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Abstract: Climate change poses a novel threat to biodiversity that urgently requires the development
of adequate conservation strategies. Living organisms respond to environmental change by migrating
to locations where their ecological niche is preserved or by adapting to the new environment.
While the first response has been used to develop, discuss and implement the strategy of assisted
migration, facilitated adaptation is only beginning to be considered as a potential approach. Here,
we present a review of the conceptual framework for facilitated adaptation, integrating advances
and methodologies from different disciplines. Briefly, facilitated adaptation involves a population
reinforcement that introduces beneficial alleles to enable the evolutionary adaptation of a focal
population to pressing environmental conditions. To this purpose, we propose two methodological
approaches. The first one (called pre-existing adaptation approach) is based on using pre-adapted
genotypes existing in the focal population, in other populations, or even in closely related species. The
second approach (called de novo adaptation approach) aims to generate new pre-adapted genotypes
from the diversity present in the species through artificial selection. For each approach, we present
a stage-by-stage procedure, with some techniques that can be used for its implementation. The
associated risks and difficulties of each approach are also discussed.

Keywords: assisted evolution; artificial selection; assisted gene flow; climate change; evolutionary
adaptation; evolutionary rescue; genetics of adaptation; selective breeding

1. Introduction

Climate change has turned out to be one of the main threats to biodiversity. The
continuous increase in CO2 concentration and other greenhouse gases since the industrial
revolution is prompting a cascade of environmental changes that are altering the abundance
and distribution of many species, carrying some of them towards extinction and disturbing
the interactions present in the ecosystems [1,2]. In response to global warming, many plant
populations are shifting location to keep themselves within their ecological range [3–6].
However, this response is not possible for many other species whose dispersal is limited by
their own nature [7] or hindered by landscape fragmentation [8,9]. In addition to migration
to more favorable locations, plants can also respond to climate change through phenotypic
plasticity (i.e., changes in the morphology and physiology that a given genotype experiences
in response to different environmental conditions, due to differences in gene expression)
and genetic adaptation (i.e., changes in the frequency of adaptive alleles as a result of
natural selection that increase fitness) [10–13]. By contrast, the evolutionary response of
many other species is limited by a lack of relevant genetic variability [14,15]. The present
speed of global warming is another factor that increases the number of species threatened
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by climate change [16]. Despite having populations with large genetic diversity, species
with low reproductive rates or long generation times may become extinct because their rate
of evolutionary adaptation may not be able to match the speed of global warming [17–19].

Management actions such as promoting habitat connectivity, establishment of microcli-
matic refuges or habitat restoration could, therefore, not be enough to warrant the medium
and long-term viability of many of these species [9,20]. As a result, two conservation
strategies have emerged. The first strategy is known as “assisted migration”, “assisted
colonization”, “managed relocation” or “benign introduction”, among others [21], and
consists of the intentional movement of individuals to an area that is outside their present
distribution range, where climate models forecast that future environmental conditions
will be favorable for the target species [22,23]. Since assisted migration was proposed, the
debate has centered on the uncertainties derived from the introduction of a new species in
an ecosystem [24,25]. There are numerous examples of ecosystems that have been seriously
altered as a result of the introduction of a species [26,27], even in the case of threatened
species [28,29]. The second strategy, namely, “facilitated adaptation”, is very different
because it assumes the change in the environmental conditions of the place where the target
species occurs, and it aims to promote the evolutionary adaptation to the new conditions
by introducing individuals with alleles that provide beneficial traits (i.e., pre-adapted
genotypes) [30–32].

The development of “omics” technologies has advanced the knowledge of gene func-
tions and the effect of environment in their expression [33]. Based on these advances,
several authors have reviewed, both from theoretical and experimental approaches, the
mechanisms of adaptation in the context of climate change, setting the theoretical basis for
facilitated adaptation as a conservation strategy [34,35]. In parallel, the advancement in the
theory of evolutionary rescue (which relates population dynamics to genetic adaptation)
and experimental results on some study cases show that it is possible to intervene in the
process [36–38]. That is, a population can recover from an environmentally driven decline
if a certain number of individuals with adaptive genotypes is supplied at a sufficient rate.
Despite the growing body of theoretic evidence to support that facilitated adaptation could
work in particular situations, it has not yet been included in management practices and
conservation policies. This may be due to the precautionary principle historically applied
by conservation biologists focusing on maintaining evolutionary significant units and
prioritizing the genetic uniqueness, but also because a methodology on which to base its
implementation remains undeveloped.

In this article we review the concept of facilitated adaptation and present two different
methodological approaches that may be used to promote the process of genetic adaptation
of populations to climate change. We also discuss the risks that may derive from the
introduction of pre-adapted individuals and the limitations of these approaches. We
present some techniques that could be implemented to carry out the different steps, being
aware that they will have to be optimized as knowledge on gene function and interactions
between different organization levels improve, and better molecular and computational
tools are made available. In any case, since this proposal is conceived for a wide spectrum
of plants, the steps will necessarily have to be adapted and more precisely specified when
applied to a particular case.

2. A Brief Overview of the Conceptual Framework
2.1. Evolutionary Adaptation

Adaptation is an evolutionary process derived from natural selection that allows
species to respond to biotic and abiotic stresses. Mutation, migration and genetic drift
also play a role by facilitating or hindering this process [39]. Consequently, to establish
the methodological foundations of facilitated adaptation, it is essential to understand how
selection operates and the way the rest of the evolutionary forces modulate this process.

One first issue to consider is the genetic architecture of the adaptive traits involved
in the response to climate change. In the case of monogenic traits, genetic adaptation can
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be acquired through mutations that confer higher fitness. The low initial frequency of a
new allele may bring it to extinction through genetic drift, regardless of its adaptive value.
However, if it persists and has a positive effect on fitness, natural selection will increase
its frequency and may ultimately fix it in the population [40]. Monogenic traits are not
very common and are normally linked to responses to biotic stresses (e.g., resistance to
pests and pathogens). On the contrary, traits related to responses to abiotic stresses or with
the start of seasonal physiological processes are largely polygenic [41]. In simple traits,
each gene contributes with a small effect to the phenotype, whereas in complex traits, the
phenotype depends on a network of genes that interact in a non-reciprocal way (i.e., the
expression of one gene allows or inhibits the expression of others). How genetic adaptation
of polygenic traits takes place is still under debate, but according to the most accepted
model, populations adapt to the new conditions through small simultaneous changes in
the allelic frequencies of many loci, until a new optimum phenotype is reached [40,42].
Furthermore, several studies have shown that the adaptation of polygenic traits not only
takes place through changes in allelic frequencies but also through changes in epistatic
effects [43,44].

Other factors to consider in the process of evolutionary adaptation are pleiotropy and
gene linkage. Pleiotropy takes place when a single gene affects several seemingly unrelated
phenotypic traits. From a theoretical viewpoint, the pleiotropic architecture can facilitate
rapid adaptation if selection shifts all affected traits to their optimum. On the contrary,
it can hamper evolution if it has a positive effect on some traits and a negative effect on
others [45]. Similarly, gene linkage can also promote or hamper adaptation [46].

Finally, to this complex network of gene interactions, we must add the epigenetic
changes that take place as a response to various environmental factors and that, in some
cases, can be transmitted through several generations. Thus, phenotypic plasticity also
contributes to adaptation [47–49].

2.2. Evolutionary Rescue

When environmental conditions change and phenotypic plasticity is not enough to
maintain absolute fitness values, populations experience a declining trend that may lead to
extinction. However, theory predicts that populations may recover if allele combinations
that improve individual fitness to the new environmental conditions are available, or if
advantageous mutations arise, in a process known as evolutionary rescue [50].

The probability of an evolutionary rescue depends on numerous factors, including the
severity and speed of environmental change and the initial characteristics of the population
(mainly population size and standing genetic diversity) [36,51]. If the rate of environmental
change is too fast, the time available for natural selection to take place and increase the
frequency of favorable genotypes may not be enough to facilitate population recovery.
Similarly, evolutionary rescue is improbable in small populations, which is common for
many threatened species. On one hand, small populations are associated with less genetic
diversity and, thus, lower probability of occurrence of favorable alleles. On the other
hand, if favorable alleles are found, the risk of losing them through genetic drift is greater,
even if they are of adaptive value [38,52]. Interestingly, a number of theoretical models
and experimental studies have highlighted the impact of migration on the probability of
evolutionary rescue [37,53–55]. For example, Tomasini and Peischl [56] have showed in a
two-deme model that migration favors evolutionary rescue when (a) environmental change
occurs slowly across two populations (which leaves time for the second population to serve
as a migration source), (b) the new environment is very harsh and (c) rescue mutations
are strongly beneficial in the new environment. These conditions ensure that the rescue
mutations can spread easily in the new environment.

2.3. Facilitated Adaptation

Facilitated adaptation, according to Thomas et al. [32], is a strategy to promote the
evolutionary rescue of populations affected by climate change by introducing individuals
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with adaptive alleles. As mentioned before, natural selection can only operate on standing
genetic variation. Thus, the objective is to add beneficial alleles to accelerate or make
possible the adaptation process (Figure 1).

Plants 2023, 12, x FOR PEER REVIEW  4  of  18 
 

 

through genetic drift is greater, even if they are of adaptive value [38,52]. Interestingly, a 

number of theoretical models and experimental studies have highlighted the  impact of 

migration on  the probability of evolutionary  rescue  [37,53–55]. For example, Tomasini 

and Peischl [56] have showed in a two‐deme model that migration favors evolutionary 

rescue when  (a)  environmental  change  occurs  slowly  across  two  populations  (which 

leaves time for the second population to serve as a migration source), (b) the new envi‐

ronment is very harsh and (c) rescue mutations are strongly beneficial in the new envi‐

ronment. These conditions ensure that the rescue mutations can spread easily in the new 

environment. 

2.3. Facilitated Adaptation 

Facilitated adaptation, according to Thomas et al. [32], is a strategy to promote the 

evolutionary rescue of populations affected by climate change by introducing individuals 

with adaptive alleles. As mentioned before, natural selection can only operate on stand‐

ing genetic variation. Thus, the objective is to add beneficial alleles to accelerate or make 

possible the adaptation process (Figure 1). 

 

Figure 1. Conceptual diagram of facilitated adaptation. Population abundance (N) and extinction 

risk in the presence or absence of evolution. Following the conventions of Gomulkiewicz and Holt 

[57], growth  is density  independent, and NC represents a  threshold abundance below which  the 

possibilities of extinction are high. Dashed portions of curves represent time at greatest risk of ex‐

tinction for populations faced with a shift in their selective environment: (a) population declines to 

extinction  in  the absence of  relevant  standing genetic variation or new beneficial mutations;  (b) 

evolution is insufficient to prevent the population from entering the extinction risk zone, but allows 

the population to grow out of that zone if new beneficial allelic combinations or mutations arise; (c) 

reinforcement with pre‐adapted individuals provides beneficial alleles; this allows the population 

to avoid extinction and to reduce the recovery time; (d) reinforced individuals provide beneficial 

alleles, but also maladapted alleles. 

Under  this  definition,  facilitated  adaptation  can  be  approached  in  two  different 

ways. If adaptive alleles are present in the focal population, it involves reinforcement of 

the population with more pre‐adapted individuals. When adaptive alleles are not present 

in the population, it is necessary to introduce those alleles through gene flow. The source 

of alleles with adaptive value is an important issue to consider because it conditions the 

method to be used to include them in the focal population. The second approach implies 

to generate variation de novo, that  is, new alleles or allelic combinations. For this pur‐

pose, many mechanisms exist such as selective breeding, genome editing techniques, and 

hybridization.  Selective  breeding  has  been  used  for  centuries  in  agriculture  to  obtain 

improved cultivars. It involves the selection of individuals that breed, allowing to breed 

Figure 1. Conceptual diagram of facilitated adaptation. Population abundance (N) and extinction
risk in the presence or absence of evolution. Following the conventions of Gomulkiewicz and
Holt [57], growth is density independent, and NC represents a threshold abundance below which
the possibilities of extinction are high. Dashed portions of curves represent time at greatest risk of
extinction for populations faced with a shift in their selective environment: (a) population declines
to extinction in the absence of relevant standing genetic variation or new beneficial mutations; (b)
evolution is insufficient to prevent the population from entering the extinction risk zone, but allows
the population to grow out of that zone if new beneficial allelic combinations or mutations arise; (c)
reinforcement with pre-adapted individuals provides beneficial alleles; this allows the population to
avoid extinction and to reduce the recovery time; (d) reinforced individuals provide beneficial alleles,
but also maladapted alleles.

Under this definition, facilitated adaptation can be approached in two different ways.
If adaptive alleles are present in the focal population, it involves reinforcement of the
population with more pre-adapted individuals. When adaptive alleles are not present in
the population, it is necessary to introduce those alleles through gene flow. The source
of alleles with adaptive value is an important issue to consider because it conditions
the method to be used to include them in the focal population. The second approach
implies to generate variation de novo, that is, new alleles or allelic combinations. For this
purpose, many mechanisms exist such as selective breeding, genome editing techniques,
and hybridization. Selective breeding has been used for centuries in agriculture to obtain
improved cultivars. It involves the selection of individuals that breed, allowing to breed
only those that have the desired traits (positive selection) or avoiding the reproduction of
those with undesired traits (negative selection). Thus, variation arises naturally by shuffling
of parental genes. Genome editing techniques make targeted changes to the genome of
an organism, predominantly by using site-specific endonucleases such as CRISPR-Cas9.
In this case, novel variation is due to mutations in specific genes (punctual mutations,
insertions or deletions) or chromosomal rearrangements [58]. Hybridization between
species could also provide new allelic combinations [59]. However, it entails the loss
of identity of the target species, and therefore, its use departs from the principles of
facilitated adaptation. A radically different way of obtaining individuals with the desired
phenotype would imply altering gene expression instead of gene composition. Recent
studies have shown that some epigenetic marks are mitotically stable and can even be
heritable along several generations [60]. Epigenetics might then be used as a tool to obtain
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pre-adapted individuals, not only in clonally reproducing perennial species, but also in
sexually reproducing species [61].

From a practical point of view, facilitated adaptation is a type of genetic translocation
focused on increasing adaptive potential to respond the climate change. Therefore, it
should not be confused with a genetic rescue whose aim is to overcome the reduction in
fitness derived from inbreeding depression. On the other hand, terms such as “adaptive
introgression”, “targeted gene flow” or “assisted gene flow” would be considered under
the umbrella of facilitated adaptation as they represent different ways to introduce benefi-
cial alleles to encourage the evolutionary adaptation to environmental changes, whereas
“assisted evolution”, as defined by van Oppen et al. [62], would encompass facilitated
adaptation (Table 1).

Table 1. Terms and definitions found in the literature to describe the introduction of beneficial alleles
in a population to promote the evolutionary adaptation to climate change.

Term Definition Reference

Adaptive introgression

Movement of genetic material from the genome of one
species into the genome of another through repeated

interbreeding for increasing species’ ability to respond
to a changing climate.

[63]

Assisted evolution Any approach that accelerates the rate of naturally
occurring evolutionary processes. [62]

Assisted gene flow
The managed movement of individuals or gametes

between populations within species ranges to mitigate
local maladaptation in the short and long term.

[31]

Facilitated adaptation
Intervention to rescue a target population or species by

endowing it with adaptive alleles, or gene variants,
using genetic engineering.

[32]

Genetic adaptation Genetic translocation to introduce new alleles for traits
important for environmental change. [64] 1

Targeted gene flow
Individuals that are pre-adapted to future conditions are

translocated to increase the adaptive capacity of
another population.

[65] 1

1 The authors also include the introduction or movement of particular variants to areas outside the current range,
which would be an assisted migration under the taxonomy of terms followed in this review.

3. Climate-Change Adaptive Traits

A key aspect for implementing an adaptive facilitation strategy is the identification of
the phenotypic traits that may confer a focal population the required adaptation to climate
change. The challenges that can be brought up by climate change are diverse and span
along a wide range of direct and indirect abiotic and biotic limiting factors that will vary
among species (reviewed by Becklin et al. [66] and Hamann et al. [67]). Therefore, the
phenotypic traits that are likely to grant adaptation to climate change will also be numerous
and, in many cases, species specific. Nevertheless, certain traits may play a more important
and general role improving adaptation to climate change for a wide range of species.

A growing number of studies show that species are changing the phenology of their
life cycles in response to climate change. Germination, leaf emergence, flowering and
fruiting of many species from cold and temperate zones have advanced in concert with
warming trends [68–71]. In some cases, it has been shown that these changes have a genetic
base. For instance, Qian et al. [72] detected SNPs/indels located in three genes associated
with flowering time regulation (FLOWERING TIME LOCUS T, CONSTANS-LIKE PROTEIN
1, and VERNALIZATION-H2) in populations of Hordeum spontaneum K. Koch from Israel
sampled 28 years apart. In this case, natural selection would have favored early flowering
because it allows the plants to complete their life-cycle before the onset of the dry period.
Similarly, Franks et al. [11] also showed rapid changes in genes related to flowering time in
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two populations of Brassica rapa L. in response to a series of dry years, in which drought
was particularly severe late in the growing season. Early-flowering genotypes can therefore
be advantageous for annual plants in environments with short growing seasons that are
ended by terminal drought (see Kooyers [73] for other strategies of drought response and
associated phenotypes). The direction of selection for plants that are particularly sensitive
to temperature cues, such as those at high latitudes or altitudes, is more difficult to predict
because opposite drivers could be operating. Temperature increases in spring may lead
to advancing flowering phenology, but warming in winter may delay the fulfillment of
chilling requirements and thus lead to later onset of flowering [74].

Plants can also adapt to climate change by developing mechanisms to avoid and/or
tolerate heat stress. For instance, in a common garden experiment on Arabidopsis thaliana
(L.) Heynh. sampled across a latitudinal gradient, Hopkins et al. [75] found that genotypes
from low latitudes had more erect leaves that genotypes from high latitudes, which is a
way to reduce the leaf area that is exposed to heat from sunlight and, therefore, an adapta-
tion to avoid heat stress (see Wahid et al. [76] for other morphological and physiological
adaptations). In another experimental study, Tonsor et al. [77] found variation of ATHsp101
expression in A. thaliana plants from different latitudes, and revealed that AtHsp101 content
had an effect on fitness. AtHsp101 is an essential protein to confer heat tolerance in A.
thaliana [78,79], whose expression levels correspond to different allelic forms [80]. Thus,
natural populations would have evolved different patterns of AtHsp101 expression in
response to different patterns of heat stress. Similarly, Barua et al. [81] related the content of
Hsps (other heat-shock proteins) and thermotolerance in five populations of Chenopodium
album L. from contrasting thermal environments. Interestingly, they showed that plants
native to more stressful habitats (i.e., with higher mean temperature and more frequent
exposure to extreme temperatures) had lower levels of Hsp accumulation and induced
thermotolerance, suggesting a greater reliance on basal mechanisms of heat stress response.
These results indicate that genotypes of a species from warmer more-thermally variable
habitats may be better adapted to climate change than those from cooler, more-thermally
stable habitats, but also that the ability to respond may be limited in populations where
temperatures are close to the limit of thermal tolerance, as found in populations occurring
at low latitudes [82,83].

With this variety of responses one can ask whether the type of adaptive response
can be somewhat predictable at the species level or depends on each population. In this
context, a genomic study on local adaptation of Pinus contorta Douglas and Picea glauca
(Moench) Voss showed that great part of the genetic variation attributable to changing
climatic conditions corresponded to the same genes, suggesting that the adaptive response
would be constrained to certain key genes [84]. However, Sacristán et al. [85] observed, in
an experiment of artificial selection with Lupinus angustifolius L., that selection for early
flowering was associated with changes in different functional traits (plant height, biomass,
shoot growth, specific leaflet area and leaflet dry matter content) and that the effects of
these changes depended on the population of origin.

4. A Methodological Proposal for Facilitated Adaptation

Herein, we propose two approaches that can be followed to implement the facilitated
adaptation strategy. The first one (hereafter, pre-existing adaptation approach) is based on
using pre-adapted genotypes existing in the focal population, in other populations, or
even in closely related species. The second approach (hereafter, de novo adaptation approach)
aims to generate new pre-adapted genotypes from the diversity present in the species by
promoting crosses that favor genetic recombination (Figure 2). Although both approaches
share some stages and techniques, they are conceptually different. This is an important
issue because it implies that the difficulties and associated risks are also different. In
both approaches, it is necessary to previously identify the cause of population decline,
as well as the developmental stage on which facilitated adaptation will have the greatest
effect. To obtain this basic information, manipulation experiments [86], demographic
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models [87,88] and structural equation models [89] can be used. Once the pre-adapted
genotypes have been identified and propagated, the reinforcement of these plants should
take place preferably before the target population size goes below the minimum viable
population size and enters a status of high risk of extinction (Figure 1).
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Figure 2. Framework for the implementation of the facilitated adaptation strategy, with alternative
procedures depending on the pre-existing genetic variation. (a) Pre-adapted individuals from the
same population or from other genetically close populations are multiplied and translocated to the
focal population. (b) Pre-adapted individuals from genetically distinct populations or from related
species are crossed with individuals from the focal population. Resulting offspring is repeatedly
backcrossed with individuals from the focal population to eliminate undesirable traits while re-
taining the targeted trait. Next, the progeny is multiplied and translocated to the focal population.
(c) Individuals from the focal population or from other populations are selected and crossed repeat-
edly to obtain individuals with the desired traits. New allelic combinations could also be promoted by
submitting individuals to stress conditions for several generations. Once fitness has been evaluated,
pre-adapted individuals are multiplied and translocated. All procedures require a final stage of
demographic monitoring.

4.1. Pre-Existing Adaptation Approach

Stage 1: Identification of the desired phenotype. Taking into account the inherent
stochasticity of climatic conditions through time in nature and the existence of microcli-
mates [90], it is possible that the focal population may already contain individuals that
have a phenotype that will allow them to adapt to future environmental conditions (for
example, early-flowering or thermotolerant individuals). Therefore, the first step in this
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stage is to assess the variability of the trait of interest in the focal population and to check if
there are individuals with the desired phenotype. If such individuals cannot be found in
the focal population, they can be searched in other populations. In that case, GIS-based
environmental maps can be useful to identify candidate populations, even though the
correlation between phenotypic traits and environmental variables does not always imply a
causal selection-based effect [91]. Predictive characterization can also be helpful to identify
sets of genotypes with a high probability of containing ‘target’ traits [92]. A third approach
to identify pre-adapted individuals is using landscape genomics, an emerging research field
that aims to identify changes in the genome directly resulting from local environmental
factors [93–96].

Stage 2: Check the heritability of the desired traits. Once the individuals with the
desired traits have been identified, it is necessary to assess the narrow-sense heritability
of such traits (i.e., the ratio of additive variance over phenotypic variance). Different
approaches can be taken to measure the narrow-sense heritability depending on the type
of data that can be obtained, whether the data are gathered in experimental settings
using common garden experiments or in natural settings, and the generation time of the
species (see Falconer and Mackay [97] for details). When the generation time of the species
is high, it may be more efficient timewise to use estimations based on sibling analysis,
where the phenotypic resemblance among relatives versus non-relatives is measured in a
single generation. Otherwise, different approaches involving phenotypic measurements
of parents and offspring or different individuals of known relatedness over two or more
generations can be used [98]. Depending on the type of data gathered, parent–offspring
regression, full-sib/half-sib analysis and the animal model can be applied. The latter provides
the most accurate estimations of heritability as it consists of a mixed model that can account for
various other sources of resemblance such as maternal and common environment effects [99].
If heritability were low, the feasibility of this approach is compromised. In such case, the de
novo adaptation approach could be considered as an alternative to increase heritability.

Stage 3: Gene introgression. If pre-adapted individuals are identified in the focal
population or in a near-by population of the same lineage, they can be propagated directly
(Figure 2a). However, if the pre-adapted individuals are identified in genetically distinct
populations or even in other closely related species, the adaptive allele gene combinations
will have to be introduced through crossings with individuals of the focal population
(Figure 2b). To recover the genetic background of the focal population, the offspring will
be successively backcrossed with individuals of the focal population while selecting those
individuals that retain the desired traits. In practice, after the fourth backcrosses, the
progeny will closely resemble the focal population and express the desired donor trait [97].
Fitness consequences of introgression should be tested for at least two generations to control
the risk of outbreeding depression on the focal population. For the same reason, individuals
from populations with fixed chromosomal differences should be avoided (see decision tree
to predict the risk of outbreeding depression devised by Frankham et al. [100]).

Stage 4: Propagation of pre-adapted individuals. The implementation of this stage
and its limitations will be conditioned by the breeding system of each species. Clonal
reproduction and self-pollination facilitate the maintenance through generations of the
desired phenotypes. However, propagation through cross-pollination will require the
selection of pre-adapted individuals in each generation. In any case, it is important that the
procedure not only focuses on obtaining a set number of individuals with the desired traits,
but also that all pre-adapted individuals identified at the start of the process proportionally
contribute to the progeny to be used in the reinforcement.

Stage 5: Reinforcement of the focal population. Pre-adapted individuals propa-
gated ex situ are translocated to the focal population. This way the number of individuals
with greater fitness under the new environmental conditions is increased along with the
frequency of adaptive alleles in the population. If individuals are obtained via gene in-
trogression, a pre-release assessment is advisable to test their fitness and the effect of
genotype-by environment interaction in natural conditions. As in any other reinforcement
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operation, relevant decisions will have to be made concerning the number and age of the
individuals to establish, spatial location, etc. (see [101,102]). In addition to these recommen-
dations, trait-specific properties (selection differential and heritability) must be taken into
account to decide the proportion of introduced individuals. Elasticity analyses [103,104]
can help to predict the impact of trait variation on growth rate and, therefore, the intensity
of selection on the trait needed to obtain the desired results. Population models such as
those developed by Kelly and Phillips [105] may also be a useful tool to determine the
number of individuals to reinforce and the best time to do it.

Stage 6: Demographic and genetic monitoring. In this last stage, a demographic
monitoring focusing on per capita growth rate will be carried out to assess the intervention
success. The population will be monitored until the vital rates are stabilized and the
population recovers a population size large enough to sustain the effects of demographic
and environmental stochasticity. This may entail many years, and it will greatly depend on
the severity of climate change and the generation time of the species, but it should last a
minimum of 10 years. In annual and biennial plants, monitoring should take place every
year or every other year. In perennial plants, with a higher generation time, the periodicity
of the monitoring could be reduced to one survey every 5 years. The evaluation method
will implement a population viability analysis based on count data or structured population
data that will enable us to infer the demographic trends [106]. Genetic monitoring to assess
the degree of allele introgression in the focal population and other genetic variation effects
could also provide relevant information and would be especially important if demographic
monitoring does not detect an improvement in the demographic trend [107]. Population
size, number of introduced individuals, species breeding system and growth rate will be
some of the factors that will condition the speed and intensity of introgression. In parallel,
the impact of the operation on the host ecosystem should also be assessed, especially if the
target taxon is a dominant or keystone species.

4.2. De Novo Adaptation Approach

Stage 1: Artificial selection. One way to generate the target phenotype is through
selective breeding by favoring crossings between selected individuals for several genera-
tions to create new allelic combinations in different genes. The resulting new genotypes
can then be subject to mass selection, i.e., only those individuals above or below a given
trait value are chosen as parents for the next generation [108]. The threshold trait value can
be a fixed value over successive generations (selection by constant truncation) or a fixed
percentage of the population representing the highest or lowest value of the selected trait
(selection by proportional truncation). In selection by constant truncation, the intensity of
selection decreases with time, as a greater frequency of the population exceeds the fixed
truncation point. In selection by proportional truncation, instead, the intensity of selection
is constant [109]. Another aspect to consider is that selection by constant truncation can
greatly reduce genetic diversity if the number of individuals selected in the first generation
is low. Regardless of the method, individuals used for the crossings may originate from the
focal population or from other populations.

Another way to generate and select new allelic combinations that deliver the target
phenotype involves allowing free mating among a sample of individuals from the focal
population or from other populations and subjecting them to increasing stress conditions
related to the direction of phenotypic change for several generations. In this case, selection
is not based in a particular value of a desired trait but on the ability of the experimental
populations to survive and reproduce under the stress conditions provided. This method,
named “controlled natural selection”, is being used to obtain coral individuals adapted to
thrive in warm waters [110].

Depending on the breeding system and life cycle of the species, the genetic basis
(monogenic vs. polygenic) of the targeted trait and the procedures available to characterize
the trait, a range of more specific selection methodologies developed by plant breeders can
be considered for implementation [111,112].
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Stage 2: Check the heritability of the desired trait. When the offspring have been
obtained under stressful conditions, additional experiments are required to ensure they
have adapted rather than acclimated. Thus, trait heritability must be estimated in a way
similarly to that indicated in the pre-existing adaptation approach.

Stage 3: Assessment of effects in other traits. Artificial selection on the trait of
interest may affect other traits due to pleiotropy and gene linkage [113]. For example,
Galloway and Burgess [114] selected for three years early and late flowering individuals of
Campanulastrum americanum (L.) Small and observed that other phenological traits related
to reproduction were also modified. Specifically, seed dispersal date was more advanced in
early flowering plants and became more retarded in late flowering plants, subsequently
affecting the annual or biennial behavior of progeny.

The purpose of this stage is to identify potential changes in other traits that might
have a negative effect on the fitness of the individual or its progeny. The presence of a
strong correlation with another trait that changes in the direction of reducing the fitness of
the individual may completely invalidate this approach. In these cases, the availability of
genetic markers that can detect at early life stages the target phenotype of the individuals
will improve the efficacy of this stage. On the other hand, the possibility of using annotated
genomes of phylogenetically close species and the advance in the understanding of gene
regulatory networks in model species will help predict the traits that can be affected by
artificial selection and help us to assess the consequences (e.g., [115]).

Stages 4, 5 and 6 would be carried out in a similar way to what has been presented
for the pre-existing adaptation approach. Before translocation, the evaluation of crossings
with individuals from the local population would be advisable to detect a possible loss of
fitness by outbreeding depression [116].

5. Risks and Difficulties of Facilitated Adaptation

Facilitated adaptation, as any other conservation strategy, is not risk exempt. Some
precautionary principles to minimize the risk of reducing genetic diversity and inducing
unwanted effects on non-targeted traits have already been mentioned in the description of
the methodology. Here, we discuss other aspects to take into account.

Loss of genetic integrity. It is evident that the introduction of artificially selected in-
dividuals comports a change in the genetic composition of the focal population. Many
conservationists assume this loss of genetic integrity as a trade-off to increase the evolution-
ary resilience of the species and to reduce its extinction risk [31,63]. Other scientists do not
even ponder this as a risk, because gene flow is one of the main evolutionary forces [117]
and new hybridization zones are being generated as a result of climate change (e.g., [118]).

Loss of local adaptations. The reinforcement with individuals from other populations
can dilute local adaptations non-related to climatic factors that could compromise the short-
or long-term viability of the population. One example of this type of adaptations is the
polymorphism in the genes involved in the circadian regulation of several biological pro-
cesses that are controlled by photoperiod, such as flowering onset [119]. Since photoperiod
varies with latitude, species with wide latitudinal ranges may be more vulnerable to this
risk. Thus, it is advisable that individuals used in crosses originate from similar latitudes.
Other examples of local adaptations non-related to climatic factors are found in adaptations
originated from biotic interactions, such as defense mechanisms against herbivores. For
instance, in Arabidopsis thaliana, polymorphism of GS-Elong locus, involved in glucosinolate
synthesis, has been related to the abundance of two aphid species along a longitudinal
cline across Europe [120]. Nevertheless, several studies in adaptation genomics carried out
in recent years indicate that this risk may be overvalued, because most adaptive traits are
the result of the interaction of many genes, each one with small effects [121].

Loss of natural conditions. There is also the possibility of losing adaptation to natural
conditions as a result of the maintenance of selected individuals at ex situ conditions over
several generations [122,123]. As the negative effects dramatically increase with the number
of generations grown at ex situ conditions, this risk can be minimized by using individuals
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of the first generations [124]. Anyway, the debate on whether it is advisable to take the risk
of losing the naturalness of ecosystems and the genetic integrity of species and populations
to fight the threat of extinction is still open [125].

Pathogens or pests. Another risk, shared with assisted migration, is the possibility of
involuntarily introducing pathogens or pests in the target population. This risk can be
minimized by the implementation of exhaustive controls and subjecting individuals to a
quarantine period before translocation to the focal population [101]. Individuals that are
susceptible to diseases present in the focal population should not be introduced.

Ecological risks. Although facilitated adaptation does not imply the introduction of
a new species in the ecosystem, the genetic variation resulting from the introduction of
selected individuals in the focal population could change the composition of associated
communities, and even modify ecosystem processes. Crutsinger et al. [126], for example,
showed experimentally that increasing population genotypic diversity in a dominant old-
field plant species, Solidago altissima L., determined arthropod richness and community
structure, and increased net primary productivity. Other examples with Oenothera biennis
L. [127] or Ammophila breviligulata Fern. [128] also demonstrate that genetic variation in a
population can have community-level consequences. Therefore, in organisms with high
interspecific indirect genetic effects, the use of facilitated adaptation can be considered a
risk if it implies loss of associated biodiversity or significant changes on species interactions.

In this context, it is worth considering the possibility that translocated individuals
could acquire an invasive behavior at the receptor site as a result of their improved adaptive
capabilities. According to the current hypotheses on the main factors that promote the
invasive behavior in a species [129], this scenario is very unlikely to happen because translo-
cated individuals would occupy the same ecological niche than the native individuals of
the focal population.

Technical difficulties. The reproductive characteristics and life history of certain target
species can bring technical difficulties. For instance, crosses by hand are difficult to make in
species with very small flowers or with long generation times. In such cases, the procedures
that require several backcrosses to eliminate undesirable traits or directed crosses would
not be advisable.

Phenological mismatches could also represent a difficulty for the procedures that
require crosses between individuals [130]. Differences in flowering time, for example,
would imply to pollinate by hand with preserved pollen grains.

Small populations could require greater effort to introduce beneficial alleles. Thus, re-
peated introductions could be necessary to counteract the loss of these alleles by genetic drift.

6. Concluding Remarks

Facilitated adaptation is a recent conservation strategy that emerges as a response to
the increasing threats that climate change brings on many species. It could be adopted as a
complementary measure to other type of actions oriented to reduce or delay changes in the
ecosystem. It is important to note that this strategy cannot be widely applied, as it is costly,
and its efficacy depends on the species (Box 1) and the particular conditions residing in the
focal population [85,131]. In addition, for most plant species we still lack a comprehensive
knowledge of the genes and metabolic networks associated with the generation of adaptive
phenotypic traits, as well as the existing constraints and inter-dependencies associated
between traits. Nevertheless, technical advances of the last decade are enabling a better
understanding of the genetic basis of adaptive traits and the subjacent mechanisms that
operate at short and long terms. This opens the possibility to raise new procedures to
have a better control over the associated risks. In this sense, the following are is especially
relevant: (i) the recent theory of polygenic adaptation, which is advancing toward models
that integrate epistatic processes as a second source of variation; (ii) the findings in the field
of epigenetics that have shown that adaptation is not solely dependent upon variation at
DNA-level [132,133]; and (iii) the CRISPR/Cas system of genome editing, which allows
us to study gene function in genes of non-model species, as well as the role that genetic



Plants 2023, 12, 1258 12 of 17

variants play in the adaptation to environment (e.g., [134]). On the other hand, as genomic
technologies are becoming less costly, DNA-based selection could be used to improve
the efficiency of both approaches [135]. In particular, genomic selection decreases the
time required to complete a breeding cycle by selecting the progeny in the early stages or
before being tested in field experiments, which is especially relevant for long-lived trees.
Furthermore, it allows scientists to overcome the difficulties related to the evaluation of
complex and low heritable traits [136].

Box 1. Ideal features of plant species that would be good candidates for facilitated adaptation.

High-risk species. Candidate species would correspond to species highly vulnerable to climate
change, such as those occurring in tundra, alpine and Mediterranean environments.

Degree of adaptive plasticity. Those species with a high degree of adaptive plasticity may not
require facilitated adaptation. The candidates would be species that do not have an inherent high
degree of adaptive plasticity.

Dispersal efficiency. Those species with low dispersal efficiency cannot effectively migrate and
would be candidates for facilitated adaptation.

Demographic characteristics. Candidate populations would be those with low effective population
size and low connectivity with other populations, who have few chances of experiencing a successful
natural process of evolutionary rescue.

Degree of heterogeneity of the environment in which a species occurs. Candidate species would
ideally have a distribution range that covers a highly heterogeneous environment, and thus, they
would be more likely to contain local adaptation processes that may provide the proper source that
holds the genotype adapted to climate change.

Length of generation time. Candidate species would have a short generation time, thus facilitating
the development of selection cycles in a reasonably short period. Nevertheless, long-lived species
can also benefit of facilitated adaptation if genomic selection is used instead of conventional
phenotypic selection.

Reproductive rates. Candidate species would ideally have high reproductive rates, which
would facilitate the selection process and the obtention of a great number of individuals with the
targeted genotype.

Plant traits. Target traits should be those that are most critical for climate change adaptation
regardless of whether they are fixed traits or labile traits. Qualitative traits, which are determined
by one or few genes, would be more amenable for adaptive facilitation than quantitative traits.
Once again, it would be the traits at the stage of development that is more critically limited by the
environmental conditions altered by climate change.

The different procedures that have been described in this article to implement facil-
itated adaptation vary in the degree of complexity and associated risks. The procedures
based on the reinforcement of the focal population with pre-adapted individuals originated
from the same population or genetically close populations are simpler and have fewer
associated risks than those that require crossings with individuals of genetically diverging
populations or closely related species. Furthermore, the procedures based in the use of
pre-adapted individuals are simpler than those that involve the generation of new allelic
combinations in different genes. Theoretically, the implementation of facilitated adaptation
will be easier in species with large population sizes [15,137] or that occur in areas with high
environmental variation (either spatial, temporal or both) [138].

The uncertainty originated from potential genetic problems associated with other traits
should be maximally reduced through previous experimentation with the focal species, involv-
ing studies on the epistatic and pleiotropic interactions of the target genes and assessments of
the existing correlations among the target and most important functional traits.
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