management strategies necessary for long-term
persistence and maintenance of evolutionary potential (di Santo
& Hamilton, 2020; Ralls et al., 2018; Swarts et al., 2009; Young
et al.,, 1999). Rare species may have reduced effective population
sizes (N,), impeding populations' ability to adapt to change (e.g.,
N,<1000) or increasing probability of inbreeding (e.g., N,<100)
(Frankham et al., 2014), ultimately increasing the risk of local ex-
tirpation. Combined, rarity and isolation are often associated with
stochastic loss of genetic variation (Aguilar et al., 2008; Hague &
Routman, 2016; Young et al., 1996). Genetic rescue is one conserva-
tion strategy that could be used in both animals and plants to mitigate
this loss (Bossuyt, 2007; Hedrick et al., 2014; Johnson et al., 2010;
Madsen et al., 1999; Westemeier et al., 1998; Willi et al., 2007).
Genetic rescue introduces or restores gene flow between popula-
tions to alleviate fitness consequences of inbreeding through the
introduction of genetic variation. However, while rare species may
exhibit small effective population sizes and reduced adaptive poten-
tial, disruption of local adaptation may lead to outbreeding depres-
sion, or reduced fitness of progeny following admixture between
genetically differentiated lineages (Edmans, 2007; Goto et al., 2011,
Hufford & Mazer, 2003). Thus, considering the contribution of nat-
ural selection to the evolution of population genetic differences is
important for genetic rescue, as it may ultimately lead to maladapta-
tion of migrants or translocated individuals (Lowry et al., 2008; Nosil
et al., 2005). For rare species conservation, an understanding of con-
temporary effective population size is required to assess immediate
genetic threats to population persistence. Following these threats,
however, understanding the history of population connectivity, the
distribution of genetic variation within and among populations, and
the role of selection in shaping population differences will be critical
to establishing informed management decisions.

In addition to guiding conservation management strategies,
understanding rare species' demographic and evolutionary history
may prove valuable to optimizing strategies necessary to preserve
neutral and nonneutral genetic diversity ex situ. Ex situ conserva-
tion collections, or the preservation of species outside their natural
range of occurrence, can complement in situ conservation strate-
gies (Cavender et al., 2015; Potter et al., 2017; Pritchard et al., 2012),
providing a critical resource for the preservation of genetic vari-
ation, restoration, or reintroduction (Guerrant Jr et al., 2014;
Potter et al., 2017). Ex situ sampling designs traditionally rely on
neutral population genetic structure to guide sampling decisions
(Caujapé-Castells & Pedrola-Monfort, 2004; Gapare et al., 2008;
Hoban, 2019; Hoban & Schlarbaum, 2014). However, concerns
exist regarding the sole use of neutral genetic variability for species
conservation, as variation at neutral loci is unlikely to reflect adap-
tive genetic diversity (Bonin et al., 2007; Holderegger et al., 2006;
McKay & Latta, 2002; Teixeira & Huber, 2021). To optimize neutral
and adaptive genetic variation preserved when sampling ex situ,
consideration of the impact different evolutionary processes have

had on population genetic structure is needed (di Santo et al., 2021;
di Santo & Hamilton, 2020). An understanding of population con-
nectivity and the impact of selection across populations can inform
ex situ collection design. If empirical or simulated data suggest pop-
ulations are genetically connected and genetic differentiation is low,
then most neutral genetic variation may be captured within one or
a few populations. However, if selection overcomes the homog-
enizing effects of gene flow, the preservation of adaptive genetic
differences should include of diverse population origins, discrete
conservation of divergent populations ex situ, and population origin
in the development of breeding programmes.

With the advent of next-generation sequencing (NGS) and the
ever-decreasing costs associated with these technologies, genome-
wide estimates of genetic diversity can be readily assessed and used
to guide conservation management strategies. Combined with sta-
tistical and simulation-based tools, these data provide a powerful
and timely means to evaluate aspects of population genetic varia-
tion and spatial genetic structure critical to informing genetic rescue
and ex situ conservation, including both populations' demographic
and adaptive history (Abebe et al., 2015; Liu et al., 2020; Wang
et al., 2020; Xia et al., 2018). However, despite extensive use in char-
acterizing genomes as well as neutral and adaptive variation in coni-
fers (Eckert et al., 2010; Namroud et al., 2008; Nystedt et al., 2013;
Stevens et al., 2016; Tyrmi et al., 2020; Wang et al., 2020), such data
have only rarely been used to inform conservation management
decisions.

Torrey pine (Pinus torreyana Parry) is a critically endangered
pine (IUCN, 2021), endemic to California. One of the rarest pine
species in the world (Critchfield & Little, 1966; Dusek, 1985),
Torrey pine's distribution spans one island population (Pinus tor-
reyana subsp. insularis) of approximately 3000 reproductive indi-
viduals (Santa Rosa Island, CA), and one mainland population (Pinus
torreyana subsp. torreyana) of approximately 4000 reproductive
individuals (Torrey Pine State Reserve in La Jolla, CA) (Franklin &
Santos, 2011; Hall & Brinkman, 2015). In addition to low population
size, and despite current in situ and ex situ conservation efforts,
Torrey pine suffers from exceedingly low genetic variation and
faces anthropogenic, abiotic, and biotic disturbances (Franklin &
Santos, 2011; Hamilton et al., 2017; Ledig & Conkle, 1983; Waters
& Schaal, 1991; Whittall et al., 2010). For these reasons, the spe-
cies may be at imminent risk for population-scale extirpation and
thus a potential candidate for genetic rescue. Inter-population
admixture may increase population genetic diversity, alleviating
potential fitness consequences associated with Torrey pine's low
genetic variation (Hamilton et al., 2017), and increase evolution-
ary potential necessary to respond to current and future ecolog-
ical challenges (Carlson et al., 2014). Previous research observed
heterosis following one generation of admixture between island
and mainland individuals, suggesting that genetic rescue may al-
leviate fitness consequences associated with reduced genetic
variation (Hamilton et al., 2017). However, if adaptive genetic dif-
ferences have evolved between island and mainland populations,
fitness consequences following the disruption of coadapted gene
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complexes may not be observed in the first generation. Thus, al-
though the combination of exceedingly low genetic diversity and
conservation status suggest Torrey pine may be a candidate for
genetic rescue, an evaluation of the species' demographic and
adaptive evolutionary history will be necessary to inform manage-
ment of this endangered conifer.

With this study, we use genomic data to quantify and model
aspects of demographic and evolutionary history in Pinus torrey-
ana, delineating the contribution of stochastic and deterministic
processes to genomic differentiation. To that end, we ask three
questions: (i) what are current effective population sizes and how
have they changed over time, (ii) have populations remained ge-
netically connected following isolation, and (iii) is there evidence
of adaptive divergence between populations that may indicate
distinct evolutionary trajectories? We identify the most probable
demographic scenario for Torrey pine using approximate Bayesian
computing (ABC) and coalescent simulations. To evaluate the role
of selection, we identify loci that may be important to adaptation
using various F¢; outlier methods and assess the functional signif-
icance of these loci by annotating candidates with the gene ontol-
ogy (GO) resource. Using this knowledge, we discuss conservation
strategies for Torrey pine, including ex situ sampling to preserve
neutral and non-neutral processes within species collections, and
the possible risks associated with genetic rescue. This study pro-
vides a framework for applying genomics to rare species manage-
ment using an evaluation of historical and contemporary variation
in effective population size, genetic connectivity, and adaptive
population divergence. This framework provides information nec-
essary to identify candidates for genetic rescue and assess the
potential risks associated with artificially increasing or restoring
gene flow between populations where conservation of species'

evolutionary potential may be needed.

2 | MATERIALS AND METHODS

2.1 | Population sampling and DNA extraction
Between June and July 2017, needle tissue was collected from in-
dividuals spanning the entire natural distribution of Pinus torreyana
(Torrey pine; Figure 1). A total of 286 individuals were sampled, in-
cluding 146 individuals from the mainland population at the Torrey
Pine State Reserve (TPSR) near La Jolla, CA and 140 individuals
from the island population on Santa Rosa Island, CA (SRI), one of the
Channel Islands. Needles were dried in silica gel and later processed
to extract genomic DNA using between 25-30mg of dry tissue and
a modified CTAB protocol (Doyle & Doyle, 1987). To reduce DNA
shearing, slow manual shaking of tubes was used. Following extrac-
tion, the concentration and purity of DNA extracted was quanti-
fied for each sample using a NanoDrop 1000 spectrophotometer
(Thermo scientific) to ensure all samples had a concentration of at
least 85ng/pl and purity ratios of 1.4 and above (average across sam-
ples; 260/280 = 1.85, 260/230 = 1.96).

2.2 | Genomic library preparation and
ddRAD sequencing

Genomic libraries were prepared for all 286 individuals follow-
ing the protocol of Parchman et al. (2012). Briefly, 510ng (6 pl at
85ng/ul) of DNA was digested using endonucleases EcoRI and Msel
(New England BiolLabs, Inc.) after which barcoded (EcoRI cut site)
and nonbarcoded (Msel cut site) adapters compatible with lllumina
sequencing were ligated to each end of DNA fragments using T4
ligase (New England BioLabs Inc.). A different barcode sequence
was used for each of the 286 samples. Due to the large, highly re-
petitive nature of pines' genome (Stevens et al., 2016), we used the
methylation-sensitive enzyme EcoRl, as it effectively reduces the
presence of repetitive and noncoding DNA sequences in genomic
libraries (Parchman et al., 2012). Restriction-ligation products were
amplified using two successive PCR reactions to produce genomic
libraries with concentrations necessary for sequencing (>2 nM).
All PCR-amplified genomic libraries were subsequently pooled
and sent to the Genomic Sequencing and Analysis Facility (GSAF;
Austin, TX) for size selection of fragments within the range of 450-
500 bp and sequenced on five lanes of an lllumina HiSeq 2500 using

the 100 bp single-end sequencing protocol (1 x 100 bp).

2.3 | De novo assembly and SNP calling
Demultiplexing of sequence files was performed using IPYRAD ver-
sion 0.9.12 (Eaton & Overcast, 2020) allowing one mismatch in the
barcode sequence. Reads were filtered, assembled de novo, and
used to call SNPs within the dDOCENT version 2.7.8 pipeline (Puritz,
Hollenbeck, & Gold, 2014; Puritz, Matz, et al., 2014) (see Appendix S1
for details). This approach yielded a set of 652,492 genetic variants
that were subjected to downstream filtering. Variants with genotype
quality (GQ)<20 and genotype depth (DP)<3 were first marked as
missing. Then, variants with PHRED scores (QUAL) < 30, minor allele
counts <3, minor allele frequencies <0.01, call rate across all individ-
uals <0.95, mean depth across samples >57 (based on the equation:
d+4 \/d, where d is the average read depth across variants, Li, 2014),
F ¢ estimates <-0.5 or >0.5, and linkage score (r?) >0.5 withina 95 bp
window were removed from the raw data set. Additionally, insertion/
deletion polymorphisms (INDELs) and SNPs with more than two al-
leles were discarded. Following filtering, a total of 93,085 biallelic
SNPs were kept and used for analysis (hereafter referred to as the
full data set). Note that 16 individuals with >40% missing data were
also discarded, leaving 270 genotyped individuals (SRI: 130 individu-
als, TPSR: 140 individuals) for inclusion in analyses.

2.4 | Population structure and genetic
diversity analyses

To describe and estimate contemporary genetic differences be-
tween Torrey pine populations, we first assessed population
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FIGURE 1 (a)Distribution of the last two remanent populations of Torrey pine (dark grey shades). Top left: Santa Rosa Island, Channel
Islands, CA. Bottom right: Torrey pine state reserve, La Jolla, CA. (b and c) Population-specific distribution of Torrey pine (dark grey shades)
and trees sampled for needle tissue (circles) on Santa Rosa Island (SRI, b) and at the Torrey pine state reserve (TPSR, c)

genetic structure using principal component analysis (PCA) imple-
mented in the R package ADEGENET (Jombart, 2008; Jombart &
Ahmed, 2011). Unless otherwise stated, analyses were performed
in R version 3.6.2, 4.0.2, or 4.1.2 (R Core Team, 2019, 2020, 2021).
To quantify genetic structure within (Fs) and between (Fg;) island
and mainland populations, we calculated Weir and Cockerham F-
statistics (Weir & Cockerham, 1984) and constructed 95% confi-
dence interval around estimates by bootstrapping sums of variance
components over loci and deriving F-statistics 10,000 times using
the R package HIERFSTAT (Goudet & Jombart, 2020).

To further examine the extent of contemporary within-
population genetic structure, the most likely number of ge-
netic clusters was independently evaluated for SRI and TPSR
using the function find. clusters() implemented in the R pack-
age ADEGENET. This function transforms genomic data using
principal component analysis and performs successive K-means

clustering with an increasing number of clusters (k). For each

successive value of k, the Bayesian Information Criterion (BIC) is
computed and was used to assess the optimal number of clus-
ters (k). For each population, we assessed between 1-10 clusters
while retaining principal components necessary to explain 90%
of the variation after ordination (SRI: 114, TPSR: 122). For TPSR,
two individuals (TPSR5107, TPSR3189) clustered distantly from
the population, which may mask subtle within-population genetic
structure. Consequently, we reran the analysis excluding the two
individuals while maintaining the same range for k (1-10) and re-
taining 121 principal components (90.38% of variation explained
after ordination).

Finally, to evaluate Torrey pine evolutionary potential, contem-
porary standing genetic variation within the species was estimated
by calculating expected heterozygosity (Hg) and coancestry coeffi-
cients (B) for both island and mainland populations independently.
H¢ was calculated for each SNP separately using the R package
ADEGENET and averaged across loci to provide population-level
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estimates. To evaluate 8, we used the R package RELATED (Pew
et al., 2015) which estimates genetic relatedness between all pos-
sible pairs of individuals within a population. Specifically, we used
the triadic likelihood (TrioML) estimate of relatedness assuming no
inbreeding within populations. Averaging pairwise 0 values across
all individuals within TPSR and SRI provided population estimates
of genetic relatedness. To build 95% confidence intervals around
Hg and © averages, the empirical distribution for each parameter
within each population was bootstrapped 10,000 times in R using
the BOOT (Canty & Ripley, 2021; Davison & Hinkley, 1997) and
SIMPLEBOOT (Peng, 2019) packages.

2.5 | ABC demographic modelling

2.5.1 | Demographic models

To evaluate the impact genetic drift and gene flow have had on
patterns of neutral genetic variation in Torrey pine, we quantified
changes in effective population size over time, interpopulation mi-
gration rate, and time since population divergence. To do so, we
tested six distinct demographic models that were classified into two
broad categories: (1) isolation with/without migration (Figure 2a),
and (2) two-population demic expansion (Figures 2b,c).

Models of isolation with or without migration (RPM1, RPM2)
were developed to test a hypothesis formulated by Ledig and
Conkle (1983). This hypothesis predicts a single ancestral popula-
tion of Torrey pine diverged to form one island and one mainland
population following tectonic movement (Figure 2a). These mod-
els assume that an ancestral population with an effective size N,
diverged Tp,,, generations before present to form two populations
with current effective sizes N, (island, SRI) and Ny (mainland, TPSR).

Following divergence, to assess whether gene flow has occurred
between populations, bidirectional migration was either prevented
(RPM1, m, = my, = 0) or permitted (RPM2, m,, = m,,>0). Both
models assume constant island and mainland effective population
size following divergence.

The remaining four models (CM1, CM2, CM3, CM4) tested two
different hypotheses of land colonization where one population was
founded by the other (Figure 2b,c). Models CM1 and CM2 specifically
test the hypothesis that Santa Rosa Island was colonized by a subset
of mainland individuals (Ledig & Conkle, 1983). In this scenario, SRI
was founded by N effective migrants from TPSR T, generations
ago and grew exponentially at a rate r, (r, = Iog<’:l—f)/TDiv) to form
a population with an effective size N|. TPSR effective population
size (N,,) was assumed constant. As above, bidirectional migration
between populations was either prevented (CM1, m, = m, = 0)
or permitted (CM2, m,, = my,,>0) to evaluate whether gene flow
has occurred between populations following colonization. Models
CM3 and CM4 test the hypothesis that the mainland population
was founded by a subset of island individuals (Haller, 1986). This
scenario assumes TPSR was founded by N effective migrants from
SRI T, generations before present. SRI effective population size
(N) was assumed constant while TPSR effective population size
(N\,) grew exponentially at rate ry, (ry = Iog(x—;) / Toi)- Once again,
to test whether gene flow has occurred between populations since
colonization, exchange of migrants between population was either
prevented (CM3, m,,, = m,, = 0) or permitted (CM4, m,, = m,,>0).

For all six models, uniform priors were used except for Ty, , N,
and N, for which we used log-uniform priors. Priors on a logarith-
mic scale increases the weight given to small values and is recom-
mended when parameters' ranges span several orders of magnitude
(Wegmann et al., 2009). Details on demographic parameters and

their prior distributions are provided in Table 1.

(@) Na Time (b) Time (c) Time
NC NC
TDIV TDIV
Toiv (CM2) (CM4)
mpy= My>0 I mp= my>0 -
myy= my>0 (RPM2) M= Myy=0 myy= My =0
N; Ny Num N, N; Ny

FIGURE 2 Schematics of demographic scenarios simulated. Rectangles represent current or ancestral populations, dashed arrows
represent migration between populations, and solid arrows represent time. Note that two demographic scenarios (with and without
migration between populations) are presented in each panel. (a) Scenarios of isolation without (RPM1) or with (RPM2) migration between
populations. (b) Island colonization scenarios without (CM1) or with (CM2) subsequent migration between populations. (c) Mainland
colonization scenarios without (CM3) or with (CM4) subsequent migration between populations. N, ancestral effective population size; N,
island effective population size; N,,, mainland effective population size; N.. initial effective population size following migration (number of
migrants); m,,,, migration probability from island to mainland; m,,,, migration probability from mainland to island; T, , time of population
divergence; r, island (exponential) growth rate; r,,, mainland (exponential) growth rate
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TABLE 1 Demographic parameters with their prior distributions and occurrence in each of the six models simulated

Present in models Parameter

RPM1, RPM2 Ancestral effective population size
All Island effective population size
All Mainland effective population size

CM1, CM2, CM3, CM4
colonization

All Time of population divergence
RPM2, CM2, CM4

All Minimum derived allele frequency

Initial effective population size following

Migration from island to mainland and vice-versa

Symbol Prior distribution Unit
N, logU(100:100,000) ind.
NP U(100:6000) ind.
NP U(100:6000) ind.
Nc© logU(2:300) ind.
Ton? logU(400:50,000) gen.
Myp> My U(0.001:0.01) -

maff 0.01 -

?Census size of reproductively mature trees is of approximately 3000 to 4000 individuals in island and mainland population respectively (Franklin &
Santos, 2011; Hall & Brinkman, 2015). We selected a wide prior range around those estimates to account for the fact that effective and not census

population sizes were simulated.

PNumber of potential effective migrants were chosen based on seed capacity of a Torrey pine cone, which can hold up to several hundred seeds

(unpublished data).

“Time since populations' isolation was estimated between 4300 and 430,000years ago (Ledig & Conkle, 1983). Generation time for Torrey pine being
approximately 10years, this translates into a time since divergence between 430 and 43,000 generations.

dLow genome-wide differentiation observed between populations in this study (Fgr = 0.0129) suggest that gene flow may have occurred between
populations of Torrey pine. We believe a probability of migration between 0.001 and 0.01 should appropriately reflect low to moderate gene
exchange expected between geographically distant populations (approximately 280km) of this wind-pollinated, long-lived, and primarily outcrossing

pine species (F g = -0.1914).

€As little is known regarding the historical distribution of Torrey pine, a broad prior range in ancestral effective population size was used to simulate
demographic scenarios, including scenarios starting with small, moderate, or large ancestral population sizes.

fMinimum derived allele frequency of 0.01 was chosen to reflect empirical genetic data, filtered for variants with minor allele frequencies of or above

0.01 (see Materials and Methods).

2.5.2 | Additional filtering and downsampling of
genetic variants

Accurate estimation of demographic parameters using coalescence
simulations requires the use of neutrally evolving genetic mark-
ers. To ensure neutrality of SNPs, we filtered the full data set for
SNPs that did not deviate significantly from Hardy-Weinberg equi-
librium (HWE). Since population structure may create departures
from HWE, we applied this filter to island and mainland populations
independently and removed SNPs that deviated significantly from
HWE (p <.05) in both populations. This was performed using a cus-
tomized R function relying on R packages ADEGENET and PEGAS
(Paradis, 2010). In total, 73,928 SNPs were retained following filter-
ing for use in demographic modelling (hereafter referred to as the
HWE-filtered data set).

For computational efficiency, we downsampled the HWE-
filtered data set from 73,928 to 9795 variants (hereafter referred
to as the downsampled data set) first by generating bivariate bins
based on observed heterozygosity and Nei's F¢; (0.05-interval bins),
and then by subsampling each bin proportionally to the number
of SNPs they contained. This way, each bin is subsampled to re-
flect its contribution to the HWE-filtered data set (Appendix S2).
Following subsampling, we conducted a principal component anal-
ysis using the downsampled data set to ensure patterns of genetic
diversity and population structure were maintained between data
sets (Appendix S3).

2.5.3 | Generating coalescent simulations and
estimating summary statistics

To evaluate and compare demographic scenarios, a set of 200,000
simulations was generated using ABCSAMPLER for each model,
a wrapper program included in the package ABCTOOLBOX
(Wegmann et al., 2010). For each simulation, ABCSAMPLER sam-
ples prior ranges of demographic parameters and uses these values
as inputs for coalescence simulations within a user-defined simula-
tion program. We used FASTSIMCOAL version 2.6.0.3 (Excoffier
et al., 2013; Excoffier & Foll, 2011) to simulate 9795 unlinked SNPs
with a minimum derived allele frequency of 0.01, mimicking the
composition of the downsampled genetic data set. For each model,
simulated data were output as genotypes and fed to a user-defined
program by ABCSAMPLER to estimate population genetic summary
statistics. ARLEQUIN version 3.5.2.2 (Excoffier & Lischer, 2010) was
used to calculate 10 distinct population genetic summary statistics,
specifically aiming at quantifying genetic variation and divergence
within and between Torrey pine populations. These included genetic
diversity (i.e., population-specific heterozygosity and number of al-
leles, average heterozygosity and number of alleles over loci and
populations, and mean total heterozygosity), genetic differentiation
(i.e., pairwise Fq7), and variance (i.e., standard deviation over popula-
tions of the average heterozygosity and number of alleles) statistics.
Finally, to obtain observed population genetic summary statistics,

ARLEQUIN version 3.5.2.2 was rerun using the downsampled data
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set. Characterizing and summarizing the amount and distribution of
genetic variation within each data set, these statistics were used to
calculate posterior probabilities and identify the demographic model
with greatest support, as well as estimate demographic parameters
associated with that model (see below).

2.54 | ABC parameter estimation

Demographic parameters were estimated in R using the ABC pack-
age (Csilléry et al., 2012). First, we conducted cross-validation simu-
lations to evaluate the ability of summary statistics to distinguish
between demographic scenarios (Appendix S4a). Following this, we
identified the best demographic model based on the highest poste-
rior probability. In addition, we performed a goodness-of-fit test, as
implemented in the function gfit(), to ensure the model provided a
good fit to the data. Lastly, demographic parameters were estimated
as the weighted medians of posterior distributions, generated using
a nonlinear postsampling regression adjustment on log-transformed
data (Blum & Francois, 2010), using the weighted. median() function
implemented in the R package SPATSTAT (Baddeley et al., 2015).
Ninety-five percent confidence intervals around weighted medi-
ans were estimated using 10,000 bootstrap replicates of posterior
distributions in R, using BOOT, SIMPLEBOOT and SPATSTAT pack-
ages. The validity and accuracy of each estimated parameter was
tested using additional cross-validation simulations (Appendix S4b).
Cross-validation simulations, model selection, model validation, and
parameter estimations were conducted using a tolerance threshold
of 0.01, a tradeoff between retaining a reasonable number of simu-
lations to estimate posterior distributions and keeping the tolerance
value as low as possible (Li & Jakobsson, 2012).

Finally, as census sizes for Torrey pine populations are available
(Frankham et al., 2011; Hall & Brinkman, 2015), we calculated the
proportion of the census size (N) to effective population size (N,) for
each population separately. Of all reproductive trees present within
a population (census size), this ratio estimated the proportion con-

tributing to the next generation (effective size).

2.6 | Simulating the null F4; distribution

To evaluate the influence natural selection may have had on the
genomic structure of Torrey pine populations, we compared the dis-
tribution of Weir and Cockerham's F¢; estimated from the full SNP
data set with a null distribution simulated using SIMCOAL2 ver-
sion 12.09.07 (Laval & Excoffier, 2004). Neutral simulations were
conducted using input parameters sampled from posterior distri-
butions borrowed from the best demographic model (see Results)
in proportion to their posterior probabilities. The null F; distribu-
tion was estimated from a total of 10,000 coalescent simulations,
each generating a set of 2000 unlinked SNPs across 270 individu-
als. For each simulated SNP, the minimum frequency for the minor
allele was set to 0.01 to reflect filters applied to the full data set.

Locus-specific Weir and Cockerham' F.; values were estimated
for both the full and simulated data sets in R using the HIERFSTAT
package (Appendix S5).

2.7 | Outlier detection analyses

To estimate the potential contribution of local adaptation to
genomic differentiation between Torrey pine populations, we
used the full data set of 93,085 SNPs to identify loci putatively
under selection using three distinct methods: BAYESCAN version
2.1 (Foll & Gaggiotti, 2008), OUTFLANK version 0.2 (Whitlock &
Lotterhos, 2014) and PCADAPT version 4.3.3 (Privé et al., 2020).
These three approaches were selected for their ability to account
for neutral population structure (BAYESCAN, OUTFLANK) and
to handle genetic admixture between individuals (PCADAPT). For
both BAYESCAN and OUTFLANK, we grouped all 270 individuals
by populations (mainland: 140 individuals, island: 130 individuals). A
description of these methods and their implementation is provided
in Appendix Sé6. To minimize the presence of false positives within
our data set, only outlier SNPs common to all three approaches
were considered as candidate loci and included in subsequent analy-
ses. Finally, to assess genetic structure at putatively adaptive loci,
we conducted a principal component analysis based only on these
shared outlier candidate loci using the R package ADEGENET.

2.8 | Functional categorization of candidate loci

To identify biological processes or molecular functions that may
play a role in adaptation to mainland or island environments, de
novo assembled sequences containing candidate SNPs common
to all genome scans were first extracted and then annotated using
BLASTXx version 2.6.0+. Sequences were blasted against the UniProt
protein database (The UniProt Consortium, 2021) filtered for se-
quences from species within the Pinaceae family (Taxon identifier
3318). Sequence similarity was assessed using BLASTx default pa-
rameters, an e-value hit filter of 1072 (-evalue 0.001), and a number
of database hits to retain of 1 (-max_target_segs 1). GO terms were
mapped onto annotated sequences in R using the UNIPROTR pack-
age (Soudy et al., 2020).

3 | RESULTS

3.1 | Population genetic structure and variation

Using all 93,085 SNP markers, the principal component analy-
sis revealed little genome-wide differentiation in Torrey pine with
the first two principal components (PC1, PC2) explaining only 1.9
and 0.6% of observed genetic differences, respectively (Figure 3).
Nonetheless, PC1 unambiguously separated island from mainland
individuals, suggesting some level of genetic differentiation exists
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between populations. These results were further supported by the
low coefficient of genetic differentiation observed between popu-
lations (Weir and Cockerham's F¢;), estimated at 0.0129 (95% CI:
0.0128-0.0130). In addition to population-scale genetic differen-
tiation, within-population genetic differentiation was estimated to
evaluate whether local inbreeding, possibly increased in small pop-
ulations, could have contributed to fine-scale genetic structure in
Torrey pine. For both island and mainland populations, we found no
evidence of within-population genetic structure. Population-specific
principal component analyses identified no clear genetic clusters and
revealed that, combined, the first two axes of differentiation (PC1,
PC2) only explained approximately 1.9 and 2.2% of mainland and
island within-population genetic differences, respectively (Figure 4).
In addition, evaluating the likelihood between 1 to 10 genetic clus-
ters (k) within each population using BIC indicated that populations
appear largely homogeneous (most likely k = 1) (Appendix S7).
Interestingly, inbreeding (F = -0.1914, 95% Cl: -0.1919, -0.1910)
and coancestry coefficients (Table 2) were both low within Torrey
pine populations. While the lack of inbreeding supports the ab-
sence of observable within-population genetic structure, both low
inbreeding and coancestry estimates indicate neither reproduction
among relatives nor unequal reproductive success among individu-
als has probably contributed to reduced genetic diversity, meas-
ured as expected heterozygosity (Hg), estimated within populations
(Table 2). Combined, our results indicate that Torrey pine exhibits
exceedingly low genetic diversity, with most of the variation distrib-

uted within genetically unstructured populations.
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FIGURE 3 Principal component analysis using 93,085 SNPs
for 270 Torrey pine individuals, including individuals from both
mainland (black) and island (grey) populations. Variation explained
by the first two principal components is provided in parentheses

3.2 | Demographic history of Torrey pine
Of the six demographic models evaluated (Figure 2), the isolation
with migration model (RPM2) received the most support with a pos-
terior probability of 92.18%. The remaining five models exhibited
lower posterior probabilities ranging from 0% to 3.98%. With low
misclassification rates, cross-validations indicated that simulated
summary statistics were able to confidently distinguish between dif-
ferent demographic scenarios (Appendix S4a). The goodness-of-fit
test revealed that simulated summary statistics did not significantly
differ from observed ones (p = .76), providing a good fit to the data.
Based on RPM2 model simulations, an ancestral Torrey pine
population with an effective size of approximately 1124 individuals
(95% Cl: 939-1213) diverged during the early Pleistocene approx-
imately 1.2 million YBP (95% Cl: 1,195,367-1,296,186, assuming a
generation time of 10years) to form one island and one mainland
population with effective sizes of approximately 2305 (95% CI:
2166-2338) and 1715 (95% Cl: 1616-1759) individuals, respectively
(Figure 5a-e). This resulted ina 0.75 (N /N = 2305/3063) proportion
of the census to effective population size on the island, and a 0.45
(N/N = 1715/3806) proportion of the census to effective popu-
lation size on the mainland. Following divergence, some gene flow
was maintained between populations with an estimated migration
rate of 8.34x 1072 (95% Cl: 8.15x 1073-8.76 x 107°) per generation
(Figure 5a,f). In general, cross-validation simulations indicated low
prediction errors (Appendix S4b), suggesting high accuracy of in-
ferred parameters. Nonetheless, note that for T, the associated

prediction error was higher than for other parameters.

3.3 | Divergent selection between island and
mainland populations

Despite limited genetic variation within populations, we found some
evidence for the evolution of genetic differences among populations
at a subset of loci. We compared the neutral F¢; distribution generated
from the simulated RPM2 demographic model with the empirical dis-
tribution based on our full data set of SNP variants (Appendix S5). For
select SNPs, moderate to high empirical F¢; values (from approximately
0.2 to 0.62) could not or only very infrequently be generated through
neutral simulations, suggesting they may be candidate for selection.
In addition, PCADAPT, BAYESCAN, and OUTFLANK identified 3138
(8.37%), 2163 (2.32%), and 3942 (4.23%) outlier SNPs, respectively
(Figure 6a). Of these outlier loci, 2053 (2.21%) were common to all
three methods and contributed to genomic structure between Torrey
pine populations (Figure 6b). Indeed, the principal component analysis
revealed that the first axis of differentiation (PC1) unambiguously dif-
ferentiated island from mainland populations based on common outlier
SNPs, explaining over 20% of observed genetic differences.
Functional categorization of common outlier loci was performed
by blasting de novo assembled contigs carrying outlier SNPs against
the Pinaceae UniProt protein database and retrieving each hit's GO
terms. Overall, 110 (7.51%) contigs were annotated. After accounting
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TABLE 2 Average genetic summary statistics across loci,
including expected heterozygosity (H;), and coancestry
(relatedness) coefficient (9) for island (SRI) and mainland (TPSR)
Torrey pine populations

Population Hg (95% Cl) 0(95% ClI)
Island 0.1850 (0.1842, 0.0234
0.1858) (0.0232,
0.0236)
Mainland 0.1837 (0.1829, 0.0224
0.1845) (0.0222,
0.0225)

Note: Ninety-five percent confidence interval (95% Cl) around mean
estimates were obtained by bootstrapping.

for redundancy in the data (i.e., different contigs aligning to the same
locus), we identified a total of 80 putative adaptive genes with ho-
mologous sequences in Larix, Picea, or Pinus's species (Appendix S8)
that may be targets of selection. Functionally, these genes appeared
as primarily encoded in mitochondria and are involved in DNA inte-
gration or with processes associated with molecular functions such
as RNA-directed DNA polymerase activity or nucleic acid binding
(Table 3).

4 | DISCUSSION

An understanding of demographic and adaptive evolutionary history
is invaluable for rare species of conservation concern, particularly
when management decisions impact populations at risk of extinc-
tion. Teasing apart the contribution of both stochastic and determin-
istic evolutionary processes to population genomic differentiation
over time and space can be used to inform species conservation
decisions, including the potential consequences of genetic rescue
(Frankham et al., 2011; Hufford & Mazer, 2003; Ralls et al., 2018).
Here, we modelled demographic change and connectivity over time
and explored the influence neutral and selective processes have had
on contemporary population genomic structure in Torrey pine, a crit-
ically endangered endemic isolated to two populations in California.
We observed that Torrey pine populations exhibited exceedingly

PC1 (1.1% of var. explained)

low genetic variation, particularly for a conifer (see below), with little
within- or among-population structure. Although some connectiv-
ity has been maintained between island and mainland populations,
demographic modelling indicates Torrey pine has consistently suf-
fered from low effective population size. Genome scans revealed
over 2000 loci as candidates for selection. Consistent with previous
observations of phenotypic differences between island and main-
land populations, these data suggest adaptive genetic differences
have evolved among populations (di Santo et al., 2021; Haller, 1986;
Hamilton et al., 2017). From a conservation standpoint, these results
lead to contrasting recommendations with respect to genetic res-
cue. Low genome-wide differentiation at neutral loci indicates the
evolution of genetic incompatibilities following population-specific
genetic drift is unlikely to impede a genetic rescue programme.
However, previous observations of phenotypic differences paired
with outlier loci potentially associated with divergent selection point
towards the importance of adaptive evolution among Torrey pine
populations. These results suggest increased genetic variation via in-
terpopulation crosses may be needed in this species, but admixture
should be evaluated first to quantify its fitness impact.

4.1 | Standing genetic variation

Torrey pine populations exhibited extremely low genetic varia-
tion in comparison with other conifers which often exhibit an ex-
pected heterozygosity around 0.3 within populations (Namroud
et al.,, 2008; Tsumura et al., 2012). Average expected heterozygosity
(Hg) and contemporary effective population size (N,) were estimated
at 0.1850 and 2305 individuals for the island population, and 0.1837
and 1715 individuals for the mainland population, respectively
(Table 2; Figure 5a,c,d). Previous genetic analyses using allozymes
and chloroplast DNA markers identified fixed genetic differences
between populations, however, they failed to observe genetic varia-
tion within populations (Ledig & Conkle, 1983; Whittall et al., 2010).
This study is thus one of the first to find genetic variability within is-
land and mainland populations of Torrey pine, although this diversity
remains low. Ledig and Conkle (1983) hypothesized reduced genetic
diversity was attributable to drastically reduced mainland and island
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populations in the recent geological past. They suggested Torrey Effective populations sizes of other pines have been estimated to
pine populations declined to fewer than 50 individuals to later re- be from a few dozens to a few thousand times greater than those
cover and reach sizes of approximately 3000 to 4000 reproduc- inferred for island and mainland populations (Menon et al., 2018; Xia
tively mature trees (Frankham et al., 2011; Hall & Brinkman, 2015). et al., 2018). The best fit demographic model predicted an ancestral
Demographic models herein, however, suggest that effective effective population size (N,) of 1124 and only a limited increase

population size has always been low for Torrey pine (Figure 5a-d). in population size following divergence. Given these observations,
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TABLE 3 Functional categorization of 80 putatively adaptive
genes between Torrey pine populations

Frequency
GO class GO term (%)
Biological process =~ DNA integration 6.2
Methylation 2.5
Actin filament polymerization 1.2
Arp2/3 Complex-mediated 1.2
Actin nucleation
Carbohydrate metabolic 1.2
process
Carbohydrate transport 1.2
Cell differentiation 1.2
Defence response to bacterium 1.2
Defence response to fungus 1.2
Gene silencing by RNA 1.2
Molecular RNA-directed DNA polymerase 11.2
function activity
Nucleic acid binding 7.5
ATP binding 3.8
ADP binding 2.5
Magnesium ion binding 2.5
O-methyltransferase activity 2.5
Oxidoreductase activity 2.5
Protein kinase activity 2.5
4-lactone oxidase activity 1.2
Actin binding 1.2
Cellular Mitochondrion 38.8
component Integral component of 7.5
membrane
Arp2/3 protein complex 1.2
Cell wall 1.2
Chloroplast 1.2
Chloroplast thylakoid 1.2
membrane
Cytoplasm 1.2
Extracellular region 1.2
Membrane 1.2
Nucleus 1.2

Note: Listed are the 10 most frequent gene ontology (GO) terms within
each of the three GO classes (biological process, molecular function,
cellular component).

long-term reduced effective population size has probably exacer-
bated the consequences of genetic drift leading to a severe lack of
genetic variation within Torrey pine populations.

Despite extremely low estimates of genetic variation and small
effective population sizes, there was no evidence for inbreeding
(F,s = -0.1914) or excessive relatedness (8) within populations

(Table 2). These findings support high ratios between effective

and census population size (N./N) found in both Torrey pine pop-
ulations (island = 0.75, mainland = 0.45) and may, at least partly,
explain why these estimates were higher than ratio averages of
0.1 to 0.2 typically recommended for conservation management
(Frankham et al., 2014). Indeed, it is not uncommon for plants to
exhibit N./N ratios greater than 0.2 (Hoban et al., 2020; Waples
et al., 2013). Combined with a lack of within population genetic
structure (Figure 4, Appendix S7), these results also suggest re-
production among relatives or unequal reproductive success has
not likely contributed to reduced standing genetic variation. Wind
pollination and zoochorous seed dispersal have probably contrib-
uted to homogenizing the gene pool within populations (Johnson
et al., 2003; Loveless & Hamrick, 1984). Pines also possess mecha-
nisms that can reduce the probability of self-fertilization, including
the embryo lethal system (Williams, 2009; Williams et al., 2001).
This self-incompatibility system selectively induces death in em-
bryos resulting from self-fertilization (Bramlett & Popham, 1971,
Williams et al., 1999). Consequently, increased dispersal potential
paired with post-zygotic barriers limiting the probability of mating
among relatives have probably reduced within-population genetic
structure in Torrey pine. Nonetheless, while dispersal and self-
incompatibility may be important biological factors limiting genetic
structure within populations, our bioinformatics approach may also
have impacted the estimate of inbreeding. In pine genomes, which
are large and highly repetitive (Stevens et al., 2016), paralogous
reads can cluster into single loci, leading to excess heterozygosity
that could misleadingly be interpreted as low inbreeding. Although
de novo assembly and SNP filters were carefully selected to ac-
count for this issue (see Materials and Methods), we cannot rule
out the potential impact of paralogous reads on our estimate of F .

4.2 | Neutral genetic differences across
populations over time

Demographic modelling using presumably neutral genomic vari-
ation indicated a simple model of isolation with migration best
explained the contemporary distribution of genetic variation in
Torrey pine. This supported the hypothesis formulated by Ledig and
Conkle (1983) of island and mainland populations diverging from a
single ancestral population. Geological deposits dating back to the
Eocene and Miocene epochs suggest Santa Rosa Island uplifted
from the ocean during the Tertiary age (55-5 Ma) (Muhs et al., 2014;
Schumann et al., 2014), following which it would have been colonized
by Torrey pine. Evidence suggests, however, that Santa Rosa Island
may have been located closer to southern Californian coast during
the mid-Miocene than it is today (Ledig & Conkle, 1983). This prox-
imity may have promoted interpopulation gene exchange and the
establishment of one, well-connected, ancestral metapopulation. In
addition to Torrey pine, three other endemic plant species are found
on Santa Rosa Island, including Munchkin dudleya (Dudleya gnoma),

Brandegee's sage (Salvia brandegeei), and Soft leaved paintbrush
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(Castilleja mollis) (Connaughton & Dussault-Martin, 2020). Although
exclusively distributed on Santa Rosa Island today, these species
may potentially share similarities with Torrey pine's evolutionary
history, such as island colonization by ancestors and subsequent ge-
netic differentiation.

Following population separation approximately 1.2 Ma, the best
fit demographic model supports the maintenance of genetic con-
nectivity between populations, estimating the probability of gene
exchange at 8.34 x 1073 per generation (Figures 5a,e,f). Despite geo-
graphic isolation among populations and reduced potential for inter-
population gene flow, the contemporary estimate of Fg; = 0.0129
indicates only subtle genome-wide differentiation between island
and mainland populations. Reduced genetic differentiation is typical
of many conifers (Eckert et al., 2010; Namroud et al., 2008; Tyrmi
et al., 2020), as pollen may maintain connectivity over very long
distances (Campbell et al., 1999; Varis et al., 2009; Williams, 2010).
Gene flow between populations may also have been maintained via
seed dispersal. Birds represent potential seed dispersers for Torrey
pine and may play a prominent role in long-distance seed dispersal
(Johnson et al., 2003; Pesendorfer et al., 2016; Viana et al., 2016).
Overall, our findings indicate that despite the increased probability
of genetic drift due to low population sizes, gene flow maintained
between island and mainland populations may have been sufficient
to prevent extensive genomic differentiation at neutral loci follow-
ing population isolation.

Note, however, that coalescent simulations assume nonoverlap-
ping generations, which may limit their ability to accurately estimate
demographic parameters in long-lived species, including conifers.
Consequently, gene flow estimated between island and mainland
populations may have been overestimated or may possibly be an
artefact resulting from an attempt of the demographic model to
account for shared ancestral genetic variation among populations.
Additionally, migration was assumed in this study to be equal and
of the same intensity between Torrey pine populations, which may
have further biased our estimate of gene flow. Regionally asymmet-
ric wind patterns are not uncommon along the southern Californian
coast (Cole & Wahl, 2000), suggesting that unidirectional gene
flow from Santa Rosa Island to the Torrey Pine State Reserve may

dominate.

4.3 | Evidence for local adaptation

Phenotypic monitoring using common garden experiments or in
situ morphological observations for cone, seed, and needle mor-
phology have previously suggested genetically based phenotypic
divergence among Torrey pine populations (di Santo et al., 2021,
Haller, 1986; Hamilton et al., 2017). To test for the role of selection
across loci, we simulated a null F¢; distribution to compare with our
empirical Fq; distribution, which indicated that a few hundred to a
few thousand loci may be under divergent selection (Appendix S5).

Genome scans further supported this observation, identifying 2053

(2.21%) candidate SNPs with accentuated divergence between is-
land and mainland populations (Figure 6). Annotation of sequences
containing these outlier SNPs suggested that adaptive evolution in
Torrey pine might have caused genetic differentiation at both the
nuclear and mitochondrial level (Table 3). Note, however, that the
transfer of mitochondrial genes to the nucleus is common in plants
(Adams et al., 2000; Adams & Palmer, 2003; Kan et al., 2021; Wu
et al,, 2017). To evaluate whether candidate SNPs were encoded in
mitochondria and not the nuclear genome resulting from mitonu-
clear gene transfer, we assessed the mapping performance of candi-
date SNPs-bearing contigs to Pinus taeda genome and Picea sitchensis
mitogenome (Appendix S9). While a significant portion of candidate
contigs were annotated as mitochondrial loci, they most likely rep-
resent nuclear sequences as 98.36% (1140 out of 1464) of them
mapped onto P. taeda genome compared to 0.2% (or 3 out of 1464)
mapping onto P. sitchensis mitogenome. Although these sequences
may be located in the nucleus following mito-nuclear gene transfers,
recent work suggests these transfers are largely absent in Pinaceae
(Kan et al., 2021). Consequently, while it remains possible that candi-
date SNPs represent genetic variation from recent mitonuclear gene
transfer events, it is more likely the homology between candidate
SNP-bearing contigs and the mitogenome detected in annotations
reflects ancient paralogy between nuclear and mitochondrial pro-
tein sequences. As these loci represents only a tiny fraction of our
genetic data set, we hesitate to make strong conclusions about them
in either direction.

Overall, GO annotation indicated that genes important for
mechanisms such as DNA integration, methylation, gene silenc-
ing, carbohydrate transport and metabolic processes, and defence
against pathogens (bacteria and fungi) were candidates for selec-
tion (Table 3). This suggests that between the island and mainland
environments, modification of genetic composition and architec-
ture following DNA integration, changes in gene expression or
protein function following methylation and gene silencing, and
direct or indirect selection against pathogens may have played an
important role in population divergence following isolation. For
example, a candidate gene associated with defence against bacte-
ria and fungi (UniProt accession: B8LLJ5, GO terms: GO:0042742,
G0:0050832, GO:0031640) suggests that phenotypic differentia-
tion may have evolved in response to pests or pathogens. Indeed,
the mainland population of Torrey pine may have faced substantial
selection associated with outbreaks of the California five-spined
ips (Ips paraconfusus Lanier) (Franklin & Santos, 2011; Shea &
Neustein, 1995), whereas the island population has not been ex-
posed to that selective pressure. Noteworthy with these results
is the fact that pine genomes are exceedingly large (Grotkopp
et al., 2004; Stevens et al., 2016), and our sequencing approach
(reduced representation sequencing; see Materials and Methods)
captures only a fraction of Torrey pine genome. Thus, despite dif-
ferences observed, our estimate of variation important to adapta-
tion is probably conservative and some variation has probably not

yet been identified.
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4.4 | Applying neutral and adaptive evolutionary
processes to rare species conservation

While identification of the appropriate effective population size
necessary to protect adaptive evolutionary potential for rare species
is still debated, recommendations generally range between 500 to
5000 individuals (Frankham et al., 2014; Franklin & Frankham, 1998;
Lynch & Lande, 1998). Torrey pine, critically endangered and en-
demic to just two native populations, suffers from extremely low ef-
fective population size (N, = 2305, N,, = 1715) relative to other pines
(Menon et al., 2018; Xia et al., 2018). Given historical and contempo-
rary estimates of effective population size as well as contemporary
estimates of expected heterozygosity, our results indicate Torrey
pine may not retain the genetic variation within populations needed
to adapt to change. Current monitoring within the mainland popula-
tion suggests a lack of recruitment (personal observation by Lionel
Di Santo, July 2017), infestation by Ips beetles (Steele et al., 2021),
and climate warming (Diffenbaugh et al., 2015) may increase extinc-
tion risk. Thus, for Torrey pine, increased Ne and greater genetic di-
versity may be required for long-term persistence.

A genetic rescue programme would facilitate interpopulation
gene flow to increase genetic variation and reduce potential load as-
sociated with isolation and rarity. Demographic modelling indicated
some gene flow has been maintained between populations follow-
ing isolation, contributing to reduced genome-wide estimates of dif-
ferentiation (F¢; = 0.0129). However, the combination of observed
phenotypic differences and number of genes that appear targets of
selection suggest island and mainland populations of Torrey pine
have undergone distinct adaptive evolutionary trajectories follow-
ing isolation. Thus, a genetic rescue programme should be consid-
ered with caution as gene flow between populations may disrupt
local adaptation and further reduce population performance (Goto
et al., 2011; Hufford & Mazer, 2003; Montalvo & Ellstrand, 2001).
Despite this word of caution, preliminary data comparing main-
land, island, and F1 individuals from a common garden experiment
planted outside the species natural distribution indicate that Fils
exhibit increased fitness relative to mainland and island populations
(Hamilton et al., 2017). Consequently, future monitoring is needed to
empirically quantify fitness consequences of advanced-generation
admixture (F2, Backcross-Island (BC-I), Backcross-Mainland (BC-M))
following early-generation heterosis.

If ex situ preservation of existing genetic diversity distributed
within natural populations of Torrey pine is desired, our results
provide distinct recommendations based on neutral and adaptive
processes. Low genome-wide differentiation among populations, a
consistent history of low effective population size, and indications
that some gene flow is maintained among populations suggest one
population (island or mainland) could be targeted to effectively pre-
serve neutral genetic variation. However, the combination of shared
outlier candidate loci and previously observed phenotypic differ-
ences among populations suggests if the goal is to preserve adaptive
genetic variation, a strategy favouring conservation efforts including
both mainland and island populations will be necessary. Together,

our results point towards the need to understand the distribution of
neutral and adaptive genetic diversity to adequately meet conser-
vation objectives for rare species (Bonin et al., 2007; Holderegger
et al., 2006; Teixeira & Huber, 2021).

This study demonstrates that genomic data can provide sub-
stantial resolution in estimates of genetic diversity for rare species
and is needed to understand the evolutionary processes underlying
population persistence. In addition, relatedness among individuals
approximated with such data can contribute knowledge necessary
to designing, complementing, or completing pedigrees of wild or
captive populations of endangered species (Galla et al., 2022). We
also show that using genome-wide data to both model demographic
changes over space and time and to tease apart evolutionary pro-
cesses contributing to population structure can help prioritize ex situ
collections and identify candidate populations for assisted gene flow.
Rare species often occur in small, fragmented populations across dif-
ferent habitats, and management of such species should consider
patterns of neutral and adaptive genetic diversity, historical diver-
gence, and inbreeding. While assessment of parent and advanced-
generation hybrid populations within a common environment is the
“gold standard” to empirically test fitness consequences following
population admixture (Hamilton et al., 2017; Irimia et al., 2021; Keller
et al., 2000; Shi et al., 2018; VanWallendael et al., 2022), the analyt-
ical framework described here can provide critical insights into both
the risks and benefits of establishing a genetic rescue management

strategy.
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