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Genetic diversity is a prerequisite for evolutionary change in all kinds of organisms.
It is generally acknowledged that populations lacking genetic variation are unable to
evolve in response to new environmental conditions (e.g., climate change) and thus
may face an increased risk of extinction. Although the importance of incorporating
genetic diversity into the design of conservation measures is now well understood, less
attention has been paid to the distinction between neutral (NGV) and adaptive (AGV)
genetic variation. In this review, we first focus on the utility of NGV by examining the
ways to quantify it, reviewing applications of NGV to infer ecological and evolutionary
processes, and by exploring its utility in designing conservation measures for plant
populations and species. Against this background, we then summarize the ways to
identify and estimate AGV and discuss its potential use in plant conservation. After
comparing NGV and AGV and considering their pros and cons in a conservation
context, we conclude that there is an urgent need for a better understanding of
AGV and its role in climate change adaptation. To date, however, there are only a
few AGV studies on non-model plant species aimed at deciphering the genetic and
genomic basis of complex trait variation. Therefore, conservation researchers and
practitioners should keep utilizing NGV to develop relevant strategies for rare and
endangered plant species until more estimates of AGV are available.
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1. Introduction

Major sources of genetic variation include mutations, gene flow, and sexual reproduction.
Mutations in DNA produce genetic variation by altering the genes of individuals in a population.
Gene flow introduces new genetic variation [i.e., partial (selective introgression—some parts of gene
flow may be selected against) or overall genome-wide variation] as individuals with new, different
gene combinations migrate into a local population, mate with local individuals, and successfully
produce offspring. Sexual reproduction increases genetic variation because of recombination and
new combinations of alleles not present in either of the parental individuals are produced. The
genetic variation of a given population or an entire species is referred to as “genetic diversity” In
other words, genetic diversity refers to the variation in the range of different inherited traits or
macromolecules within a population or a species. Most researchers agree that genetic diversity is
crucial because it helps to maintain the population’s adaptability in the face of diseases, pests, climate
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change, and other stressors (Fisher, 1930; Dobzhansky, 1937; Pobke,
2007; Anderson et al., 2011; Schoville et al., 2012; Hoffmann et al., 2021).
Genetic diversity is also known to have an impact on population
persistence (e.g., Saccheri et al., 1998). When the environment changes,
a population with higher genetic diversity is more likely to be adapted
to the new environment than one with less variation. Thus, preserving
a species’ genetic diversity could improve its chances of surviving over
evolutionary time. For the ease of upcoming discussions, a glossary of
pertinent terms of population genetics and conservation genetics cited
in this review is given in Supplementary material.

Information on the genetic diversity of a population or a species can
be derived from either genotypic [mostly DNA-based, but also allozymes
(allelic variants of enzymes)] or phenotypic (quantitative) data (Spitze,
1993; Holderegger et al., 2006; Kirk and Freeland, 2011). The framework
to obtain genetic information from genotypic data is population
genetics, while the framework to analyze phenotypic data is quantitative
genetics. Genotypic data can be subdivided into “traditional” markers
[e.g., allozymes, amplified fragment length polymorphisms (AFLPs),
inter-simple sequence repeats (ISSRs), and microsatellites (SSRs)] and
next-generation sequencing (NGS) information (Allendorf, 2017).
Traditional markers are often restricted in number, although AFLPs can
provide up to a few thousand markers that are distributed randomly
across the genome. They are supposed to be “neutral” (and, thus, they
are called “neutral genetic variation,” NGV), but this is not always the
case (Schoville et al, 2012). NGS routinely provides tens of thousands
to millions of single nucleotide polymorphisms (SNPs) that cover all
(whole genome sequencing) or a substantial part of the genome (they
are thus called “genomic”) and can be neutral or adaptive (“adaptive
genetic variation,” AGV; Schoville et al., 2012). The pros and cons of
each type of marker have been thoroughly reviewed and discussed
(Mondini et al., 2009; Kirk and Freeland, 2011; Allendorf, 2017); thus,
the decision of which marker to use should be based primarily on
objective grounds (Schlotterer, 2004). NGV does not directly influence
individuals’ fitness, which means that different alleles in the marker loci
do not deliver any advantage or disadvantage to individuals. In contrast,
by definition, AGV affects the fitness of both individuals and
populations. Hence, the AGV of a population or species is essential for
its performance and fitness when facing changing environmental
conditions. In this regard, studies on AGV are broadly within the scope
of (modern) ecological genetics/genomics (a sub-field of molecular
ecology), defined as “the study of evolutionary processes, especially
adaptation by natural selection, in an ecological context to account for
phenotypic patterns observed in nature” (Wade, 2021).

Still, the term “genetic diversity (or variation)” is often used without
the qualifiers “neutral” or “adaptive”—it is left to the judgment of readers
to infer the nature of the diversity in study contents. This is also
understandable under the notion that, as discussed below, evolutionary
biologists and conservation geneticists value genetic diversity because
the variation of what is neutral now can be adaptive when conditions
change (“temporal conditional neutrality,” de Lafontaine et al., 2018),
although such distinction is often neglected by non-specialists
(Holderegger et al., 2006). We may recall the classic case of the peppered
moth (Biston betularia)—the black morph is adaptive in an industrial
environment but lethal in a natural one (Cook et al., 2012). Likewise,
heavy metal tolerant genotypes are highly adaptive in heavy metal
contaminated soils but at disadvantage otherwise (Antonovics et al,
1971). There are also examples where some alleles/genotypes are favored
in some environmental conditions but neutral otherwise (Futuyma and
Kirkpatrick, 2017). Indeed, genes can be classified as neutral or adaptive,
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depending on whether they have an impact on the fitness of the
individuals that bear them (adaptive) or not (neutral), but the difference
is more subtle and context dependent. The selection coeflicient (which
measures the “adaptivity”) can vary from almost zero to infinity and
depends on the environmental settings (i.e., a gene can be neutral in
some environment and adaptive in another), population size, and the
genetic composition of the population. Thus, the same gene can
be neutral, quasi-neutral, somewhat adaptive, or lethal, depending on
the conditions. One important point here is that there is no way to tell
if a gene is irrelevant for future adaptation, and thus, neutral and
adaptive diversities are hard to define.

Most conservation biologists acknowledge the usefulness of NGV
for conservation and restoration purposes in plants (e.g., Hamrick and
Godt, 1996a; Neale, 2012; Ottewell et al., 2016; Whitlock et al., 2016;
Chung et al., 2020). These researchers are, thus, implicitly assuming that
the levels of NGV [e.g., percentage of polymorphic loci (%Py; hereafter
“\” indicates neutral), allelic richness (Ag) or Hardy-Weinberg (H-W)
expected heterozygosity (H, )] would be indicative of demographic
factors that also affect the levels of AGV [but see also (Garcia-Dorado
and Caballero, 2021; Teixeira and Huber, 2021) for the debate on the
traditional assumption that NGV would be a proxy for AGV; see also
section “Controversy over the similarity between NGV and AGV” later].
These parameters, coupled with Wright (1951) Fsry (or Ger; Nei, 1973,
1978) (proportion of variation between populations at neutral marker
loci), have been widely used to develop conservation strategies and to
implement appropriate actions (Hamrick and Godt, 1996a,b; Toro and
Caballero, 2005; Rivers et al., 2014; Frankham, 2015; Haig et al., 2016;
Ottewell et al., 2016; Allendorf, 2017; see Table 1 for the definition of
parameters measuring neutral and adaptive genetic diversity and
structure in seed plants). The two commonly used metrics for estimating
NGV (H,y and Fsry or Gery) are key parameters that can be directly
linked to the “small population” paradigm (Ellstrand and Elam, 1993;
Frankham, 1996) and the concept of “extinction vortex” (A and F
vortices; Gilpin and Soulé, 1986; but see Teixeira and Huber, 2021).
Reviews based on allozymes have revealed that some life-history and
ecological traits such as life form, breeding system, geographic range,
and seed dispersal mechanism significantly influence the values of H, s
and Gsry in seed plant species (Hamrick and Godt, 1996a). Conservation
practitioners could use the robust allozyme genetic diversity databases
(>700 species) to develop conservation strategies for plant species that
lack any genetic information; this recommendation should only
be followed if there is absolutely no other genetic information available.

Traditionally, AGV has been quantified in plants through common
garden and reciprocal transplant experiments by assessing broad-sense
(H?) and narrow-sense heritabilities (h?) within populations for a
specific quantitative trait or by estimating Qsr, an analog to Fgr, for
among-population divergence in a trait (reviewed in Holderegger et al.,
2006). More recently, some researchers (Fitzpatrick and Keller, 2015;
Jordan et al., 2017), using genomic (AGV) and environmental data [e.g.,
genomic offset (genomic vulnerability)], have assessed the degree of
(mal)adaptation of focal populations to their new environmental
conditions to gain insights to their conservation (for its prospects and
limitations, see Hoffmann et al., 2021; Rellstab et al., 2021).

We are currently facing a critical time to preserve the genetic
diversity and resources of plants due to global warming and habitat
destruction. Therefore, it is timely to discuss the applications of NGV
and AGV to the conservation of rare and endangered plants or those
susceptible to changing environmental conditions. This in particular is
desirable from the view of the gap between academic research and its
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implementation in conservation practice (Holderegger et al., 2019). To
bridge this gap, it can be conducive to providing an overview covering
both NGV and AGV and their utility in the conservation biology of
plants. In this review, we first introduce the approaches how to
estimating NGV [based on (putatively) neutral markers] and AGV
(based on quantitative traits and single genes or genomic regions
underlying local adaptation). Next, we briefly discuss their applications
to the conservation and management of threatened plant species.
We further introduce the relationship between NGV and AGV and the
controversy over their similarity. We close this review by recommending
using NGV—through traditional neutral markers—to conservation
ends if genomic data (e.g., SNPs) are not available for a given plant
species and by proposing future research directions. We hope that this
overview would lessen the gap between genetic information (science)
and its application (practice) to the conservation of rare and endangered
plant species.

2. Estimation of neutral and adaptive
genetic diversity

2.1. Neutral genetic diversity

H, y (the expected heterozygosity or evenness of genetic diversity;
Table 1) is central for neutral population genetics because its calculation
is based on the assumption that the population studied is under H-W
equilibrium (i.e., random mating and absence of perturbing forces such
as selection, genetic drift, mutation, and migration; Waples, 2015) and,
thus, it allows to compare populations under very different conditions.
Thus, H, y would be more useful when one is comparing levels of genetic
diversity between populations or species. H, y is a composite metric that
summarizes genetic variation at the allele level. This parameter, which
is often referred to as “genetic diversity” or “gene diversity; is calculated
as H,y=1 - Xp? (where p; refers to the frequency of the ith allele at a
locus) averaged over all loci, including monomorphic loci. H,y is a
function of the proportion of polymorphic loci, the number of alleles
per polymorphic locus, and the evenness of allele frequencies within
populations or species. It is probably the most employed index of NGV
for neutral marker-based data (including SNPs) because it summarizes
the fundamental genetic variation of a population or a species in a single
statistic (Berg and Hamrick, 1997; Toro and Caballero, 2005; De Kort
et al., 2021). H, (the observed heterozygosity), on the other hand,
would be better if one is interested in the actual measure of
heterozygosity in a population. Since H, and H, are giving different
information, it would be best to include both H, and H.,. For markers
like allozymes or SSRs, another commonly used parameter is the
percentage of polymorphic loci (%Py; Table 1), which is calculated as the
number of loci with two or more alleles within each population or
species divided by the total number of loci resolved and multiplied by
100 (Berg and Hamrick, 1997). Another important but less used
parameter is allelic richness (Ag; Table 1), which is the standardized
mean number of alleles per locus (A; Table 1) that accounts for
differences in population sample sizes [i.e., rarefaction methodology
described in Hurlbert (1971), which is a technique for assessing
ecological diversity under unequal sample sizes]. The standardized Ay is
a more informative parameter for conservation purposes than Hp or
%Py (El Mousadik and Petit, 1996; Petit et al., 1998; Rivers et al., 2014).
This is because Ay, is indicative of the long-term evolutionary potential
of a population (Caballero and Garcia-Dorado, 2013), and rare alleles
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TABLE 1 Definition of population genetic terms for seed plants cited in the

review.
%P (percentage of polymorphic loci): A measure of levels of genetic diversity; it is the
proportion of polymorphic loci multiplied by 100
A (mean number of alleles per locus): A measurement of the average number of
alleles per locus
Ay (allelic richness): A measurement of the average number of alleles per locus after
the rarefaction accounting for differences in sample sizes (1l Mousadik and Petit,
1996)
H, [gene diversity or Hardy-Weinberg expected heterozygosity both at monomorphic
(H.=0) and polymorphic loci]: It is the most commonly used within-population
genetic variation parameter. A “P” subscript in the text denotes population-level
values
Fis (inbreeding coefficient or fixation index): The average inbreeding coefficient of
individuals within (sub)populations; it can be positive or negative. High Fi is
suggestive of a considerable degree of inbreeding
Fgr (or Ggy) (among-population genetic differentiation): It measures the proportion of
total genetic diversity found among (sub)populations averaged over all polymorphic
loci. Verity and Nichols (2014) and Jost et al. (2018) criticize the appropriateness of
these parameters as a measurement of among-population genetic differentiation (see
the text for more details)
Qsr (genetic differentiation in quantitative traits): Measures the degree of genetic
differentiation among populations in a quantitative (polygenetic) trait. Analog of Fg;
for continuously varying traits
@ (refers to the relative contributions of the between-population variance
component to the total genetic variation in the whole sample): It is a modified statistic
of Wright (1951) Fyy and estimated by the hierarchical analysis of molecular variance
(AMOVA)
S (number of segregating sites): The number of nucleotide sites with two or more
nucleotides within a population in a sequence with L nucleotide sites in length
(polymorphic DNA sites)
ps (number of segregating sites per nucleotide site): The proportion of segregating
sites per sequence. It is calculated as ps=S/L
Oy (Watterson’s theta, an estimate of within-population genome-wide genetic
diversity): Measures DNA polymorphism by counting the proportion of segregating
sites observed in a population that is subject to recurring, new mutations but not
subject to recombination
n (nucleotide diversity): The average pairwise differences of DNA sequences within
populations

For most genetic parameters in the text, an )" subscript denotes adaptive genetic variation
(AGV), whereas an “y” subscript denotes neutral genetic variation (NGV). The parameters for
among-population differentiation are well presented in Box 1 of Holsinger and Weir (2009).

that influence Ay measures are more localized than common ones,
which may lead to conservation implications in the context of
fragmentation consequences (E! Mousadik and Petit, 1996; Petit et al.,
1998). For example, Tsumura and his colleagues, using SSRs which were
highly polymorphic regarding the number of alleles, detected five
historically important populations for conservation (i.e., glacial refugia)
of Cryptomeria japonica in Japan based on rare and “private” alleles
(those that are found only in a single population; Takahashi et al., 2005).

For neutral DNA sequence-based polymorphisms [e.g., internal
transcribed spacer (ITS), SNPs], the most commonly used parameters
are the number of segregating sites (Sy) and nucleotide diversity (7y;
Hamilton, 2009; Table 1). Similar to %Py, Sy is calculated as the number
of nucleotide sites with two or more alternative nucleotides among
alleles within a population in a sequence with L nucleotide sites in
length. The number of segregating sites per nucleotide site (ps) is
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calculated as ps=Sy/L (Table 1). Under neutrality, another parameter
that can be derived from Sy is Oy.y (Watterson’s theta; Table 1), calculated
using the formula 6y .x=psn/a,, where a, is the (n-1)th harmonic
number for #n sampled haploid individuals (Watterson, 1975). Nucleotide
diversity (my; Nei and Li, 1979; Nei and Kumar, 2000) is a measure of
heterozygosity for DNA sequences. In a similar way to H, y, 7y is defined
as the average number of nucleotide differences per site between each
pair of DNA sequences in the sample.

Population geneticists use many different metrics to measure
population differentiation in plants (Lowe et al., 2004). Wright (1951)
defined Fgp. (Table 1) for one locus with two alleles as a measure of the
probability of identity by descent (IBD) of alleles within subpopulations
relative to the total population. IBD can be generated if allele frequencies
differ among subpopulations, and random mating within each
subpopulation is not equivalent to random mating among all individuals
of the total population. Because of the Wahlund effect due to population
substructuring (i.e., the fractional reduction in heterozygosity of a
subdivided population relative to the heterozygosity of a single, random-
mating, H-W population with the same allele frequencies), Hs < Hr (where
H; and Hy are the H-W expected frequency of heterozygotes “averaged
across subpopulations” and “for the total population,” respectively), and
thus 0 < Fer < 1. If Fs; =0, there is no deficit of heterozygotes because there
is no allele frequency variation among subdivisions. In an extreme case, if
Fsr=1, there is a complete absence of heterozygotes because subpopulations
are fixed for different alleles in all loci. Another commonly used measure
of genetic differentiation is Nei (1973, 1978) Ggp.y, calculated as Ggpy=Dsy
/Hy, where Dy is the component of among-population genetic diversity
and Hr is the total genetic diversity. Gy values are usually averaged over
all polymorphic loci to estimate population divergence for a given species.
A Gy value of 0.10 means that 90% of total genetic diversity resides
within populations, and 10% resides among populations. Ggr.n may
be regarded as a multi-allelic variant of Wright (1951) Fery (Berg and
Hamrick, 1997), and an analog of the latter parameter, 6, is often calculated
following an analysis of variance formulation by Weir and Cockerham
(1984). In addition, the hierarchical analysis (at two-, three- or four-levels)
of molecular variance (AMOVA; Excoflier et al., 1992) has been often used
to characterize the partition of the observed genetic variation among (®sr)
and within populations for regions. As the classical Fsr is dependent on
within-population diversity (Hs), Meirmans and Hedrick (2011) suggested
the use of standardized F'¢; (for “inferring demographic history and
migration”; Hedrick, 2005), and Jost (2008) D (for “describing allelic
differentiation among populations”) as complementary summary statistics
to Fgr. In a similar context, Verity and Nichols (2014) stress that “in some
situations, Gy is insufficient on its own and needs to be supplemented by
another measure such as Hedrick (2005) G's; or D Similarly, Jost et al.
(2018) argue that the two main classes of measures [i.e., Fsr, Gs, and 6 as
“fixation index measures”; D, Es (entropy differentiation) and Kgr
(differentiation measure based on allele number) as “allelic differentiation
measures”] provide very different but complementary types of information
and should be used simultaneously in conservation genetics.

Finally, in terms of Wright (1951) F-statistics, Fjs (the probability of
IBD of alleles within individuals relative to the subpopulations in which
they occur; Table 1) and Fir (the probability of IBD of alleles within
individuals relative to the total population) are in the range of —1 to 1.
By definition, the inbreeding coefficient F is the probability that two
homologous alleles in an individual are IBD from a recent common
ancestor (Sewall Wright originally used ffor the coefficient of inbreeding
but F has become more common in modern usage). Fys  is called the
average inbreeding coefficient of individuals within subpopulations and
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has been used to estimate the degree of inbreeding within populations
(Berg and Hamrick, 1997). As defined above, however, Fisx measures
the deviation of a population from H-W equilibrium and has several
other explanations than inbreeding, such as mutation, Wahlund effect,
and null alleles (for details see Waples, 2015).

2.2. Adaptive genetic diversity

2.2.1. Genetic diversity in quantitative traits

It is worth noting at the outset that the genetic diversity of quantitative
traits is not always adaptive; quantitative traits can be neutral. Genetic
investigation on fitness-related [phenology (bud set, bud break), cold and
drought tolerance, growth (specific leaf area), reproductive output, survival,
biomass-accumulation, etc] and non-fitness-related (morphology) traits in
plant species have been targeted by researchers to gain insights into local
(mal)adaptation (De Kortetal,, 2013; Capblancq et al., 2020). For instance,
Exposito-Alonso et al. (2018) conducted a drought experiment on
Arabidopsis thaliana from different regions of Europe and found that
populations from both Mediterranean and Scandinavian regions display
genetic variation in drought resistance suggesting potential for adaptation
to changing climate. As another example, Olson et al. (2013) found that
northern populations of Populus balsamifera exhibit earlier bud set and
later bud break than southern populations likely as an adaptation to shorter
growing seasons and earlier onset of winters.

In the same way, as H, y is a measurement of NGV, a more general
and less precise measure of genetic variability in a quantitative trait is
the broad-sense heritability (H?), the ratio of total genetic variance (V)
to the total phenotypic variance of a trait (V}), defined as H>=V¢/V,
(Podolsky, 2001; Volis et al., 2005; Ye et al., 2014). In addition to additive
genetic variance (V,), V; further includes contributions due to
dominance and epistatic interactions, i.e., non-additive genetic variance
(Yeetal, 2014). H*is a less appropriate guide to the ability to evolve via
natural selection in random mating populations. However, narrow-
sense heritability (h?) is used to measure AGV within populations for
specific quantitative traits (Reed and Frankham, 2001; Holderegger
et al., 2006; Willi et al., 2006; Visscher et al., 2008; Mittell et al., 2015;
Depardieu et al., 2020). To calculate 4% one has to separate V, from
environmental (i.e., non-genetic) and non-additive (i.e., dominance and
epistasis) genetic variance (Visscher et al., 2008; de Villemereuil et al.,
2016). h?* is a ratio of the Vj scaled to Vp Toro and Caballero (2005)
considered h* “the best indicator of adaptive potential” for a quantitative
trait. Researchers routinely perform experimental procedures to
estimate the variance components of phenotypic traits from individuals
with known genetic relationships (e.g., half-siblings) grown under the
same environment (i.e., through a common garden experiment). A
typical research approach consists of estimating variance components
through variance analysis of individuals (e.g., offspring of known
mothers with unknown fathers) nested within families (Holderegger
et al., 2006). Another commonly used measure of within-population
genetic variability for quantitative traits is the coefficient of additive
genetic variance (CV,; Houle, 1992). As a measure of the relative
variability of a given trait, CV, is defined as the ratio of the standard
deviation of V, to the mean for a given trait. The higher the coefficient
of variation, the greater the level of dispersion around the mean.

The equivalent Fyry (or Gsry) for a quantitative trait is Qgr (Table 1;
e.g., Petit et al,, 2001; Chun et al., 2009, 2011; Shirk and Hamrick, 2014; de
Villemereuil et al., 2016). Qs calculation for a trait can be expressed as
Qsr=V3/ (Vp+2V,), where V; is the among-population variance (assumed
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to be additive) and V, is the average additive genetic variance within
populations (Spitze, 1993; Petit et al, 2001; Savolainen et al., 2007;
Whitlock, 2008; Leinonen et al., 2013; Shirk and Hamrick, 2014; de
Villemereuil et al., 2016). Common garden experiments are often required
to obtain estimates of Qsy, which can be laborious and expensive. As in the
case of Fern, Qsr=1 means complete differentiation in quantitative traits,
and Qsr=0 represents genetic homogeneity among populations.

Neutral genetic markers can play a role in identifying adaptive traits,
especially those that involve many genes (i.e., quantitative traits), as
neutral marker loci can provide a baseline (or a reference) for comparisons
with potentially adaptive traits. The comparison between Fsry and Qsr
delivers a means for researchers to distinguish between natural selection
and genetic drift as causes of population differentiation in complex
polygenic traits (Leinonen et al., 2008). If Qs> Fery, trait divergence
exceeds neutral expectation, likely caused by divergent selection. If
Qsr < Fsr, trait divergence among populations is less than expected due
to genetic drift alone; this pattern is suggestive of uniform selection or
stabilizing selection across populations (selection favoring the same
phenotype in different populations). Finally, if Qsr~Fsry, trait
differentiation is indistinguishable from the effects of drift, and there is
no evidence for selection (i.e., there is no need to invoke natural
selection—the given degree of differentiation would be expected by
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genetic drift alone). Meta-analyses of empirical Qs—Fsrx comparison
studies have shown that Qs typically exceeds Fsry (Merild and Crnokral,
2001; Leinonen et al., 2008, 2013), suggesting that quantitative genetic
variation is often under the influence of divergent selection. Although
Ovaskainen et al. (2011) have pointed out that the traditional Qg—Fsr
comparisons suffer from several shortcomings (e.g., compromised
statistical power, theoretical weaknesses, and, as mentioned above, the use
of traditional Wright's Fr), most published works are still based on the
conventional Qs—Fsr comparisons rather than the more sophisticated
approach outlined by Ovaskainen et al. (2011).

2.2.2. Identification of loci underlying local
adaptation

In the era of genomics, genome-wide variation may be detected
using restriction site-associated DNA sequencing (RAD-seq), RNA-seq,
target enrichment sequencing, and whole-genome (re)sequencing,
among others, and provides genomic information for a better
understanding of population genetic processes, especially local
adaptation, and thus, also for conservation concerns (Figure 1; Shafer
et al, 2015; Flanagan et al, 2018). In addition, multiplexed ISSR
genotyping by sequencing (MIG-seq) can be useful for conservation
genetics as it tolerates a wide range of DNA qualities and quantities and
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can be applied to endangered plants with small samples (Suyama and
Matsuki, 2015). The important issue is how to identify which variants at
a locus or gene are adaptive. There are four main types of traditional
approaches to identifying which loci are adaptive (Schoville et al., 2012).
The first method is the population differentiation approach (e.g., Fsr
outlier methods; Eckert et al., 2010; Li et al., 2017; Anderson and Song,
2020). By calculating values of Fs; for multiple genes across the genome,
one can detect outlier loci deviating from the neutral baseline level of
differentiation (Funk et al., 2012). These outlier loci are candidates for
having been under directional selection for local adaptation (Bierne
etal, 2013). A second method to characterize adaptive differentiation is
to estimate genotype-environment associations (GEA; also called
environmental association analysis; Feng and Du, 2022) on either
individual or population samples (Li et al., 2017; Forester et al., 2018).
In GEA, genes showing a high correlation with a specific environmental
variable are indicative of selection stemming from this variable being
responsible for observed differentiation (Coop et al., 2010; Rellstab et al,,
2015). GEA can detect (candidate) genes involved in a local adaptation
that could remain undetectable by traditional outlier analyses (Coop
et al., 2010; Rellstab et al., 2015). Hence, the detection of AGV based on
a single approach needs to be considered with caution due to the
occurrence of false positives (i.e., type I error) or false negatives (i.e.,
type Il error; e.g., Lietal., 2017; Flanagan et al.,, 2018). However, both of
these approaches suffer from a high rate of false positives, probably due
to background population structure and demographic processes (de
Villemereuil and Gaggiotti, 2015). To lower the false positive rate of the
existing Fgr-based approaches under various demographic scenarios, de
Villemereuil and Gaggiotti (2015) developed an Fgr-based genome-scan
method (“BayeScEnv”) that “incorporates environmental information
in the form of environmental differentiation.” There are also several
other GEA methods [e.g., a Bayesian method of estimating “the
empirical pattern of covariance in allele frequencies between populations
from a set of markers” (Coop et al., 2010), a spatial analysis method
(SAM; Joost et al., 2007), and latent factor mixed models (Frichot et al.,
2013)]. For more details about the Fs; outlier analyses and GEA, readers
may refer to a comprehensive review of Flanagan et al. (2018). A third
approach to detecting AGV involves the detection of departures of allele
frequency spectra from the expectations under neutrality (Chen et al.,
2010). Finally, genome-wide association studies (GWAS; also called
genotype—phenotype association analysis), conducted under well-
designed common garden experiments, can also be used to identify
genetic signatures of adaptation (e.g., SNPs association with quantitative
traits that are enriched for Fs; outliers; e.g., Fournier-Level et al., 2011;
McKown et al., 2014; Josephs et al., 2017). However, in the case of
GWAS, there are a number of important biological and statistical
considerations to be taken into account, and these can limit the utility
of GWAS in studies of natural populations (Korte and Farlow, 2013). In
addition to the above methods, the following approaches can also
be used to infer natural selection on particular loci: Tajimas D (Tajima,
1989), Fu and Li test (Fu, 1996), HKA test (Hudson et al., 1987), and MK
test (McDonald and Kreitman, 1991). In fact, for the identification of
candidate loci/genes under local adaptation, two or more approaches are
usually used (Tsumura et al, 2007, 2014). More recently, Feng and Du
(2022) summarized the methods of landscape genomics [i.e., GEA and
“genetic or genomic offset” (Fitzpatrick and Keller, 2015; Capblancq
etal, 2020) or “genomic vulnerability” (Bay et al., 2018)] used in tree
conservation and elucidated the pros and cons of these methods. These
authors also highlighted the “risk of non-adaptedness” method (Rellstab
etal, 2016), a similar approach to genomic offset, which predicts the
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theoretically required allele frequency shifts of diverse populations of a
focal tree species under multiple scenarios of climate change.

Studies on gene expression patterns generated by RNA-seq (i.e.,
“transcriptome analysis or transcriptomics”) can provide insights into
molecular mechanisms underlying local adaptation. Such genes can
be identified by showing them significant up- or down-regulation
expression in response to particular environmental conditions [e.g.,
A. thaliana (Lasky et al., 2014); Quercus lobata (Gugger et al., 2017);
reviewed in Sork (2018)]. Another approach is to study “epigenetic
processes” (e.g., heritable DNA methylation of cytosines) with GWAS
approaches [e.g., A. thaliana (Dubin et al., 2015); Q. lobata (Sork, 2018)].

2.2.3. Genetic diversity in single nucleotide
polymorphisms, single genes, and genomic
regions

Measuring AGV by SNPs or a single genetic locus can be done using
approaches similar as used to estimate neutral genetic diversity. For
instance, researchers can estimate genetic diversity parameters based on
genetic markers linked to genes involved with adaptive traits [Le Corre
and Kremer, 2003; or quantitative trait loci which are genomic regions
at which AGV is associated with a particular quantitative trait and
identified by using statistical associations between neutral genetic
markers and phenotypic traits (Falconer and Mackay, 1996; Caballero,
2020; Figure 1)]. Typically, researchers measure H, 4, 74, Sa, Ps.a> and
Fsr.a (e.g., Toro and Caballero, 2005; Jeffries et al., 2016; Fischer et al.,
2017; Kim et al, 2018; hereafter ¢ indicates adaptive). For the
calculation of S, and ps.,, L is the same as when calculated with all
site parameters.

With the advent of the NGS, genomic data are used to solve
problems in conservation biology (i.e., conservation genomics), which
provides exciting opportunities to address broader factors and produce
estimates of genome-wide heterozygosity and genetic diversity with high
precision (Allendorf et al., 2010; Grueber, 2015; Ekblom et al., 2018;
Supple and Shapiro, 2018). Measuring genetic diversity in a genomic
region is similar to measuring it in single genes (e.g., He x> T, Sa> Ps.a»
and Fgr »), which is usually averaged over all loci, or averaged over
sliding windows of (e.g., 10kb size) across the genome. In addition,
genome scans of a large set of loci make it possible to identify AGV
related to particular traits, as well as test and quantify the adaptive
potential of threatened species (Funk et al., 2018). However, if a
population is perfectly adapted to its environment, and the locus
conforming to this adaptation has been driven to fixation, then AGV =0.

3. Application of neutral genetic
diversity to plant conservation

An important question in restoration/reinforcement actions is
whether the propagules used belong to the same conservation unit as
the local individuals. This does not require NGV to reflect AGV. Key
points in the application of information on NGV to conservation
biology include that both ex situ and in situ restoration efforts are
grounded on genetically diverse source populations because such
populations may provide the best source of propagules (Godt and
Hamrick, 2001; Hamrick et al., 2006; Chung et al., 2020; Gargiulo et al.,
2021; Figure 1). However, conservation practitioners should be aware of
the theoretical expectation that drawing propagules for genetic rescue
from a large outbred source population with high NGV may bring
deleterious recessive alleles into the rescued population which may
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expose the supplemented population to inbreeding depression (Hedrick
and Garcia-Dorado, 2016). Whether the choice of the source population
is based on neutral or adaptive diversity does not change the expectation
of the introduction of deleterious alleles. In addition, introducing
propagules from source populations that may be genetically widely
divergent (and thus strongly adapted to the local conditions) could
produce the disruption of coadapted gene complexes (Fenster and
Dudash, 1994) and lead to outbreeding depression (Price and Waser,
1979). Whitlock et al. (2013) conducted a meta-analysis to document
“phenotypic responses to intraspecific outbreeding” from 98 studies of
animal and plant species. They found “no overall effect of outbreeding
on hybrid phenotypes and significant heterogeneity in outbreeding
responses” within and among studies, suggesting that outbreeding costs
do not always occur. Even when outbreeding depression is expressed,
genetic diversity can be greatly improved with benefits to future adaptive
potential, provided that the outbreeding depression does not lead to
extinction. As a conservative approach, conservation managers and
practitioners should seek to collect propagules (e.g., seeds) from
populations that have low pairwise Fsrn or Ggry values with the
population(s) to be restored (i.e., a population reinforcement).

From an ecological and a conservation perspective, much of the value
of NGV (comprising all analyses using markers) for conservation
applications of plants depends on the question that researchers are
interested in (Schlotterer, 2004; Kahilainen et al., 2014). NGV allows
answering several questions relevant to conservation purposes (Figure 1).
These include (i) inference of mating systems (selfing versus outcrossing;
biparental inbreeding versus inbreeding due to selfing; Chung et al., 2011;
Kalisz et al., 2012) to gain an idea about pollen flow, (ii) estimation of
levels of inbreeding and inbreeding depression (Keller and Waller, 2002)
to obtain information on the development of conservation strategies, (iii)
estimation of levels of gene flow (Nason et al., 1998; Ishihama et al., 2003)
to gain an idea about current and historical levels of dispersal, (iv)
estimation of the relative contribution of pollen versus seed-mediated
gene flow (my,/m,) to genetic diversity to gain insights into the
development of conservation strategies (Ennos, 1994; Hamrick and
Trapnell, 2011), (v) inference of random genetic drift (Young et al., 1996)
to alleviate adverse effects by increasing population size, (vi) conduction
of parentage analyses (Erickson et al., 2004) to assess the reproductive
success of individuals under conservation concerns, (vii) estimation of
effective population sizes (N; Gargiulo et al., 2021) as a surrogate for the
degree of genetic drift, (viii) inference of glacial refugia (Ikeda et al., 2006)
as the highest priority for protection or as source populations that could
be used in genetic rescue attempts, (ix) reconstruction of (re-)colonization
history (Pardini and Hamrick, 2008) to gain insights into species
distribution under climate change, (x) analysis of fine-scale genetic
structure (Loiselle et al., 1995) as a tool for sampling strategies, (xi)
identification of clonal structure (Reusch et al., 2001) as information for
designing restoration strategies, (xii) identification of conservation units
(Coates et al., 2018; Tsumura, 2022; Yang et al, 2022) through
phylogeographic analyses to determine which populations should
be conserved separately, (xiii) analysis of environmental DNA in water,
soil, air, etc (Thomsen and Willerslev, 2015) for identifying a variety of
organisms and monitoring them to evaluate their past and present
biodiversity, and (xiv) monitoring levels of NGV (Schwartz et al., 2007)
to introduce artificially propagated endangered plants into the wild,
among others (Figure 1). Not all of these aims necessarily require genomic
analyses but they can be essential when designing conservation or
restoration strategies, including sourcing seeds or other propagules,
restoring connectivity, and assisting migration (Gann et al., 2019).
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Another important aspect to consider is that genetic diversity measures
are relevant to wild relatives of a variety of domesticated plants [e.g., wild
cabbage species (Brassica oleracea; Mittell et al., 2020); wild banana
species (Musa balbisiana; Mertens et al., 2021); wild rice species (Oryza
rufipogon; Zhang et al., 2022)]. Knowledge of the genetic diversity of crop
wild relatives (CWR) is the basis for providing novel traits for breeding,
which is gaining much importance under a scenario of ongoing climate
change; some initiatives are already including the study of the genetic
diversity of CWR with the final goal of food safety and food sovereignty
(e.g., Mastretta-Yanes et al., 2018).

4. Application of adaptive genetic
diversity to plant conservation

As discussed before, the general approaches of NGV for both in situ
and ex situ conservation and restoration efforts may apply also to
AGYV. However, genes responsible for AGV are typically (but see Todesco
etal., 2020) scattered throughout the genome and often show a higher
population differentiation i.e., higher values of Qg or Fyr  than Fsry due
to divergent selection [e.g., see a recent population genomic survey of
the living fossil Ginkgo biloba (Zhao et al., 2019)]. In addition, results of
about 15 times higher Fgr , (0.545) for climate-related SNPs than the
average genome-wide SNPs (Fsr(a,x)=0.038) have been reported in
Arabidopsis halleri from the Alps (Fischer et al., 2017). These results
suggest that more populations (than those for the Fs;-based decision)
would be needed to preserve enough genetic variation for adaptively
significant quantitative traits and genes related to climate change.

As for conservation and restoration efforts, 7, and 0, , are based on
adaptive loci screened from candidate genes or genome-wide loci (e.g.,
SNPs), and many of them which underlay adaptive traits have recently
been studied for signatures of selection at single sites (Eveno et al., 2008;
Eckert et al., 2009; Gailing et al., 2009; Derory et al., 2010; Ekblom et al.,
2018; Kim et al., 2018; Supple and Shapiro, 2018). Quantification of
AGYV, as well as transcriptomics and epigenetics, constitute important
and promising potential approaches for developing future conservation
strategies for rare and endangered plant species (Figure 1; Eckert et al.,
2009; Gailing et al., 2009; Nichols and Neale, 2010; Ouborg et al., 2010;
Harrisson et al., 2014; He et al., 2016; Anderson and Song, 2020;
Hohenlohe et al., 2020). As shown in Figure 1, we briefly introduce
important points about the application of AGV information to
conservation biology. Barbosa et al. (2018) utilized “all genomic data”
(including both nuclear and mitochondrial genomes) to understand the
evolutionary history of a focal species (the Cabrera vole Microtus
cabrerae in the Iberian Peninsula) and define evolutionary significant
units (ESUs, emphasizing the monophyly of groups of individuals or
populations). They used “neutral loci” to determine the species’ current
connectivity and define management units (MUs, focusing on
demographic independence of groups of populations using neutrally
evolving markers), and “outlier loci” to identify its adaptive variation
and define (putatively) adaptive units (AUs) which may reflect adaptive
differentiation under heterogeneous landscape and climate (Figure 1).
For guidelines for how to identify ESUs, MUs, and AUs of focal plant
species based on genetics and ecological niche modeling, readers may
refer to section 4.4 in Barbosa et al. (2018). In addition, Silva et al. (2020)
used SNP dataset and GEA methods to analyze the range-wide neutral
and adaptive structure of the endemic herb Brasilianthus carajensis from
Amazonian savannas and found three neutral genetic clusters (MUs)
and six adaptive genetic clusters (AUs), which could be employed to
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“prevent loss of unique genetic variation and maximize the species’
resilience to future environmental change” Similarly, Yang et al. (2022)
found two MUs in the Qinghai-Tibetan Plateau endemic conifer
Cupressus gigantea based on all SNPs (145,336) and putatively neutral
SNPs (26,103).

There is a possibility to replace alleles to improve pest resistance or
to get a better response to future climate change for a threatened species
when traditional genetic rescue is not a possibility (Supple and Shapiro,
2018). Here, it is worth noting that the ability of many species to adapt
or migrate to suitable habitats is unlikely to keep up with the rapid pace
of climate change, which may lead to an increase in the likelihood of
extinction or local extirpation (McLachlan et al., 2007; Aitken and
Whitlock, 2013; Handler et al., 2022). One management option that can
address this issue is “assisted migration” (Figure 1), defined as the
“human-assisted movement of species in response to climate change
beyond their range to mitigate local maladaptation” (Handler et al.,
2022). Several empirical studies demonstrate that assisted migration is
a reasonable option to circumvent the climate-driven extinction of
populations and species [e.g., the conifers Picea glauca in Quebec
(Benomar et al., 2016) and Pinus albicaulis in Oregon, Washington, and
2012)].
Incorporating information on the AGV of a target plant species into a

northwestern British Columbia (McLane and Aitkin,
program of assisted migration will be critical, which would be possible
through common-garden and transplant experiments (McLachlan et al,,
2007). Handler et al. (2022), focusing mainly on trees, provide a concise
introduction to the scientific background and management
considerations for assisted migration.

Although there are only a few AGV studies aimed at dissecting the
genetic and genomic basis of complex trait variation on non-model
natural plant species to date (Li et al., 2017; Anderson and Song, 2020),
there is a growing interest in this topic (Fitzpatrick and Keller, 2015;
Jordan etal., 2017; Yang et al., 2022). To provide critical information for
prioritizing populations and species conservation, Anderson and Song
(2020) encourage researchers to develop reliable predictions (or trends)
about the adaptive potential of native species under climate change
(Figure 1). In addition, Cook et al. (2021), with a particular focus on
addressing the adaptive potential of populations and species, detail four
lessons from decades of efforts to bridge the gap between evolutionary
biologists (science) and conservation practitioners (practice). Although
AGV has some advantages over NGV such as facilitating better
predictions of species distribution, providing key genetic background
for assisted migration, or enhancing evolutionary rescue based on
genomic patterns of inbreeding (Shafer et al., 2015; Supple and Shapiro,
2018; Razgour et al., 2019), one may need to reconsider the necessity of
genomic survey of AGV for conservation and restoration purposes in
cases where Qg is informative and funds are limited (Flanagan
et al., 2018).

5. The relationship between neutral
genetic diversity and adaptive genetic
diversity

Several meta-analysis-based reviews show that neutral marker-
based data (H.,py) for plants are partially correlated with levels of
(putative) AGV (h? or H% Podolsky, 2001; Volis et al., 2005; Holderegger
etal., 2006), but others have failed to do so (Bekessy et al., 2003; Bonin
et al., 2007). As another example of the former, Leimu et al. (2006)
conducted a meta-analysis to test whether relationships between plant
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population size, fitness, and within-population nuclear genetic diversity
were positive; the authors found that fitness and NGV were positively
correlated in self-incompatible species.

Relatively higher correlations in many plants and animals have been
found between Fgp.y and Qs compared to Hp x—h* comparisons based
on meta-analyses (Merild and Crnokrak, 2001; Leinonen et al., 2008,
2013). In addition, Qsr is generally higher than Fer . For example, the
mean Qg for seven tree species and seven herbaceous species (0.309 and
0.448, respectively) was much higher than Fsry (0.050 and 0.214,
respectively; Hamrick et al., 2006). The higher Qs values are presumably
due to the action of natural selection (i.e., adaptations to local
environmental conditions; Merild and Crnokrak, 2001; Podolsky, 2001;
Conner and Hartl, 2004; Savolainen et al., 2007; Whitlock, 2008; Chun
etal, 2011; Leinonen et al,, 2013). In addition, as the Qq/Fgr.y ratio in
trees is about three times larger than that in herbaceous species,
extensive gene flow seen in many tree species is, thus, probably not
compromising local adaptation (Petit and Hampe, 2006).

One of the take-home messages concerning Qsr—Fsr comparisons is
that the development of conservation strategies based solely on Fs; could
lead to an underestimate of the number of populations to be preserved
(or sampled) to capture most of the genetic variation (NGV and AGV),
particularly in woody species. However, Fsr estimated from herbaceous
perennials that are relatively rare and isolated may be considered a proxy
for Qqr of certain quantitative traits. Although data are still limited,
genome-based Fgr , estimates are considerably larger than genome-
based Fsry due to divergent selection (Fischer et al.,, 2017; Zhao et al.,
2019; Yang et al., 2022).

6. Controversy over the similarity
between neutral genetic variation and
adaptive genetic variation

Since the late 1980s, some conservation and evolutionary biologists
have been questioning the utility of NGV for developing conservation
strategies (Schemske et al., 1994; Lande, 1998; Barbosa et al., 2018;
Flanagan et al., 2018; Mable, 2019; Teixeira and Huber, 2021). One of the
key arguments for these authors is that the assumption that the level of
NGV is indicative of AGV would not be valid. Consistent with this
opinion, recent genomic analyses reveal that some animal and plant
species exhibiting a demographic pattern of isolation and inbreeding
show low levels of NGV while maintaining AGV at adaptively important
genes (Castro-Prieto et al., 2011; Funk et al., 2016; Robinson et al., 2016;
Niu et al., 2019). Given a general perception that populations with high
levels of AGV are more at risk of losing it when they are small than when
they are large (Willi et al., 2006), these results above would also question
the small-population paradigm, which assumes that these populations
are prone to extinction compared to a large population (Ellstrand and
Elam, 1993). Similar to the small-population paradigm, the mechanisms
underlying rapid adaptation to changing environments in introduced
populations of species with low (reduced) NGV primarily due to a
bottleneck (the “genetic paradox of invasion”) are also challenging the
assumption of NGV as a proxy of AGV (that may lead to “spurious
paradox”); but some populations may not be paradoxical (“no paradox”),
owing to multiple introductions and preadaptation (Estoup et al., 2016).
Thus, a better understanding or elucidation of phenotypic changes in
changing environments at the genomic level has been a challenge for
molecular evolutionary biologists (Ellegren and Galtier, 2016; Anderson
and Song, 2020; Ge and Guo, 2020).
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A recent article arguing against the traditional assumption of NGV as
a proxy of AGV is that of Teixeira and Huber (2021), which is based on a
few empirical and simulation-based studies mainly focused on endangered
animals. The authors challenge the long-lasting assumption that ineffective
selection and prevalence of random genetic drift link with low genetic
diversity and small N, within populations, which is the basis for mutational
meltdown and inbreeding depression. Furthermore, the authors also
provide several arguments for the limitations of NGV to predict the degree
of a populations adaptive potential. Although Garcia-Dorado and
Caballero (2021) agree with Teixeira and Huber (2021) in that the
association between NGV and adaptive potential is not straightforward,
the latter authors suggest genetic management preserving as much genetic
diversity (including NGV) as possible and underline the importance of
NGV as an essential tool in conservation biology as the primary
reconstruction of demographic histories or changes. Similarly, Kardos et al.
(2021), based on theoretical and empirical findings, emphasize that
conserving genome-wide NGV is the best approach to preventing the loss
of adaptive potential of organisms. As another reply to Teixeira and Huber
(2021); DeWoody et al. (2021), using published literature (based on
allozymes, AFLPs, SSRs, and SNPs), stress that the consideration of genetic
diversity (NGV) in conservation has a strong theoretical justification and
is backed by decades of empirical research and literature. They further
argue that NGV is empirically tractable for many species given current data
and technological limitations. Based on robust patterns in the field of
conservation genetics from the last few decades, Willi et al. (2022)
summarize the “five best-supported paradigms” (e.g., the association
between small population size as well as severe demographic bottlenecks
and reduced NGV; the association between small census size with
inbreeding depression and low population mean performance; more drift
load in populations with low NGV; a reduced response to selection in small
populations or populations with low NGV; and alleviation of low
population performance by restored gene flow and genetic mixing) that
have been implemented in conservation. In exploring future directions
based on recent developments, Willi et al. (2022) suggest researchers adopt
genomic approaches to infer population demography, access the magnitude
of genetic load, and screen for AGV.

In summary, one of the key arguments of Teixeira and Huber (2021)
is that the “relation between genome-wide patterns of NGV and
population persistence or adaptive potential remains speculative and
should thus be excluded from conservation strategies” Like many
researchers, we agree on the perception that NGV may not be a perfect
proxy of AGV, particularly, with respect to within-population genetic
diversity. We further agree with the four independent voices (viz.
DeWoody et al., 2021; Garcia-Dorado and Caballero, 2021; Kardos et al.,
2021; Willi et al., 2022), who reemphasized that NGV is at least just as
importantas AGV in conservation biology. This may partly be acceptable
because NGV under current conditions can become AGV under
changed environmental conditions (de Lafontaine et al., 2018). As
presented in Figure 1, we stress that NGV and AGV should be considered
differently in the context of conservation and restoration.

/. Conclusion and a way forward

We have argued that NGV is still a useful and important metric for
plant conservation and that increasing access to genome-scale data will
likely lead to further insights and gains in this respect (Willi et al., 2022).
Even today in the genomic era, allozyme-based meta-analyses of plant
population genetics remain valid (Hamrick and Godt, 1996a; Cole, 2003).
Hamrick and Godt (1996a) showed that outbreeding species tend to
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be more genetically diverse and less differentiated than selfing species,
whereas Cole (2003) revealed reduced NGV in rare species compared to
common plant species; it is also worth recalling that these results convey
important messages for plant conservation by providing a framework for
roughly predicting levels of NGV of the target plant species if its life history
characteristics are known, although there are exceptions. It is generally
agreed that conservation genomic approaches are required to provide
insight into AGV to complement the analyses based on NGV. Although
genomes (or SNP data) are currently not available for most seed plant
species of conservation concern, genetic information on some of them has
been obtained by using traditional neutral markers (e.g., allozymes, AFLPs,
ISSRs, and SSRs). Therefore, we recommend using NGV for conservation
ends in the interim until there is more widespread access to genomic data.
If conservation practitioners are in this situation, we suggest them referring
Ottewell et al. (2016) who developed a simplified and straightforward
framework for prioritizing management actions of plant populations (and,
implicitly, species) based on genetic assessments. To this end, the authors
proposed eight scenarios resulting from rating three population genetic
parameters (Fsr or Gsp, H,, and Fys) as “high” or “low”

For the past two decades, several trees species have been extensively
studied on both NGV and AGV by several research groups, primarily in
the Northern Hemisphere (oaks in North America and Europe; balsam
poplar in North America; conifers in Japan and China, particularly in the
Qinghai-Tibetan Plateau), which provides good model systems, owing
to (i) their life history traits that implicitly reduce background genetic
structure by high levels of outcrossing and gene flow, (ii) relatively high
levels of NGV and phenotypic variation applicable for association
mapping, and (iii) large N, (Alberto et al., 2013; Sork, 2018). In addition,
we anticipate that future studies on other temperate deciduous trees and
subalpine plants that retreated during the Last Glacial Maximum will
be conducted to better understand their local adaptation and fate in the
changing climate. Furthermore, numerous herbaceous plant species may
be susceptible to climate change in the understory of temperate deciduous
forests. Among them, we may particularly be aware of spring ephemerals
with leaf senescence before canopy closure (flowering in early and
fruiting in late spring) that are characterized by low rates of sexual
reproduction, localized seed dispersal, and low rates of seed germination
(less than 1%) and seedling establishment (Meier et al., 1995): factors
contributing to their decline in eastern North America. In addition to
annuals (Wang et al., 2009), genomic surveys on seaweeds (e.g., Vranken
etal, 2021), mosses, and ferns and their allies wait for future uncovering
of genetic responses to climate change. Genomic surveys could also be of
great importance in crop wild relatives in the context of climate change.

We believe that genome datasets of hundreds of thousands to
millions of SNPs as well as ecological niche modeling will allow
researchers to test exciting hypotheses related to local adaptation by
identifying both NGV and AGV (Smith et al., 2020; Chen et al., 2022;
Yang et al., 2022). With these approaches, researchers will be able to
determine which populations of the target species are more susceptible
to climate change (genomic vulnerability or offset; Hoffmann et al.,
2021), while at the same time providing more objective tools to identify
conservation units (by delineating MUs and AUs). Furthermore, if
these studies are carried out integratively and holistically, we expect
that researchers will be able to better understand the “determinants of
genetic diversity” (e.g., uncovering the relative contributions of species’
life history traits and ecology versus population history; Romiguier
et al., 2014; Ellegren and Galtier, 2016) and to provide insights into
plant invasion genetics (e.g., dissecting demographical, historical,
ecological, and adaptive factors underlying biological invasions; Estoup
et al., 2016; van Kleunen et al., 2018).
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