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Abstract Contemporary climate change is having wide-

spread impacts on plant populations. Understanding how

plants respond to this change is essential to our efforts to

conserve them. The key climate responses of plant popu-

lations can be categorised into one of three types: migra-

tion, in situ adaptation, or extirpation. If populations are to

avoid extirpation then migration and/or in situ adaptation is

essential. In this review we first articulate the current and

future constraints of plant populations, but trees in partic-

ular, to the different adaptation strategies (e.g. space

availability, rate of change, habitat fragmentation, niche

availability). Secondly, we assess the use of the most

appropriate methods (e.g. natural environmental gradients,

genome and transcriptome scans) for assessing and

understanding adaptive responses and the capacity to adapt

to future challenges. Thirdly, we discuss the best conser-

vation approaches (e.g. assisted migration, biodiversity

corridors, ex situ strategies) to help overcome adaptive

constraints in plants. Our synthesis of plant, and particu-

larly tree, responses and constraints to climate change

adaptation, combined with the identification of conserva-

tion strategies designed to overcome constraints, will help

deliver effective management actions to assist adaptation in

the face of current and future climate change.

Keywords Adaptive capacity � Ecological restoration �

Genetic resource management � Gene flow � Genomics �

Global change

Introduction

In response to contemporary climate change plants can

adapt, migrate, or die (Aitken et al. 2008) (Fig. 1a–e).

During Quaternary climate fluctuations migration was a

common response, particularly in the northern hemisphere

(Pardi and Smith 2012). How plants will respond during

the current period of warming is less clear as plants are

facing unprecedented rates of anthropogenically-induced

climate change, which has no past analogue (Thomas et al.

2004). Climatic envelopes are generally shifting polewards

and upwards (Parmesan and Yohe 2003), which is putting

pressure on plant populations to shift their ranges to track

optimal climatic conditions (Parmesan 2006; Pardi and

Smith 2012; Fig. 1b). Indeed, shifts in species distributions

in line with temperature shifts have already been observed

across a range of plant taxa (Sturm et al. 2001; Parmesan

and Yohe 2003; Jump and Peñuelas 2005; Hickling et al.

2006; Beckage et al. 2008).

The ‘first line’ response to a changing climate may

therefore be migration—a geographic shift in distribution

via seed dispersal into climatically suitable areas (Fig. 1b).

However, such shifts may not be straightforward. In an

analysis of USDA Forest Inventory and Analysis data from

across the eastern United States, 58.7 % of 92 tree species

showed indications of range contraction at both northern

and southern boundaries of their distribution (Zhu et al.

2012). Only 20.7 % of species exhibited patterns consistent

with a northward shift, and crucially, evidence was par-

ticularly lacking for population spread in areas where
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climate had changed the most. This suggests that

migration may not be as common as expected, and

potentially puts populations at higher risk of becoming

increasingly maladapted over time. Under the projected

high rates of future climate change, successful migration

may also rely on the evolution of ever longer dispersal

distances in order to enable species to reach suitable new

habitat.

If species fail to sufficiently migrate then adaptation

in situ will be essential for persistence (Fig. 1c–d). The

ability to adapt in situ will rely upon a wide range of

factors. These include (1) heritable trait variation (i.e. trait

variation attributable to genes) within populations for

selection to act upon; (2) levels of gene flow from popu-

lations at lower latitudes/altitudes introducing ‘pre-adap-

ted’ alleles to, or more generally increasing genetic

variation within, populations at higher latitudes/altitudes

(Sexton et al. 2011; Kremer et al. 2012); and (3) the chance

occurrence of new advantageous mutations arising within

populations. However, the likelihood of new adaptive

alleles arising, particularly those of large effect (as may be

required under rapid climate change; Reed et al. 2011), is

very low. The presence of standing heritable genetic vari-

ation that can provide a fitness advantage under new cli-

matic conditions would bestow populations with the best

chances of adapting in situ.

An alternative to genetic-based adaptation is epigenetic

or plastic responses (Fig. 1e). Trait plasticity can result in a

wide range of phenotypes occurring in the same genetic

background, acting as a buffer to environmental changes

(Ghalambor et al. 2007; Nicotra et al. 2010). There is now

increasing evidence that some heritable variation in eco-

logically relevant traits is not caused by genes but is instead

stimulated by epigenetic mechanisms that alter gene

activity through targeted molecular processes (Fieldes and

Amyot 1999; Molinier et al. 2006; Yakovlev et al. 2011).

In particular, DNA methylation and histone post-transla-

tional modifications are key mechanisms for gene-expres-

sion regulation and development in plants. These

mechanisms can bring about a rapid (\1 generation)

adaptive response to environmental change (Bossdorf et al.

2008; Rival et al. 2012).

If populations fail to adapt or migrate under climate

change then, as conditions become more unsuitable,

extirpation and extinction may be unavoidable (Fig. 1a).

Mass extinction events have had a strong association with

major climatic change over the past 520 million years, with

low levels of global biodiversity and high extinction rates

prevalent immediately following periods of major tem-

perature change (Mayhew et al. 2008). Extinctions linked

to contemporary climate change have already been

observed for a number of animal groups (e.g. checkerspot

Fig. 1 Plant responses to climate change, constraints on these

responses, and conservation strategies best suited to overcoming

these constraints. Coloured circles represent populations. Shade of

green indicates how well adapted the average phenotype is to the

environment; bold green well adapted, light green maladapted.

Arrows in (c) represent gene flow. *The use of seed banks could be

employed under all scenarios to safeguard against loss of genetic

diversity due to population extirpation
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butterflies, McLaughlin et al. 2002; and frogs, Pounds et al.

2006), but as yet there are no reports of climate driven

extinctions in plants. There is, of course, the possibility that

some species will persist without migration or genetic

adaptation by, for example, exploiting microclimatic vari-

ation within their current range (e.g. populations move

from sun to shade, from dry slopes to seeps), through

facilitative interactions with other local plant species

(Brooker et al. 2008), or endophytic relationships with soil

microbes (Lau and Lennon 2012). Increasing our under-

standing of the ways that plant species are likely to respond

under climate change, and particularly of the constraints

that restrict the adaptive responses of species and popula-

tions, is integral to our attempts to conserve species.

There have been a number of recent reviews on plant

responses to climate change, each with a different emphasis

(e.g. Davis and Shaw 2001; Walther 2003; Jump and

Peñuelas 2005; Aitken et al. 2008; Anderson et al. 2012;

Corlett and Westcott 2013). For example, Aitken et al.

(2008) looked specifically at trees and Corlett and Westcott

(2013) predominantly considered migrational responses

across all taxa. Here, we provide an updated appraisal of the

most recent literature on plant responses to contemporary

climate change. We focus mainly on the threats caused by

direct climate effects (i.e. changes in temperature and rain-

fall), with climate envelopes shifting towards the poles,

while acknowledging that climate change is complex and its

effects will not be felt equally across all environments and

locations. More complex/synergistic impacts of global

change have been discussed elsewhere (e.g. Brook et al.

2008). While we consider the responses of both short- and

long-lived species, our review pays particular attention to

the responses of and potential impacts on tree species. Our

review is focussed on three largely neglected aspects.

Firstly, we focus on key constraints to responses to climate

change. Secondly, we discuss the best approaches to assess

adaptive potential in plants, highlighting the use of envi-

ronmental gradients and genome and transcriptome scans to

understand the type, magnitude and rate of adaptive

responses. Thirdly, we consider the best conservation

approaches to help overcome adaptive constraints in plants.

We discuss how this information can be integrated into

conservation actions to help prevent species extinctions as

well as facilitate on-going adaptation to climate.

Constraints to climate change adaptation

Through a literature search, we have identified a non-ex-

haustive collection of studies that identify constraints to

adaptation in a wide range of plant species (Table 1).

These studies have expanded our understanding of the

factors that constrain the adaptive capacity of plants, and

can therefore be used to target conservation practices to

overcome these constraints. Figure 1 provides a summary

of the constraints to each adaptive response, which have

been divided into three categories: spatial (and temporal),

ecological, and genetic constraints. Recommended con-

servation strategies for overcoming each constraint are also

provided (discussed in Sect. 4).

Constraints to migration (Fig. 1b)

The ability of a species to shift its range will depend on

several factors, such as the presence of suitable space to

migrate into (including niche space), sufficient time to

migrate (in terms of generation time, age to maturity, seed

dispersal distance), a connected landscape, and the pres-

ence/migration of co-dependent species into the new range.

If any of these factors are not realised then successful

migration may prove difficult. We consider each of these in

turn in order to illustrate their importance.

Available and suitable space to migrate into

Range shifts may be a successful response particularly if

only short migration distances are required, such as up

slope to higher elevation. Within the Snowy Mountains of

Australia, every 100 m increase in altitude is coupled with

a temperature decrease of *0.77 �C (Brown and Millner

1989). Climate change predictions for the Australian Alps

suggest that by 2050, temperatures will increase by

between 0.6 �C (low impact scenario) and 2.6 �C (high

impact scenario) (Hennessy et al. 2003). These predictions

equate to a 78 m upward temperature shift under low

impact temperature increases, or a 338 m upward shift

under the high impact scenario. The high impact scenario is

concerning for mountaintop restricted species. At the

highest summit sampled in the Snowy Mountains by

Pickering et al. (2008), there was only 114 m of mountain

area above the highest recorded species. If temperatures

increase by 0.9 �C (closer to the current most conservative

estimates) then these species may run out of altitudinal

range to migrate into. The Haleakalā silversword (Argy-

roxiphium sandwicense subsp. macrocephalum) on the

Hawaiian island of Maui is just one more example of where

this threat is being realised (Krushelnycky et al. 2013).

Species migrating along a latitudinal rather than altitudinal

gradient will experience similar issues if they reach the

edge of habitable land (e.g. a coastal boundary for terres-

trial plants).

Sufficient time to migrate

The study of fossil pollen distribution data has led to the

inference that past migration rates of plants in response to
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Table 1 A selection of meta-analyses, empirical, and modelling studies where constraints to adaptation, via migration, in situ adaptation, or

both, have been identified or predicted

Species Plant form Study region Type of

study

Adaptation

strategy

Adaptation

constraint

Main findings Reference

92 tree species Trees Eastern USA Meta-

analysis

Migration Unknown Only 20.7 % of species

showed northward

migration

58.7 % showed range

contractions at both

northern and southern

boundaries

Zhu et al.

(2012)

Haleakalā

silversword

(Argyroxiphium

sandwicense ssp.

macrocephalum)

Herb Maui,

Hawai’i

Empirical Migration Insufficient

space

Endemic species restricted

to a single volcano

summit

Experienced high mortality

at low altitude and

increased water stress,

putting the entire species

at risk

Krushelnycky

et al. (2013)

27 northern plant

species

Various Northern

hemisphere

alpine and

arctic zones

Modelling Migration

and in situ

adaptation

Dispersal

ability

Spatial distribution

modelling predicted loss

of genetic diversity was

largely determined by

dispersal ability

Short-distance dispersers

(e.g. herbs) would lose

more genetic diversity

than long-distance

dispersers

Alsos et al.

(2012)

Partidge Pea

(Chamaecrista

fasciculata)

Herb US Great

Plains

Empirical In situ

adaptation

Trait/gene

interactions

Despite significant levels of

genetic variation in a

number of adaptive traits,

the rate of evolution of all

traits together was slower

than that expected for the

independent evolution of

individual traits

Etterson and

Shaw (2001)

Dryas octopetala;

Eriophorum

vaginatum

Shrub;

Perennial

herb

Alaska Empirical In situ

adaptation

Lack of

plasticity

After 30 years of reciprocal

transplant experiments,

local provenances

significantly

outperformed foreign

provenances

No evidence was found for

plasticity aiding the

persistence of foreign

provenances

Bennington

et al. (2012)

32 herbaceous

plants

Herb Temperate

regions

Meta-

analysis

In situ

adaptation

Small

population

size

Meta-analysis of reciprocal

transplant experiments

revealed that population

size had a significant

effect on local adaptation

Small populations (\1000

flowering plants) showed

less local adaptation,

inferred to be due to low

adaptive potential driven

by strong genetic drift

Leimu and

Fischer

(2008)
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climate change were rapid and covered large distances

(Davis 1981; MacDonald 1993; King and Herstrom 1997).

However, the analysis of molecular data to infer postglacial

expansion of two North American tree species suggests that

estimates based purely on palynological data may be

inaccurate and rates of postglacial spread are likely to have

been much slower than previously interpreted (Petit et al.

2002; McLachlan et al. 2005; Lowe et al. 2005b). There-

fore, predictions of rapid future plant migration inferred

from palynological studies may be overestimating the

migrational capacity of plants. A decrease in range size

resulting from an inability to keep up with climate change

may thus be a more realistic scenario.

The ability of a plant species to keep up with a shifting

climate envelope is determined by the rate of climate

change, the distance over which it is able to migrate per

generation and its seed dispersal effectiveness (Corlett and

Westcott 2013). Velocity of climate change algorithms

have been used to estimate the likelihood of species to keep

up with a shifting climate envelope. These algorithms

divide the rate of climate change by the rate of spatial

climate variability in order to calculate the speed by which

species must migrate to maintain constant climate condi-

tions (Loarie et al. 2009). This approach has recently been

used to identify vulnerable species in need of conservation

management (Hamann et al. 2015).

The seed dispersal of many species is described as

leptokurtic, where most seed is dispersed near the

maternal plant, with relatively little dispersed over longer

distances. Plant species that have long distance seed dis-

persal will have greater success of dispersing into cli-

matically suitable areas (Davies et al. 2004; Pearson and

Dawson 2005). Modelling the dispersal of trees in the

eastern United States over the next 100 years suggests

that the probability of colonisation within 10–20 km of

current boundaries is high, but longer distance dispersal

events ([20 km) are unlikely to result in colonisation

(Iverson et al. 2004a). These longer distance dispersal

events may be necessary to keep up with optimal

conditions, particularly for long lived species with long

generation times such as trees. Indeed, required migration

rates in excess of 100 m per year have been predicted

(Higgins et al. 2003).

Nei et al. (1975) suggested that a cost to the reliance on

long-distance dispersal for survival will be a reduction in

population size and allelic richness, leading to reduced

adaptive potential. However, dispersal distance is a trait

that evolves. In their review of life-history evolution in

populations experiencing range-shifts, Phillips et al. (2010)

concluded that assortative mating as a result of climate

change may result in an increased rate of evolution of life-

history traits that promote dispersal distance and repro-

ductive rate at the leading edge. Seed dispersal is a highly

labile trait in plants and, as the best-dispersing individuals

within a population should be highly represented at the

leading edge of the new range, the chance of breeding

between ‘good dispersers’ should be high, resulting in

runaway natural selection for dispersal rate at the leading

edge (Phillips et al. 2010; Boeye et al. 2012, Kremer et al.

2014).

At the newly colonised edge of a species’ range, pop-

ulation density will be low and individuals will inhabit an

r-selective environment where high reproductive and dis-

persal rates are advantageous (Rejmánek and Richardson

1996; Phillips et al. 2010). Predictive models have sug-

gested that increased rates of climate change will select for

larger dispersal distances, providing a rescue mechanism

for populations to cross large gaps in suitable habitat

(Boeye et al. 2012). However, at least one modelling study

has suggested that high dispersal rates will actually hamper

adaptive evolution and will in fact increase extinction risk

due to the shifting ranges of some species causing the

decline in others (Norberg et al. 2012). Overall, modelling

(Iverson et al. 2004a, b; Feeley and Silman 2010), exper-

imental (Ibanez et al. 2008, 2009) and survey studies (Zhu

et al. 2012) combine to suggest that migration rates are

likely to be below those required to track contemporary

climate change.

Table 1 continued

Species Plant form Study region Type of

study

Adaptation

strategy

Adaptation

constraint

Main findings Reference

52 plant species Various Various Meta-

analysis

In situ

adaptation

Habitat

fragmentation

Meta-analysis of effect of

habitat fragmentation on

genetic diversity showed

that common species are

as much at risk as rare

species, thus reducing

their adaptive potential

under climate change

Honnay and

Jacquemyn

(2007)

The main adaptation strategy under study is identified along with the constraint restricting such adaptation
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A connected landscape

Historically, landscape connectivity would have been

greater due to a lack of anthropogenic habitat clearance.

Migration across the landscape may therefore have been

more straightforward than it is today (Davis and Shaw

2001; Pardi and Smith 2012). Indeed, the current scale of

habitat fragmentation is likely to hamper the potential

success of migration (Davis and Shaw 2001; Hoffmann and

Sgro 2011). Successful migration relies heavily upon the

connectedness of populations across suitable environments,

particularly in species with short dispersal distances

(Pearson and Dawson 2005). Modelling studies predict that

habitat fragmentation will have a large impact on the

ability of plants to migrate across landscapes and that the

connection of remnant fragments via corridors and

restoration may greatly assist plant persistence (Higgins

et al. 2003; Renton et al. 2012, 2013). The landscape does

not necessarily need to be continuous, but distances

between populations or fragments need to be short enough

to enable successful dispersal. For example, scattered trees

in fragmented landscapes have been identified as having a

key role to play in aiding migration (Breed et al. 2011), and

provide a connective link between remnant vegetation via

seed dispersal (Bacles et al. 2006; Sork and Smouse 2006).

Co-migration of dependencies

A recent systematic review of the causes of contemporary

climate change-related extinctions revealed that changes in

species interactions are an important cause of population

decline (Cahill et al. 2013). Many species of plants rely

heavily on other species for a number of essential services,

such as pollination, seed dispersal, and nutrient provision.

If plant service providers migrate across the landscape at

different rates then ecological decoupling may lead to plant

population decline and extirpation. This scenario also

opens up the potential for novel combinations of species in

future communities; modelling of multiple competing

species along a warming climate gradient predicts that

communities of species with narrow niches, high inter-

specific dispersal variance, and strong competition are most

under threat from the disruptive consequences of climate

change (Urban et al. 2012).

Plants often depend on soil microbes to successfully

establish, grow and survive in a range of habitats. As plant

populations shift across the landscape the continued asso-

ciation with their symbiotic microbes may prove essential

to their fitness in new environments (Pellissier et al. 2013).

For example, plants with associated endophytes had a 20 %

broader climatic niche and were able to inhabit drier

environments compared to plants without such associations

(Afkhami et al. 2014). The soil type the associated

endophytes are adapted to is also important, with one study

demonstrating that plant fitness increased when grown in

association with microorganisms adapted to the soil-

moisture environment (Lau and Lennon 2012). These

findings suggest that the success of plant responses to cli-

mate change may be in part driven by closely associated

microbial communities. Lau and Lennon (2012) suggest

that plants are therefore not just limited to a choice

between adapt or migrate, but that rapid responses in the

soil microbe community may also facilitate plant

persistence.

Constraints to in situ adaptation (Fig. 1c–e)

The constraints to migration discussed above may mean

that this adaptation route may be very limited and poten-

tially unsuccessful (Corlett and Westcott 2013). This puts a

larger emphasis on in situ adaptation for on-going popu-

lation persistence (Fig. 1c–e). Factors affecting a popula-

tion’s ability to adapt in situ are numerous and we have

selected the most pertinent ones here for discussion.

Raw material for evolution: standing genetic variation

and new mutations

The level of heritable trait variation within a population

will be a key factor in determining a population’s adaptive

potential under climate change. The term heritable varia-

tion refers to the amount of phenotypic variation in a

population that has a genetic basis and is therefore avail-

able to be inherited by the next generation. The heritability

of a trait (broad sense heritability H2, and the more com-

monly estimated narrow sense heritability h2) is the ratio of

variation due to genetic differences (for H2 this includes

additive, dominance and epistatic effects; for h2 this just

includes additive genetic variance) to the total phenotypic

variation (Vp) for a given trait. Estimates of heritability

range from 0 to 1; the closer the estimate is to 1, the more

the variation is explained by genetic, and therefore heri-

table, differences. The adaptive potential of a population

can therefore be estimated by the amount of adaptive trait

variation (Willi et al. 2006).

The more heritable trait variation there is within a

population, the greater the variety of phenotypes for natural

selection to act upon and, therefore, the greater the chance

that a suitable adaptive phenotype already exists within the

population. For example, large populations with extensive

historical gene flow that have been exposed to large cli-

matic variation in the past are likely to have high levels of

heritable trait variation, whereas small populations that

have been through recent bottlenecks would not. In their

consideration of adaptive responses to climate change in

plants, Jump and Peñuelas (2005) suggested that climatic
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differentiation within populations is a general pattern and

that high levels of climate-related variation within popu-

lations bestows them with broad climatic optima. Popula-

tions with broad climatic optima may respond well to

climate change, in the short term at least. For example,

warm- and cold-year subpopulations (where mean tem-

peratures in year of establishment differed by up to one

degree centigrade) in a stand of birch displayed clear

genetic segregation, providing evidence for adaptive

capacity and the presence of ‘pre-adapted’ individuals to

future temperature change (Kelly et al. 2003).

In small populations, or in other situations where heri-

table genetic variation is low, adaptation to novel condi-

tions may rely upon the occurrence of new mutations. The

probability of fixation of a new mutation is much lower

than that for adaptive alleles already present within a

population, since they are likely to be present in several

individuals and will be immediately available for selection

(Hermisson and Pennings 2005; Barrett and Schluter

2008). Low genetic diversity and a reliance on the occur-

rence of new adaptive mutations may strongly constrain a

population’s ability to adapt in situ.

In a meta-analysis of reciprocal transplant experiments

investigating local adaptation in plants it was found that

local adaptation is much more common in large popula-

tions ([1000 flowering individuals) than small populations

(\1000 individuals; Leimu and Fischer 2008). The absence

of local adaptation in small populations was attributed to

lower adaptive potential as a result of less heritable varia-

tion, fewer beneficial mutations, higher levels of inbreed-

ing and/or genetic drift leading to the loss of advantageous

alleles in comparison to large populations (Leimu and

Fischer 2008). Small population size can therefore be

considered a primary constraint to adaptive potential, thus

putting small plant populations at risk of becoming ever

more maladapted under a changing climate.

Dispersal success may also have a confounding effect on

genetic diversity. Alsos et al. (2012) used spatial distribu-

tion modelling to predict the impact of climate change on

range size and genetic diversity by 2080 of 27 northern

hemisphere plant species. Their model predicted that a loss

of genetic diversity was largely explained by dispersal

ability (up to 57 %) as well as by genetic differentiation. A

lack of long-distance dispersal ability, such as for herbs in

their study, resulted in a higher predicted rate of genetic

diversity loss compared to shrubs that have the capacity for

long distance dispersal, thus reducing adaptive potential.

An ability to successfully migrate over long distances will

therefore not only help species to reach suitable habitats

but also maintain higher levels of genetic diversity,

increasing their adaptive potential into the future.

Even if significant levels of heritable trait variation

exist, complex trait or gene interactions may restrict

adaptive outcomes (Etterson and Shaw 2001; Lovell et al.

2013). Pleiotropy (one gene influencing multiple traits),

polygenic traits (traits attributable to more than one gene)

and antagonistic interactions among genes (e.g. linkage

among genes for different traits under different selection

pressures) may all constrain adaptation. For example,

despite significant levels of genetic variation existing for a

number of traits (e.g. fecundity, leaf thickness, leaf number

and rate of phenological development) in the partridge pea

(Chamaecrista fasciculata), the rate of evolution of all

traits together was slower than the expected independent

evolution of individual traits (Etterson and Shaw 2001).

Thus, gene or trait interactions may restrict the rate of

evolution, preventing species from adapting quickly

enough to keep up with rapidly changing environments.

Rate of climate change

The rate of climate change will strongly influence whether

there is sufficient time and generations for adaptation to

occur. Average lifespan of individuals is an important

determinant of adaptive capacity: the longer the generation

time, the longer the adaptation lag and the greater the

potential to be ‘over-taken’ by rapid climate change (Jump

and Peñuelas 2005). As such, annual plants may have more

opportunities for genetic-based adaptation and longer-lived

species such as trees may have to rely more on redistri-

bution of standing genetic variation via gene flow and/or

adaptive trait plasticity (Nicotra et al. 2010; Franks et al.

2014) (see Sect. 2.2.4). For example, under a common

garden set up, first flowering in the annual plant field

mustard (Brassica rapa) has been demonstrated to occur up

to 8.6 days earlier in post-drought plants when compared to

their pre-drought ancestors (Franks et al. 2007). Ancestor–

descendant crosses resulted in offspring with intermediate

flowering times, supporting an additive genetic basis for

the divergence, and it was experimentally confirmed that

summer drought selected for earlier flowering (Franks et al.

2007). Ancestors and descendants were collected from wild

populations 7 years apart, so only a few generations were

required for this drought adaptation to occur. Thus adaptive

genetic responses are likely to be most prevalent in short-

lived species.

Despite long generation times, the outlook for trees may

not be so dire. In general, tree populations exhibit high

genetic diversity (Kelly et al. 2003; Petit and Hampe 2006),

high outcrossing rates (Petit and Hampe 2006; Breed et al.

2014) and high plasticity (Petit and Hampe 2006; Rico

et al. 2014), which all act to equip trees with high adaptive

potential (Davis and Shaw 2001). However, a rapid change

in climate may act as a strong selective agent with the

potential to radically erode climate-related genetic varia-

tion (Jump and Peñuelas 2005). Trees may therefore be
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able to cope with a changing climate in the short term, but

if conditions reach unprecedented levels then they may

struggle to adapt in the longer term.

Connectedness of populations and level of gene flow

Small, isolated plant populations resulting from habitat

fragmentation generally experience increased genetic drift,

elevated inbreeding and reduced gene flow, which in turn

increases interpopulation genetic divergence (Lowe et al.

2005a; Vranckx et al. 2012; Breed et al. 2015). Fragmen-

tation may also hamper the flow of adaptive alleles from

lower to higher latitudes or altitudes, restricting the adaptive

potential of populations. Although estimates of long distance

gene flow suggest that genes can move more quickly than is

required to track climatic shifts (Kremer et al. 2012), meta-

analyses examining the genetic effects of habitat fragmen-

tation have shown that fragmentation has a large and neg-

ative impact on population level genetic diversity and

outcrossing rates (Lowe et al. 2005a; Honnay and Jacque-

myn 2007; Aguilar et al. 2008; Eckert et al. 2010; Breed

et al. 2012a; Vranckx et al. 2012; Breed et al. 2015). This

seems to be the case for common species experiencing

fragmentation as much as for rarer species, suggesting that

vulnerability to genetic erosion and loss of genetic diversity

is a common reality for plants in fragmented habitats

(Honnay and Jacquemyn 2007). However there is evidence

that gene flow dynamics may also be relatively robust to

habitat fragmentation (e.g. Lowe et al. 2005a; Wang et al.

2011; Breed et al. 2012b). In a study into the effects of

habitat fragmentation on genetic structure of the wind-pol-

linated, gravity seed-dispersed chinquapin tree (Castanopsis

sclerophylla) no significant difference was observed in

genetic diversity or inbreeding between pre- and post-frag-

mented populations, and this was attributed to extensive

pollen dispersal (Wang et al. 2011). So, there may be some

resilience to the immediate impacts of habitat fragmentation

in tree populations, but reviews of the topic indicate that

increasing impacts are likely to emerge in future generations

(Lowe et al. 2005a; Honnay and Jacquemyn 2007; Vranckx

et al. 2012; Breed et al. 2015; Lowe et al. 2015).

Levels of plasticity

Perhaps one of the most important mechanisms available to

plants for coping with climate change is persistence through

trait plasticity (Nicotra et al. 2010). This is a much under-

studied phenomenon that may have a large part to play in

species adaptation and survival through the current period of

warming, particularly for long-lived species (Petit andHampe

2006). It is clear from the literature that levels of adaptive

plasticity vary widely depending on species and trait, and

predicting plastic responses to climate change is proving

difficult (Nicotra et al. 2010).However, recent studies provide

some interesting directions for learning in this area.

The analysis of survival and flowering in a dwarf shrub

(Dryas octopetala) and a tussock-forming sedge (Eriopho-

rum vaginatum) in two reciprocal transplant experiments

30 years after initial establishment showed that local adap-

tation was strong and that plasticity did not enable foreign

populations to persist in novel sites (Bennington et al. 2012).

For E. vaginatum, differential survival of populations was

not found in the first 13 years of the experiment, suggesting

that plasticity had a role to play during this period. However,

after 17 years differential survival in line with local adap-

tation was evident (Bennington et al. 2012). This suggests

that plasticity may mask local adaptation in the short term,

but is not sufficient for long term persistence. Conversely,

reciprocal transplant experiments of grassland species along

an elevational gradient showed no indication of local

adaptation, with consistent advanced reproductive phenol-

ogy due to plasticity observed in all three species studied

(Frei et al. 2014). Plasticity has also been demonstrated to

assist Pinus species growth and survival under a warmer,

drier climate (Richter et al. 2012). However, their findings

were based on early seedling growth and the effectiveness of

adaptive plastic responses in trees over the long term is

unknown.

The level of adaptive trait plasticity and phenotype fitness

will influence whether plastic responses are genetically

assimilated (i.e. plastic traits that accumulate a genetic basis

by natural selection; Ghalambor et al. 2007). If plasticity

results in an optimal mean phenotype then stabilising

selection should constrain genetic change. However, a sub-

optimal phenotype is likely to be subject to directional

selection bringing populations closer to their fitness peak,

thus ensuring long term adaptation to change (Ghalambor

et al. 2007). Plasticity may therefore shield populations from

the detrimental effects of climate change in the short term as

well as assist long-term adaptation and persistence (Nicotra

et al. 2010). If plasticity itself has a genetic basis (Anderson

et al. 2011), then selection for greater adaptive plasticity

under a more varied, less predictable climate could enable

populations to better match environments in flux (Franks

and Hoffmann 2012). This may explain the high levels of

plasticity observed in long-lived trees, where an advantage is

presumably gained to surviving long term fluctuating envi-

ronments (Petit and Hampe 2006).

New research tools for assessing climate

adaptation in plants

A range of methods has been employed to investigate and

predict plant adaptation under climate change, such as

space-for-time substitutions, common garden and
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reciprocal transplant experiments, and genomic methods to

search for signatures of selection and local adaptation.

Here, we review the key methods that we feel hold great

promise for advancing our understanding of responses to

climate change and, in turn, can directly inform future

conservation strategies.

Space-for-time substitutions, environmental

gradients and phenotypic clines

Phenotypic clines in adaptive traits over latitudinal or

altitudinal gradients are common in plants (e.g. Etterson

2004; Maron et al. 2004; Uribe-Salas et al. 2008; Bresson

et al. 2011; Montesinos-Navarro et al. 2011; Chen et al.

2012; Woods et al. 2012). Reciprocal transplant and

common garden experiments have been used to determine

the degree of plastic versus heritable variation in clinal

traits. A good example of adaptive clinal variation along

environmental gradients is the work of Etterson (2004),

who studied the partridge pea (Chamaecrista fasciculata)

along a latitudinal gradient (from Minnesota to Oklahoma,

USA). Across this gradient, mean annual temperature

ranged from 17 to 23 �C. Clinal variation and genetic

divergence had been previously shown in this species

(Etterson 2000). To test for adaptive differences along the

gradient, reciprocal transplant experiments were carried out

in Minnesota, Kansas and Oklahoma. Northern populations

grown in the south (i.e. mimicking predicted climate

change) were found to have substantially lower fitness,

despite demonstrating considerable phenotypic plasticity

when in non-native sites. These results demonstrated that

different phenotypes were favoured under different cli-

matic conditions and Etterson (2004) suggested that, as the

climate becomes warmer and drier in the Great Plains,

evolutionary change will be required to maintain optimal

population fitness.

A study into the altitudinal variation of functional traits

in European oak and beech set out to evaluate the basis of

genetic adaptation (Bresson et al. 2011). Several morpho-

logical and physiological leaf functional traits were found

to vary along two altitudinal gradients. For example, leaf

physiological performance (e.g. higher maximum rates of

assimilation, stomatal conductance and leaf nitrogen con-

tent) was significantly greater in plants at higher altitudes.

Through the use of common garden experiments Bresson

et al. (2011) demonstrated that genetic differences

accounted for only a small amount (0–28 %) of phenotypic

variation, suggesting that trait plasticity is responsible for

the majority of the observed variation. As alluded to ear-

lier, the long generation times of tree species may have

resulted in strong selection for increased trait plasticity.

Environmental gradients can also provide excellent

natural laboratories for studying isolation by distance

(IBD; Wright 1943) versus isolation by ecology (IBE;

Sexton et al. 2014; Shafer et al. 2015), where locally

adapted populations can inhabit close geographical space

but disparate ecological space (particularly along altitudi-

nal gradients). Real promise lies in the use of multiple

independent transects along the same environmental gra-

dients, which can be utilised as evolutionary replicates.

Such study designs would provide great insight into

adaptive evolution, its genetic basis and its redundancy, as

well as the interactions between selection and migration

(Savolainen et al. 2013).

The genomics era: signatures of selection and gene

expression

The application of genomics technologies to conservation

practice has been discussed in two recent reviews (Hoff-

mann et al. 2015; Shafer et al. 2015). There has also been a

focus in the recent literature on the use of genomics for

investigating natural selection, with particular attention

paid to the promise and pitfalls of using genomic data for

identifying loci associated with environment/climate

(Schoville et al. 2012; Vitti et al. 2013; Tiffin and Ross-

Ibarra 2014; Bragg et al. 2015). Here, we consider two

genomic techniques that hold real promise in advancing

our understanding of plant adaptation and highlight how

we can use this knowledge to more clearly direct conser-

vation actions. It is important to note, however, that the use

of molecular markers as a measure of a population’s

adaptive potential can be unreliable (Mittell et al. 2015)

and so the identification of levels of genetic variation

among genetic markers should not be taken as direct evi-

dence for a population’s future adaptive potential.

Identifying local adaptation has historically been

attempted through common garden and reciprocal trans-

plant experiments. However, such experiments are costly

and, particularly for long-lived species like trees, time

consuming or even unfeasible. Molecular genetic studies

provide an alternative or complementary way to study

adaptation. The development of next-generation sequenc-

ing technologies has opened up new avenues for exploring

the basis of multi locus/gene variation and local adaptation

outside of the common garden.

The use of genome scans, where a random sample of the

genome is sequenced and then explored for genes under

selection, is becoming an ever more utilised approach to

study adaptation. Steane et al. (2014) performed a genome

scan followed by outlier detection to study signatures of

climate adaptation in red ironbark (Eucalyptus tricarpa)

across an aridity gradient in south-eastern Australia. They

identified 94 putatively adaptive loci, whose population-

level frequencies correlated strongly with temperature and

moisture availability, suggesting they have most likely
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been the targets of selection under differing environmental

conditions. Similarly, by examining sequence and expres-

sion variation in candidate genes, Chen et al. (2012)

showed that variation in bud set in Norway spruce (Picea

abies) along a latitudinal gradient had in part resulted from

local selection. These types of approaches can prove useful

for assessing climate adaptation in species and help iden-

tify climate resilient populations (Steane et al. 2014),

which are likely to be important to improve the adaptive

capacity of a species and therefore should be a conserva-

tion priority (Breed et al. 2012c).

Recent advances in sequencing technologies have also

allowed easier access to transcriptome data (Bouck and

Vision 2007; Hudson 2008; Martin and Wang 2011). The

transcriptome contains RNA sequences of all genes

expressed within a given tissue, and can therefore be used

to determine which genes are active as well as their level of

activity for specific tissues or developmental stages. This

information can provide insight into the genes responsible

for local adaptation under distinct climatic conditions.

Transcriptome sequencing of river red gum (Eucalyptus

camaldulensis) seedlings from three populations enabled

an exploration of differential gene expression under water-

stressed conditions (Thumma et al. 2012). Differential

expression of a host of genes was found between control

and stressed conditions and nearly 3000 single nucleotide

polymorphisms (SNPs) showed differential allelic expres-

sion, with a proportion of these shown to be under positive

selection among the populations (Thumma et al. 2012).

These types of analyses can help to reveal the underlying

genetic mechanisms behind adaptation and plasticity, and

enable us to identify genes that are important to plastic

responses in a changing/stressful environment.

Implications for conservation: what can we do?

When incorporating climate vulnerability into conservation

planning, species sensitivity, adaptive capacity, and expo-

sure to change are all important (Dawson et al. 2011). In

this review, we have focused on what constrains adaptive

capacity, which will therefore affect the sensitivity of a

species to change. In order to reduce the chances of pop-

ulation extirpation and species extinction, as well as help

populations to continue to adapt under climate change,

conservation strategies need to aim to increase adaptive

capacity. The disparity between current species ranges and

their ideal range under climate change, coupled with the

fact that human activities have fragmented the landscape,

has resulted in populations inhabiting areas that they are

struggling to adapt to or migrate away from. This is where

human-intervention via well-planned and managed con-

servation and restoration strategies is required.

Biodiversity corridors

The establishment of biodiversity corridors has been a

promising solution for fragmentation issues (Hilty et al.

2006). For plants, it has been demonstrated that corridors

can result in increased species richness in connected pat-

ches by promoting colonisation via increased seed depo-

sition, increased pollen movement, and altered foraging by

seed predators (Damschen et al. 2006). This increased

species richness has also been shown to ‘spill over’ into

areas surrounding the connected patches (Brudvig et al.

2009).

In terms of overcoming constraints to adaptation, cor-

ridors can enhance migration and gene flow (Fig. 1b, c) by

connecting fragmented patches thus aiding seed and pollen

dispersal and increasing effective population sizes

(Tewksbury et al. 2002; Townsend and Levey 2005; Gil-

bert-Norton et al. 2010). In an experimental study into the

effectiveness of corridors for connecting fragmented pop-

ulations, it was shown that corridors increased movement

of insects and birds between patches resulting in greater

levels of pollen and seed dispersal respectively, thus

increasing gene flow among fragmented populations

(Tewksbury et al. 2002). The flow of adaptive alleles along

corridors by connecting fragmented populations may assist

in boosting population adaptive capacity as climate shifts

(Fig. 1c). However, as yet, there is little to no empirical

evidence as to whether corridors assist plant adaptation to

climate change.

Corridors also act to restore disrupted habitats, increase

niche availability, restore species’ ranges, increase popu-

lation sizes, and maintain plant-pollinator interactions

(Hilty et al. 2006; Menz et al. 2011). However, the rate of

climate change will have a significant impact on the suc-

cess of corridors to assist plant migration (Renton et al.

2012, 2013). If rapid large-scale migrations are to be

achieved principally via long-distance dispersal events then

corridors may have limited impact in assisting such

migrations (Pearson and Dawson 2005).

Assisted migration

For populations struggling to adapt and/or migrate

(Fig. 1a–e), assisted migration is a strategy to help them

reach more climatically suitable areas (Hoegh-Guldberg

et al. 2008; Thomas 2011; Schwartz et al. 2012; Aitken and

Whitlock 2013; Williams and Dumroese 2013). The term

‘assisted migration’ encompasses both movements within

current species ranges—assisted gene flow—as well as

assisted colonisation of areas outside of current ranges—

translocations (Aitken and Whitlock 2013). For plants,

assisted migration mainly involves selecting seeds of

suitable provenance for use in revegetation and restoration.
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By carefully sourcing seed, genotypes can be migrated into

populations via assisted gene flow (Broadhurst et al. 2008;

Breed et al. 2012c). In the short term, this should increase

mean survival rate and fecundity through genetic rescue,

and in the long term the inflow of alleles from distant

populations is likely to provide greater adaptive potential

on which to build future evolutionary responses (Aitken

and Whitlock 2013; Whiteley et al. 2015). For example, in

the AdapTree project in British Columbia, Canada, the

adaptive potential of tree populations is being used as a

basis for selecting more climate resilient reforestation

stocks (Wang et al. 2010; Alberto et al. 2013).

Assisted migration within current ranges (assisted gene

flow) does not come without risks. It may lead to out-

breeding depression if populations have been isolated for

an extended period, and may also disrupt local adaptation

to non-climatic factors (Weeks et al. 2011; Breed et al.

2012c). It would therefore be advisable that the level of

local adaptation be assessed when implementing such

practices (Aitken and Whitlock 2013) or, at the very least,

risk assessments based on decision trees such as those

outlined by Frankham et al. (2011) and Byrne et al. (2011)

should be carried out.

An extension of assisted migration is to translocate

species into novel habitats identified as suitable via mod-

elling approaches (Hoegh-Guldberg et al. 2008; Schwartz

et al. 2012; Williams and Dumroese 2013). This approach

could prove particularly valuable in preserving narrow-

range endemic species experiencing very rapid climate

change and are unable to adapt or migrate quickly enough

(Thomas 2011; Fig. 1a). Clearly, the movement of species

outside their current range is not without risk, and may

present an invasive problem (Thomas 2011; Schwartz et al.

2012), but translocations generally only occur for the most

endangered species which are under threat in their current

location and so any successfully established populations

would be deemed a success.

In situ conservation and protecting refugia

In general, larger populations are at lower risk of extirpa-

tion, support higher levels of genetic diversity and promote

the generation of novel genetic variation. Therefore, the

maintenance of large populations should remain a key

conservation priority. However, a critical issue is to iden-

tify which areas should receive the focus of conservation

support and, in this context, identifying areas of historical

and potential future refugia is important.

Refugia are areas that support a range of environmental

conditions such that they offer relatively stable conditions

within a landscape despite regional biotic and abiotic

change. A range of cold-sensitive species retreated to

refugia during cooler climatic conditions of the Quaternary

period (generally areas of lower latitude and altitude that

remained warmer) and then expanded again as the climate

warmed (Lewis and Crawford 1995; Hewitt 2000, 2004).

During the current period of warming we would expect

heat-sensitive plants to move into refugia of higher latitude

and altitude, where conditions remain cooler.

Areas with altitudinal diversity are likely to act as

important refugia during the current period of warming, as

species would only need to disperse over short distances to

track preferred climatic conditions over an altitudinal

rather than latitudinal gradient. Refugia also tend to

maintain high genetic diversity and potentially harbour

important adaptive variation; populations that have

expanded from refugia in the past demonstrate lower

genetic diversity than the refugial populations they

expanded from (Lewis and Crawford 1995; Hewitt 2000,

2004). For in situ adaptation (Fig. 1d, e), conservation of

refugia may be imperative for the maintenance of high

adaptive capacity, with areas that have acted as multi-

species refugia the greatest priority.

Ex situ conservation and seed banks

Climate change is likely to shift environments beyond the

adaptive capacity of some species and communities,

heightening extinction risk. An insurance policy against

such losses of plant biodiversity is the use of seed banks

(Hawkes et al. 2012; Raven et al. 2013). In this case, seed

from populations or species demonstrated to be at extreme

risk of extinction can be stored to ensure survival and the

long-term maintenance of genetic diversity. Global pro-

jects, such as the Millennium Seed Bank Partnership

coordinated by The Royal Botanic Gardens (Kew, UK) are

working to collect and maintain storage of seeds from at-

risk species. Through a concerted international effort the

Millennium Seed Bank has bold aims of holding seed

stores for 25 % of the world’s plant species by 2020.

Stored seed could later be used to reintroduce lost alleles to

populations within the range as a type of assisted gene flow

leading to genetic rescue (Aitken and Whitlock 2013;

Whiteley et al. 2015). Seed bank resources could also form

part of a ‘Lazarus strategy’ in the future, where species

could be brought back from extinction in novel, climati-

cally suitable areas. To these ends, careful consideration of

sampling strategy is essential for effective seed banking,

particularly if the overall aims are future reintroduction of

populations with sufficient genetic diversity and adaptive

potential (Hoban and Schlarbaum 2014; Guja et al. 2015).

The costs of ex situ seed conservation also make it an

extremely financially viable and attractive conservation

strategy, with estimates of as little as 1 % of in situ con-

servation efforts (Li and Pritchard 2009). However at some

point restoration of communities will be required, which is
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notably more expensive than conservation activities to

maintain a functioning system.

Conclusions and future directions

The survival of plant species through this next period of

climate warming will depend on their ability to migrate,

their genetic adaptive potential and their level of plasticity.

Through past periods of climate change, migration to

higher altitudes and latitudes to track preferred conditions

might have been the default response. But under contem-

porary climate change, in a fragmented landscape, migra-

tion is likely to be impeded by a whole host of extra factors

such as the fast rate of climate change, changed land use,

habitat and population fragmentation, and absent niches.

These factors can each constrain migration, keeping spe-

cies trapped within their current range, or even restricting

their range further as conditions at lower latitudes and

altitudes exceed thermal limits.

If migration is hampered then adapting to novel condi-

tions may be the answer to species persistence. By

assessing the current plastic responses and genetic vari-

ability through the use of phenotypic clines along climatic

gradients, common garden experiments, and genomic

methods, researchers can discover the adaptive potential of

plant populations to better inform conservation strategies.

The species under most threat will be those in small pop-

ulations with low genetic diversity, inhabiting the edge of

suitable habitat (e.g. top of a mountain or along the coast).

In the absence of successful in situ adaptation, these spe-

cies will become under increasing threat of extinction.

In order to improve our understanding of adaptation

under climate change, further exploration of the evolution

of simple and more complex adaptive traits under different

climate scenarios is needed. This could be achieved by

simulating the effects of, for example, population size,

levels of gene flow and genetic architectures to explore

how changes in selection impacts the likelihood of suc-

cessful adaptation to projected future environments.

Mathematical and simulation tools have been developed to

this end. For example, the software ALADYN (http://www.

katja-schiffers.eu/research.html) has been used to investi-

gate the spread of adaptive climate-related alleles in a

hypothetical species (Schiffers et al. 2013). It was

demonstrated that under gradual warming, adaptive alleles

easily spread throughout a species range in the absence of

local adaptation, but the presence of local adaptation

hampered the spread of climate-related adaptive alleles due

to increased mortality of new migrants. Similarly, the rel-

ative roles of mortality, dispersal ability and age of matu-

ration in determining speed of adaptation have been

investigated using a modeling approach for Scots pine

(Pinus sylvestris) and Silver birch (Betula pendula) (Ku-

parinen et al. 2010). Information from these types of sim-

ulation studies, which account for evolutionary processes,

will improve predictions of the likely outcomes for plant

populations under climate change and can therefore be

harnessed for evidence-based management actions.

Conservation and restoration efforts, through a combi-

nation of revegetation using pre-adapted and diverse

provenances and the establishment of biodiversity corri-

dors, as well as the use of seed banks, should be focused on

the species identified as most threatened by climate change.

The effectiveness of these strategies is yet to be fully

assessed and there is a sense of great urgency for future

research into conservation and restoration management

actions to overcome adaptive constraints. For example,

long-term field trials to explore the effectiveness of pre-

dictive or refugial provenancing for building climate-re-

silient plant populations would provide invaluable data to

this end.
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