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ABSTRACT
In regions where climate change is expected to be extensive and rapid, many tree species are predicted
to experience severe stress in their native ranges. Survival will then depend on the capacity to
undertake at least one of the following: (1) quickly adapt genetically to new conditions at existing
sites; (2) survive changing conditions through a high degree of phenotypic plasticity without genetic
change; and/or (3) migrate rapidly to newly evolving environments that match basic physiological
requirements. This paper considers forest genetic resources in the different settings where people
depend on products and services from trees for a wide variety of purposes, including naturally
regenerating forests, commercial plantations, and trees on farms (including planted trees and wild
remnants left standing for various functions). The expected impacts of climate change – and hence
strategies for responding to it – differ among these environments. Assisted migration and artificial
selection for appropriate traits are approaches that can be applied to planted trees, whether in
commercial plantations or farms, but are less appropriate for natural forests. However, management
actions are confronted with serious challenges, including national and international policies that limit
the movement of genetic resources among countries, and long regeneration cycles that make tree
breeding time-consuming and costly. Adapting to climate change poses a greater problem for
naturally regenerating populations where the potential for natural migration is hindered by forest
fragmentation and agricultural expansion, and when confounding factors for adaption include pests
and diseases, reduced population sizes, and simplified forest structures and species compositions.
Lack of information on the following hinders our ability to manage climate change impacts better: (1)
little is known about the sequences and functions of the genes conferring adaptation; (2) the genetic
and epigenetic basis of phenotypic plasticity and its role in producing responses to environmental
alterations is unclear; (3) the basic life-history characteristics, ecological determinants and geographic
distributions of many trees are not well studied; and (4) meaningful syntheses of such information into
predictive models of change and response are poorly developed.
I.

INTRODUCTION: FOREST GENETIC RESOURCES, ADAPTATION AND
CLIMATE CHANGE

While in the crop sector genetic improvement programmes use advanced technologies and have
proceeded through many breeding cycles, in forestry there is heavy reliance on undomesticated
resources. In only a few cases (mostly eucalypts, poplars, and pines and other temperate conifers)
have public or private sector breeding programmes advanced beyond the third generation. In the cases
where genetic improvement is taking place, a clear “use value” can be ascribed to FGR (often related
to traits such as increased yield, increased stem straightness, increased lignin content or resistance to a
particular pest or disease), but in other cases resources primarily present an “option value”.
Different ways of estimating the value of genetic resources are available (Sarr et al., 2008), but few
have been applied to FGR (although see Bosselmann et al., 2008; Hein and Gatzweiler, 2006). The
economic valuation of biodiversity and ecosystem services is particularly challenging to undertake
(e.g. Salles, 2010), and this is especially so for often uncharacterized FGR (Elsasser, 2005). Thorsen
and Kjaer (2007) suggested that meaningful valuation in the context of climate change should extend
beyond traditional measures such as wood production to include indicators related to societal use and
ecosystem function.
In this paper, we do not attempt to provide an economic valuation of impacts in terms of the products
and services of FGR under climate change, but judging by losses already experienced by the forest
industry in British Columbia, Canada, for example, these will be significant. We indicate that the
current portfolio of FGR used in breeding programmes, on farms and in conservation units should be
increased. In the absence of appropriate mitigation and adaptation measures, there is a significant
danger that climate change – together with other inter-related challenges such as high human
population growth, fuel scarcity, deforestation, soil degradation and biodiversity loss – may result in
catastrophic impacts in many regions of the globe.
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The impact of climate change on FGR

Predictions regarding impacts on FGR in natural forests, forest plantations and on farms vary.
Although some authors (e.g. Hamrick, 2004) consider that many trees have sufficient phenotypic
plasticity4 and genetic diversity at the population level (bolstered by high gene flow among natural
stands) to significantly reduce the negative effects of climate change , others have taken a different
viewpoint and predicted severe impacts (e.g. Mátyás 2007; Rehfeldt et al., 2001). Different positions
relate partly to the types of species and environments being considered. Authors who make the more
pessimistic forecasts often base their views on tropical trees (Dawson et al., 2011) or on marginal
populations of temperate species (Mátyás et al., 2009), while more optimistic authors often consider
temperate and boreal taxa (Lindner et al., 2010).
Climate change impacts are expected to be severe in dry, high-temperature regions where trees are at
their adaptive limit (e.g. Lindner et al., 2010 for Europe) and in confined islands of moist forest that
are surrounded by drier land (e.g. moist forests in Australia; Williams et al., 2003). Whereas the
ranges of some tree species are expected to expand, others will diminish. In temperate regions, range
reduction at the receding edge of distributions (low elevation and low latitude) is expected to be more
rapid and of greater magnitude than expansion at the leading edge (high elevation and high latitude)
because of a number of factors that limit the ability of tree species to migrate across landscapes.
Thuiller et al. (2006) have also shown that tree species richness and functional diversity will be
impacted more at low than at high latitudes in Europe. In other regions such as the tropics, changes in
precipitation rather than temperature may be of key importance (Dawson et al., 2011).
Based on the data available to date, expected impacts of climate change on FGR will be experienced
through several demographic, physiological and genetic processes, which may include the following:
High mortality due to extreme climatic events, in combination with regeneration failure, will
result in local population extinction and the loss of FGR. This will be the case particularly at
the receding edge of distributions.
Under changing climatic conditions, pest and disease attack may become more severe in some
regions, because of improved environmental conditions for the attackers and because trees
experience more stress and are therefore more susceptible.
The fecundity of trees will change due to sensitivity to spring temperatures (e.g. as observed
in the southeastern United States of America; Clark et al., 2011) and other factors (Restoux,
2009). For example, in central Spain, a decline in cone production in Pinus pinea over the last
40 years has been correlated with warming, especially with hotter summers (Mutke et al.,
2005).
Changes in climate may result in asynchronous timing between the development of tree
flowers and the availability of associated pollinators, leading to low seed production for
outbreeding species dependent on animal vectors. Absolute population levels of some
pollinators are also likely to be reduced. Many tropical tree species that are pollinated by
insects, birds or bats may be affected; in some cases, functional use would be severely
affected.
Increased fire frequency may eliminate fire-sensitive species altogether from woodlands and
parklands. In regions that have not regularly experienced wild fires in the past, fire may
become the main driver of change, with a rapid transition from fire-sensitive to fire-resistant
species.
Changing climates will result in new species invasions, altered patterns of gene flow and the
hybridization of species and populations. Shifting ecological niches will increase the risk of
invasion by more competitive tree species that are more precocious or can move more
quickly. Invasions of new genes via pollen and seed dispersal may disrupt local evolutionary
processes, but could also be a welcome source of new adaptive traits (Hoffmann and Sgro,
2011).
4

A glossary of this and other terms used in this paper are given in Box 4.

BACKGROUND STUDY PAPER NO. 56
1.2

3

Adaptation needs at the ecosystem level

At the ecosystem level, adaptation to climate change requires maintaining options at the species and
intra-species levels. Species diversity is a form of insurance that should increase the resilience of
natural forests and planted tree stands in the face of environmental variability if the various species
present respond differently to disturbances (Kindt et al., 2006). As climate changes, less wellperforming species may be replaced through a process of natural selection and competition by other
trees that are already present within systems and that are better-suited to new conditions, such that the
relative abundance of different species in the landscape alters, although it is not desirable if one taxon
alone comes to dominate (see above discussion of species invasions).
At intraspecific level, maintaining genetic diversity within and among tree populations can similarly
increase the stability of ecosystems (Whitham et al., 2006; Thorsen and Kjær, 2007), especially when
trees are keystone or foundational species. For example, the genetic variation of keystone species has
in some cases been correlated with the interspecific diversity of their associated communities
(Barbour et al., 2009). In addition, intraspecific diversity promotes the resilience and productivity of
individual species. For instance, modelling has shown that optimum production can be attained in
plantations by “composite provenancing” and/or by mixing different genotypes from within species
(Bosselmann et al., 2008; Hubert and Cottrell, 2007).
Genetic adaptation is a process of shifting fitness trait values over generations to track environmental
change and ensure better survival. The speed of adaptive responses at the population level depends on
the amount of additive genetic variation in a stand and the heritability of important traits, in
combination with the size of the selection pool, the intensity of the selection pressure and generation
length. Many tree species are known or believed to have high genetic variability in adaptively
important traits and have high fecundity, creating a large selection pool (Petit and Hampe, 2006).
Thus, if environmental change is directional and continuous, many tree species have the potential to
undergo relatively rapid evolution (Hamrick, 2004). However, the magnitude and speed of climate
change are often predicted to surpass the capacity of tree populations to adapt, at least at the receding
edge of species distributions where local extirpation may therefore occur (Davis and Shaw, 2001).
Climate change may also be experienced as increased variability in temperature and precipitation,
with an associated elevated incidence of extreme events (e.g. drought followed by flooding; IPCC,
2007). The threat posed by increasing storm frequency due to climate change in the Pacific has led to
efforts to identify cyclone-resistance species, such as Endospermum medullosum (whitewood), for
large-scale planting. In Vanuatu, for example, establishment of 20 000 hectares of plantations of the
species is planned over the next 20 years, with a resultant high demand for germplasm. Natural
selection may, however, not efficiently mediate adaptation in situations of increased weather
variability, because at least in the short-term, the selection pressure is not directional and the required
traits may be inversely correlated at the gene level (Jump and Penuelas, 2005; although some features
for adaptation to, for example, drought, such as deep root systems, should also contribute to tolerance
to, for example, flooding).
1.3

The potential role of FGR in responding to climate change

Standing genetic variability. This comprises the potential of populations to adapt and depends on
population size and the amount of diversity expressed in traits that will influence survival and
reproduction under new conditions. Many tree species that have been studied have high genetic
variability and can grow under a range of conditions (Gutschick and BassiriRad, 2003; Petit and
Hampe, 2006). Phenotypic traits of adaptive importance such as drought tolerance, cold-hardiness and
flowering and fruiting phenology have been shown to vary within some species across ecological and
geographic gradients to an extent that may be as important as the differences often observed among
species (Aitken et al., 2008). Similarly, recent molecular-level studies have demonstrated allelic shifts
in genes related o drought and heat tolerance among populations; conversely, however, genetic
variability within populations can sometimes be low (Jump et al., 2006; Grivet et al., 2011; Hoffmann
and Sgro, 2011). Management plans can influence the genetic composition and structure of naturally
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regenerating forests, providing opportunities for silvicultural interventions in order to respond to
change (Guariguata et al., 2008; Sagnard et al., 2011).
Common garden experiments have been central in demonstrating the extent and distribution of the
genetic diversity of fitness-related traits, such as survival, growth, phenology, and adaptation to cold,
drought, pests and diseases, in tree species. Most such experiments have been conducted on boreal,
temperate or a few commercially important tropical species. Recently there has been a move to
include a wider range of indigenous species important to local people (Box 1). Not only is genetic
diversity in important adaptive traits expressed across regions and provenances, but it can sometimes
be abundant within populations, reinforcing an optimistic view that climate change challenges may be
met by standing genetic variation in such species (Hoffmann and Sgro, 2011). An example of the
contrast between species is provided by Pinus halepensis and Pinus brutia, two closely related pines
with extensive distributions around the Mediterranean; the amount of among-provenance variation for
survival under diverse climatic conditions is greater in the former, encompassing and extending that
found in the latter (Bariteau and Pommery, 1992).
Box 1. Matching genetic variation with new climate in the Sahel: smallholders’ agroforestry and
the SAFRUIT project
The current understanding of population-level environmental responses in indigenous tree species
planted by small-scale farmers in Africa is limited. New trials have, however, been established to
consider climate change effects. Under the Sahelian Fruit Tree project (SAFRUIT, see
www.safruit.org), for example, trials on drought stress for important trees for smallholders, such as
Adansonia digitata (baobab) and Parkia biglobosa (African locust bean), are being conducted in the
semi-arid West African Sahel, a region that has become drier over the last decades (Jensen et al.,
2011). In nursery experiments, populations collected from locations with different rainfall levels have
been exposed to a range of watering regimes (Sanou et al., 2007). Characters being measured include
photosynthesis, water use efficiency, water potential and chlorophyll fluorescence. The information
obtained on the effects of different treatments on root development, seedling vigour and other
important adaptive characteristics will inform subsequent germplasm distribution strategies.
In some cases, climate change considerations for seed distribution are already being taken into
account in the region. One example is provided by Prosopis africana, used for wood production;
based on field trials measuring growth, survival and wood density in relation to rainfall patterns across
seed collection sites, Weber et al. (2008) recommended that germplasm transfers of the species should
only be undertaken in a single direction, from drier to (currently) wetter zones. A similar strategy was
adopted for a recent International Fund for Agricultural Development agroforestry project in the same
region. Different global circulation models used to explain environmental changes in temperature and
precipitation profiles vary in future predictions of rainfall in the Sahel, with some indicating drier (e.g.
Held et al., 2005) and some wetter (e.g. Shanahan et al., 2009) conditions. Given current uncertainties
in projections, an emphasis in the region on matching seed sources to the more limiting scenario of a
drier future climate would appear to be the most risk-averse option.
Phenotypic plasticity. Plastic tree species and/or provenances are those with flexible morphology and
physiology that grow at least reasonably well under a range of different environmental stresses
without genetic change (Gienapp et al., 2008). At least in the short term, this characteristic is likely to
be more important than genetic adaptation in ensuring persistence in highly variable environments;
plastic trees do not need to genetically adapt, but can instead modify their phenotype in response to
new conditions. Processes related to phenotypic plasticity may thus oppose those related to genetic
adaptation, in that the selection pressure is reduced if plasticity is high, although a heritable basis for
plasticity means that there will be selection for genotypes with more flexible responses as the
environment becomes more variable. If phenotypic plasticity supports the persistence of trees it may
be a particularly desirable trait because of the time taken for trees to mature and reproduce (they need
to survive for several years in order to set seed and thereby perpetuate).
A degree of phenotypic plasticity is found in most trees (Piersma and Drent, 2003; Rehfeldt et al.,
2001), but varies among and within species (Aitken et al., 2008; Bouvarel, 1960; Skroppa and
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Kohmann, 1997). It is likely to be more important in species that contain limited genetic diversity for
adaptation (Le Corre and Kremer, 2003). Examples of species with little genetic variation include the
rare conifer Picea omorika found in Central Europe (Nasri et al., 2008) and Pinus pinea found around
the Mediterranean (Vendramin et al., 2008); P. pinea has in fact been shown to display strong
phenotypic plasticity for growth-related traits (Mutke et al., 2010). Selecting “generalist” species and
populations using multi-locational field trials and environmental data may be an important strategy
with which to respond to climate change, especially for regions where greater variation in weather
conditions is anticipated. Sometimes, trials reveal that trees can have more plastic responses than
would be expected based on existing geographic distributions (Box 2).
The mechanisms underlying phenotypic plasticity remain poorly understood, but epigenetic effects,
where heritable changes in phenotype are the result of the modification of DNA expression but not
sequence, for example through methylation to down-regulate gene activity, may be important (Hedhly
et al., 2008). Epigenetic effects can be inherited across several generations and be variable across
populations and individuals (Bossdorf et al., 2008). According to Aitken et al. (2008), it is possible
that the epigenome provides a buffer against climatic variability that provides time for the genome to
“catch up” with change. Epigenetic effects have been demonstrated in the phenology of bud set in
Picea abies, where progenies whose embryos develop in warm environments are less cold hardy than
those that develop under cold conditions (Johnsen et al., 2005).
Box 2. Plasticity and the use of climate envelope models: the importance of field trials for
“ground-truthing”
Climate envelope models, which operate on the basis that a species is optimally adapted to the habitat
conditions of its current range, are frequently used to predict the impacts of climate change. As
demonstrated by van Zonneveld et al. (2009), however, they can lead to false assumptions for a
number of reasons, including inattention to the degree of phenotypic plasticity exhibited by many
species, and the absence of taxa from sites with optimal abiotic conditions due to factors such as
competition, barriers to migration and large-scale historical disturbances.
The best way to test the accuracy of climate envelope model predictions is through field trials. Ideally,
these should include many seed sources from the entire species range and be planted on a range of
sites including some outside the native distribution. Thanks to trials set up by the Central America and
Mexico Coniferous Resources Cooperative (CAMCORE) over the past two decades, data from such
trials were available to van Zonneveld et al. (2009) who found that two Central American pine
species, Pinus tecunumanii and P. patula (both important globally for plantation forestry), performed
well outside the ecological space defined by the climate envelopes of current distributions. Both
species can thus be expected to perform better under climate change than otherwise anticipated.
Unfortunately, such data do not exist for the majority of tree species and many more such field trials
are needed to produce accurate predictions.
Gene flow: migration by pollen and seed. Gene flow among populations via pollen contributes to
genetic variability within populations and hence to adaptive potential (Le Corre and Kremer, 2003).
For trees, it is known that pollen travels very long distances, particularly in wind-dispersed social
broadleaves and conifers, but also sometimes for animal pollinated species (Jha and Dick, 2010;
Kramer et al., 2008; Liepelt et al., 2002; Oddou-Muratorio et al., 2005; Ward et al., 2005).
Palaeoecological reconstructions of the recolonization of temperate zones in the Holocene have
indicated that seeds were also capable of travelling long distances rapidly (Brewer et al., 2002;
Nathan et al., 2002), but these high rates have recently been challenged by new research approaches
(e.g. landscape genetics methods), which indicate slower migration (McLachlan et al., 2005).
For natural forests in temperate regions, it has been estimated that migration rates of more than 1 km
per year may be needed for trees to overcome physiological mismatching and keep pace with current
climate change, a rate around ten-fold greater than that observed in the past after glacial maxima
(Pearson, 2006; data from pollen core studies and molecular marker analysis, see e.g. McLachlan et
al., 2005; Olago, 2001; Pearson, 2006; Petit et al., 2008). In tropical regions, changes in precipitation
may be the key factor to which species have to respond, as evidenced by molecular marker research
that indicates dryness as a particular barrier to genetic exchange (e.g. see Muchugi et al., 2006, 2008
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for discussion of the case of the dry East African Rift Valley limiting past migrations). As with
temperate regions, natural migration rates in the tropics will not keep up with anthropogenic climate
change except in the case of a small range of invasives that can respond very quickly to change
because they are highly precocious, seed are dispersed over exceptionally long distances, and/or trees
are very quick to reach maturity (Malcolm et al., 2002).
Rates of possible natural migration are reduced by forest degradation and deforestation, increasing
vulnerability (Malcolm et al., 2002; Kellomäki et al., 2001). However, in some cases pollen-mediated
gene flow can be enhanced by fragmentation (Ward et al., 2005) and trees planted in corridors and as
stepping stones in farmland may provide opportunities for “reconnecting” forest patches, allowing
forest ecosystems to respond better to environmental change (Bhagwat et al., 2008; Thuiller et al.,
2008).
Due to barriers to migration, the response of trees in natural forests to climate change must generally
involve adaptation and/or plasticity, at least in the short term. On the other hand, planted trees are
amenable to the “facilitated translocation” of germplasm, which involves human movement of tree
seed and seedlings, from existing ranges to sites expected to experience analogous environmental
conditions in future years (Guariguata et al., 2008; McLachlan et al., 2007). A fundamental
presumption is that the global circulation models used to explain the environmental changes in
temperature and rainfall profiles that result from anthropogenic climate change can be used to predict
change with some certainty at given locations; such predictions are, however, not always reliable or
precise (Christensen et al., 2007).
Although the assisted migration of suitably adapted germplasm sources is recognized as an important
response to climate change, the approach has not yet been widely implemented through policy
recommendations or practice. For example, in France as in most other nations, local germplasm
sourcing is often still recommended on the basis that a certain level of local adaptation can be
expected (but see Annex 2), even though in a few decades from now the locations of suitable planting
zones may have changed significantly. An exception from Canada is given in Box 3.
Box 3. Changes in seed transfer guidelines in response to climate change: the case of Canada
British Columbia, Canada’s most westerly province, has a relatively long history of regulating tree seed
movement (Ying and Yanchuk, 2006), but the current concept of “floating” seed zones was not adopted
until the mid 1980s. Provenance trials were established for commercially important tree species and
concurrently a hierarchical ecological classification of the province’s forest land was completed on the
basis of geography, climate and vegetation. The boundary of a seed zone is essentially an overlay of
adaptive genetic variation onto the ecological classification of forest lands (Ying and Yanchuk, 2006).
A seed zone “floats” in the sense that seedlings may be planted outside of the boundary as long as they
are within a zone of adaptation based on a statistical predictive model that establishes geographic
patterns of local optimality.
Increasing concern about the effects of climate change has led to a new approach in the province.
Potential impacts of change were assessed using an ecosystem-based climate envelope modelling
method (Hamann and Wang, 2006) and realized niche space was modelled for tree species under
current and predicted future climates. The results of analyses were startling in predicting among other
effects that tree species that have their northern range limit in British Columbia could gain new suitable
habitat at a rate of at least 100 km per decade.
On the basis of this and similar work (Wang et al., 2006), seed transfer policies in the province were reexamined and British Columbia now claims to be the first jurisdiction to have modified seed transfer
standards specifically in response to climate change. The modest modification allows seed of most
species in most areas to be moved 100 to 200 m further upwards in elevation (British Columbia
Ministry of Forests, Lands and Natural Resource Operations, 2008). This policy change constitutes an
implicit recognition and acceptance of the need for assisted migration to ensure that plantations in the
province will be adapted to future climates.
If assisted migration is to be widely adopted as a response strategy, it will require moving increased
quantities of germplasm across national boundaries for both research and planting purposes. A recent
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study, however, indicated that the international transfer of tree germplasm for research purposes has
become increasingly difficult and costly in recent years as nations seek to conform to their
commitments under the Convention on Biological Diversity; new approaches to facilitate exchange
are therefore required (Koskela et al., 2009). At the same time, however, the indiscriminate movement
of poorly adapted germplasm, which may be encouraged inadvertently by some regional policies
designed to promote free trade in tree seed, is not advisable. In addition, during exchange it is also
important to take into account the invasiveness potential of new introductions, which may be
enhanced by altering environments (McLachlan et al., 2007; Peterson et al., 2008).
1.4

Potential role of FGR to mitigate climate change

The role of natural forests and tree planting in mitigating climate change through carbon sequestration
is well recognized (see e.g. the UN-REDD program: http://new.unredd.org/Home/tabid/565/Default.aspx). The importance of genetic variation within species for
maintaining forests and ensuring productivity in cultivated trees is less often considered. However, as
is evident from the discussion above, only adapted and adaptable genetic material will efficiently
mitigate, and continue to be able to mitigate, global carbon emissions. For example, mitigation by
planted trees will not be successful if poorly adapted seedlings are used; appropriate sourcing of
genetic resources is needed with proper site matching. In the case of smallholder plantings in
agroforestry systems, trees will only be established if they provide clear livelihood opportunities for
local people (Lengkeek and Carsan, 2004). Since the current payment mechanisms to reward farmers
for the carbon sequestration functions of agroforestry trees are generally inefficient in reaching
growers and modest in value (Jack et al., 2008), the main reason for farmers to plant trees will
continue to be for the other products and services that they provide, which depend on quality and
yield determined by genetic factors (Roshetko et al., 2007).
There are numerous examples in commercial forestry where poorly-adapted genetic resources have
been introduced that have led to massive failures in production. For example, 30 000 ha of Pinus
pinaster plantations were destroyed by frost in the Landes region of France in the years 1984-5
following the introduction of non frost-resistant material from the Iberian Peninsula (Timbal et al.,
2005). The importance of choosing the right genetic resources for climate change mitigation is thus no
different from choosing the right genetic material when undertaking assisted migration: germplasm
must be appropriately adapted for growing conditions, with some prediction (see above) of how these
conditions will change over the productive cycle of the species.
II.
2.1

CHALLENGES AND OPPORTUNITIES POSED BY CLIMATE CHANGE TO THE
USE OF FOREST GENETIC RESOURCES
How is climate change expected to affect the FGR?

Most tree species will not be able to migrate naturally at a sufficient rate to keep pace with a rapidly
changing climate, resulting in elevated mortality rates (Malcolm et al., 2002; Davis et al., 2005;
Nathan et al., 2011). High mortality reduces the size of the available gene pool, may increase
inbreeding among survivors, and deprives people of the products and services that an intact forest
provides. High mortality will be particularly felt in marginal populations at the receding edges of
distributions or in localized populations in specific, threatened environments. Tree species that have a
mixed mating system (self-fertilization is possible as well as outcrossing) may be somewhat better
equipped against environmental changes because inbreeding depression caused by reduced census
numbers may not be as severe. The species composition of natural forest will shift with changing
climate. In some cases, high-value, less common species will be replaced by “invasive” trees
(Malcolm et al., 2002). In these cases, the erosion of genetic resources in high-value species will
likely be accelerated by competition for habitat by the invasive taxa. The modification of species
composition in mixed stand forests will require changes in silvicultural practice for productive forests
(Guariguata et al., 2008).
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In plantation forestry, the impact of climate-change mediated insect epidemics can already be
observed in western Canada where the mountain pine beetle (Dendroctonus ponderosae) has
devastated the forest industry throughout much of the interior of the province of British Columbia
(Konkin and Hopkins, 2009). The beetle is now attacking more than 13 million hectares of forest in
the province. The sustained outbreak is blamed on a long series of unusually warm winters. In
addition to the loss of hundreds of thousands of hectares of plantation (and natural) forest, many
genetic trials that constituted important sources of genetic information and, in some cases, live
genebanks, have been destroyed by the insect. Much of the natural forest will regenerate without the
substantial loss of genetic resources, but the destruction of the genetic tests represents an irretrievable
loss (although any trees alive in trials after beetle attack may provide a “genetic screen” that points to
resistant genotypes).
The interdependence among countries in their needs for tree germplasm is likely to increase because
of demands for restoration planting, plantation and agroforestry use; new species and better-adapted
varieties will be required. Countries with large-scale plantations of species such as Pinus radiata and
Pseudotsuga menziesii that have been widely planted across (warming) temperate zones of the world,
may be particularly affected if such species have low resilience to environmental change because of
the material chosen for planting. Breeding programmes will need to consider plasticity and adaptation
to increased drought, a substantial change from current practice. In theory, pest and disease attacks
caused by climate change could also be addressed through breeding for resistance or tolerance, but
Yanchuk and Allard (2009) have suggested that the time required to do so may be too long in relation
to the rapid rate of change. Instead, the use of tolerant genotypes already found in nature, or of
entirely new species, may be required.
2.2

Specific genetic characteristics/traits needed for adaptation to the challenges identified

A number of climate-related traits in some conifers, such as the timing of bud break in spring, leader
shoot growth cessation in summer, bud set in autumn and annual ring lignification, are regulated by
temperature during female reproduction; temperature-induced regulation of the level of gene
expression (through methylation) in the developing embryos is apparently maintained in the
developing trees as an “epigenetic memory” . Many such epigenetic responses have been documented
in plants exposed to environmental stresses (Madlung and Comai, 2004), but the mechanisms
involved are not fully understood.
Under changing environmental conditions, trees must first survive and then reproduce. To be useful to
humans, they must also continue to produce the products and services for which they are valued.
Some important traits needed for adaptation to different climatic conditions, but which are not often
considered in breeding programmes include the following:
Drought resistance: This is a complex trait that may include deep rooting systems, water use
efficiency and deciduous habit. For many tree species, altered moisture regimes will be of
greater concern than temperature changes.
Pest resistance: Pest and disease resistance has received little attention in tree breeding.
Climate-change mediated increases in pest and disease attacks are becoming a crucial issue in
plantation forestry (see above). Conventional breeding approaches are inadequate as a
response (Yanchuk and Allard, 2009).
Fire resistance/tolerance: Increased fire frequency results from decreased precipitation and
elevated temperatures combined with human activities such as forest clearance (Malhi et al.,
2009). Many tree species growing in semi-arid regions have developed mechanisms to confer
a degree of resistance to periodic fires, but this may not be the case in more humid forest.
Increased fire frequency will require adaptations such as thicker bark.
Cyclone resistance/salt tolerance: The combined effects of a rising sea level and increased
storm frequency have the potential to wreak heavy damage on coastal forests. Low-elevation
islands are at particular risk. A differential ability to withstand storms and salt may be found
more commonly among species than within, but the possibility of selection for suitable types
within species needs to be explored.
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Phenotypic plasticity: As already discussed, this is an important but little understood
characteristic that is vital for an adaptive response to changing climate and can vary at
intraspecific level.
III.
3.1

THE POTENTIAL ROLE OF FOREST GENETIC RESOURCES IN ADAPTING TO
AND MITIGATING CLIMATE CHANGE
Analysis of the present use of FGR: are any of the characteristics needed already in
use/available?

The very fact that tree species contain high genetic diversity in many of the traits and genes analysed
provides an insurance policy or “option value” against future environmental change (Jump et al.,
2008). This option value provides “high evolvability” that supports the persistence of natural forest
stands that provide useful products (fuel, food, timber, medicine, etc.) and environmental services
(biodiversity conservation, watershed protection, carbon sequestration, etc.) to humans. The same
variation supports breeding programmes and allows the selection of appropriate genotypes for
planting to adapt to and mitigate climate change.
Provenance trials that have been established at multiple locations using germplasm sourced from a
variety of ecological conditions demonstrate that variation in adaptive traits is often present within
tree species. However, many provenance trials were established before the need to respond to
anthropogenic environmental change was considered to be an important research issue, and so the
traits measured in trials have often not been the most important ones from a climate change
perspective. Nevertheless, the performance of provenances in old multilocational trials provide an
insight into behaviour under climate change scenarios and allow sources of (likely) adapted material
to be identified while new trials specifically established to assess climate change responses are being
established (see Box 1).
There has, however, been a general decline in the establishment of provenance trials in recent years
for a variety of reasons, including increased difficulty in international germplasm transfer (see above;
Koskela et al., 2009), their cost to maintain and measure, greater emphasis on social issues in the
forestry sector and more attention to new technologies such as molecular marker analysis of genetic
variation. While the latter can provide particular insights, for example in the new discipline of
“climate change genomics” (Neale and Ingvarsson, 2008; Reusch and Wood, 2007), molecular
analysis should be seen as complementary to field trial analysis and not as an alternative to it.
Genomic studies are beginning to focus on the search for candidate genes that may be important in
drought tolerance (Hoffmann and Willi, 2008). Association genetic studies in natural stands, where
allelic patterns at candidate genes are correlated to phenotypic traits and ecological conditions, are
also becoming more common in trees, making it possible to identify genes and variation linked to
adaptation (Grivet et al., 2011).
3.2

Gaps: knowledge, collections, characterization

As noted above, there is little documented knowledge about adaptive traits or life history
characteristics of the majority of tree species globally, particularly in the tropics where species
diversity is very high. Although many boreal and temperate tree species are relatively well
represented in genebanks, the majority of tropical species are absent. Partly, this reflects the
recalcitrant or intermediate properties of the seed of many tropical species, which means that they
cannot be stored for any length of time in seed genebanks. Even with boreal and temperate trees,
however, capturing the range of genetic variability in species in seed collections has generally
received only a low priority.
For all categories of FGR, therefore, there is a general lack of representative seed collections that
could form the basis for designing climate change responses. It follows that trials to study adaptive
traits important under climate change have also only received limited attention, with significant work
done on only a few tree species, mostly those of importance for plantation forestry but not necessarily
priority species for other growers (but see Box 1). Even in commercially important species where
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extensive provenance tests have been undertaken, range margins and atypical populations that may be
crucial for climate change responses are rarely well represented. There is, therefore, a general lack of
information on which to base proper tree–site matching during translocation. Understanding of the
molecular architecture of adaptation is also in its infancy, even for so-called model trees; the
application of molecular breeding to combat climate change is, therefore, also not well advanced.
Fundamental to predicting the future geographic “domains” in which particular tree species will (if
given the opportunity) grow well depends on understanding current species distributions, information
on which is also often lacking (e.g. www.lifemapper.org), and the ecological niche model that is
adopted (Peterson et al., 2008). Projections of future growth domains are in any case more difficult
for perennials than for annual crops, as the long lifespans of trees mean that they can realize products
and services (such as carbon storage) over considerable periods of time, possibly centuries from now
when climatic conditions will depend on the effectiveness of current mitigation measures (IPCC
2007). This makes tree–site matching for the future very difficult.
3.3

Efforts needed to identify characteristics relevant to adaptation to climate change

Although field and nursery trials have fallen out of favour in recent years, such tests are vital for
understanding climate change responses and need to receive new attention. More such trials are
needed on a wider range of species important to commercial foresters and small-scale planters, in
which emphasis is placed on sampling from all parts of the ecological range of the species under
study, not just those populations where survival, growth and biomass yield are best (Aitken et al.,
2008). It is in “marginal” populations that the most interesting adaptations may be found. During
evaluation, more attention needs to be given to the traits that are involved in responses to
environmental change.
In addition, genomic studies, in which the quantitative trait loci believed to control responses are
studied at the gene level (Namroud et al., 2008; Neale and Ingvarsson, 2008; Reusch and Wood,
2007), could be applied. In the case of drought tolerance, which may be a particularly important
feature in responding to new climatic conditions, candidate genes include those involved in the
synthesis of abscisic acid, transcriptional regulators of drought-inducible pathways, and late
embryogenesis abundant proteins; shifts at such loci have been linked to responses to global warming
(Hoffmann and Willi, 2008). DNA-based techniques for genomic research are developing very
rapidly and need to be extended from temperate model species to a wider range of boreal, temperate
and tropical trees, using modern approaches to study relationships between phenotype and genotype,
though methodological problems remain to be overcome (Bessega et al., 2009; Pauwels et al., 2008;
Pemberton, 2008).
Neutral molecular markers have been employed to describe patterns of genetic diversity within many
tree species and contribute to an understanding of responses to past climate change events through
describing genetic disjunctions and refugia (Petit et al., 2003, 2008). This information is very helpful
for understanding past and current gene flow and population structure and is highly relevant for
designing in situ conservation networks and prioritizing populations to archive ex situ. Generally,
however, neutral genetic markers do not improve our understanding of adaptive traits, except perhaps
in species with low population sizes (such as rare or endemic species) where demographic bottlenecks
are likely to have affected neutral and adaptive genetic diversity similarly (Le Corre and Kremer,
2003).
As well as studies on trees, more research is needed on the impact of climate change on pollinators in
forest and agroforestry systems, especially when tree species have specialized relationships with
particular animal vectors (Bazzaz, 1998). Declining tree–pollinator interactions that may occur as a
result of climate change (NRC, 2007; FAO, 2008) would limit gene flow in tree stands, reducing the
effective size of populations and therefore adaptive capacity. The extent of climate change impacts on
tree pollinators is, however, not well understood.
Finally, foresters and scientists need to learn from the success and failure of current planting
initiatives in responding to climate change. By monitoring die back, mortality and other features in
existing stands, much can be learnt when related to the origin of planting material and the silvicultural
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management that has been applied. Some plantation forests should be left to “suffer” altered
environmental conditions in order to observe responses, even when these forests can no longer be
considered productive and so would otherwise be replaced.
IV.

CONCLUSIONS

Unlike major agricultural crops, the genetic resources of many important tree species have been little
studied. Genetic evaluation of a few commercially important species that have been widely planted
has mainly aimed to understand the inheritance of productivity-related traits rather than adaptive traits
that could be important under climate change, although a few model species are the subjects of
genomic research to understand the gene expression of important characteristics. For most trees,
understanding the genetic basis of adaptation is still in its infancy and as a result predictions of
responses to changing climates are largely based on theory. Furthermore, breeding programmes are
generally based on maximizing productivity rather than increasing resilience, for example, through
using more genetically diverse varieties and mixtures. Table 1 presents significant knowledge gaps
and the action priorities that are needed to address these.
Seed zones and regions of provenance as they exist today, mainly in OECD countries, to define
adaptation zones, will likely be of limited value under climate change and will need to be redesigned
for climates of the future. The assisted migration of germplasm from existing ranges to sites expected
to experience analogous environmental conditions in future years is a possibility for high value
species, particularly in the case of managed, plantation and agroforestry ecosystems. Crucial,
however, is a greater understanding of trends in climate that will allow proper tree–site matching
during translocation (Sáenz-Romero et al., 2010). Assisted migration may not only involve the
movement of tree germplasm, but also of associated micro-organisms (such as nitrogen-fixing
bacteria essential for the growth of leguminous trees) and important animal pollinators. In the case of
natural forests, seed or pollen could be broadcast in areas where current populations are expected to
become maladapted under future conditions, and other management actions such as reducing
harvesting intensity may be appropriate to respond to change (Guariguata et al., 2008). Genetic
resource conservation must be dynamic, as it is the evolutionary potential rather than the genes
themselves that require conservation, if climate change responses are to be adequate.
5.1

Access and use conditions (policies)

New approaches and flexible solutions are needed in order to allow more effective transfer of
germplasm across national borders and in some cases within countries, possibly through greater
inclusion of tree genetic resources within multilateral agreements such as the International Treaty on
Plant Genetic Resources for Food and Agriculture and by harmonization of phytosanitary
requirements (Koskela et al., 2009).
Policies and regulations will also need to be developed or modified in the following three areas if
future generations are to benefit from the potential of today’s forest genetic resources:
Regulations will need to be developed in coming years to meet the requirements of the
Nagoya Protocol. It will be important to ensure that these regulations have the intended effect
of actively promoting increased research on, access to and exchange of forest genetic
resources, while at the same time guaranteeing the fair and equitable sharing of benefits
arising from their utilization, bearing in mind that increased access will in the end foster
benefits for all.
National policies defining seed zones will need to be modified to allow the assisted migration
of genetic material within countries and across country boundaries in order to respond to the
speed of climate change.
Market mechanisms are needed to reward the use of appropriate germplasm and conservation
activities by growers, especially smallholder farmers, who are increasingly important as
harbourers of tree biodiversity in the tropics.
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Table 1. Knowledge gaps and priorities for action for FGR
Knowledge gaps

Action priorities

Scientific information
1. Adaptive potential of traits of
importance under climate change and
the underlying genetic mechanisms

Field and nursery experiments to understand patterns of
variation; harness genomic tools to improve understanding
of genes that are important in drought tolerance and
resistance, flood tolerance, phenology, response to
elevated C02 levels, etc. Transfer knowledge obtained from
model species in temperate regions to less known “local”
species that are of high importance to people in the
developing world.

2. The degree of phenotypic plasticity
and its underlying genetic and
epigenetic basis

Phenotypic characterization through more field trials
designed to understand impacts and responses to
environmental changes.

3. Effect of changes in interspecific
competition and reproductive potential
in relation to changing growth rhythms
as temperature changes but photoperiod
stays constant

Small-scale assisted migration operations should be carried
out and monitored to determine whether the expected
disconnect between temperature regimes and photoperiod
can be mitigated by mixing genetic sources and allowing
natural selection.

4. Population dynamics and
environmental limits for pollinator
species

In all areas where trees depend on pollinator species,
action is needed to understand and respond to threats.

5. Species distributions and effects of
fragmentation on gene flow

Map species distributions, accounting for rapidly
expanding agricultural land and other developments, and
considering historical data; develop predictive models that
take into account life-history characteristics, the effects of
fragmentation and levels of gene flow, in different parts of
a species range.

6. Requirements for maximizing
productivity of trees in agricultural
landscapes under changing climate

Develop a portfolio of varieties that have phenotypic
plasticity and that perform well across a range of
environments (national/regional level)

Availability and use
7. Past and current flows of germplasm,
including quantities, origin of material
and survival at the destination

Improve documentation of germplasm flows, molecular
typing of origin.

8. Design of effective germplasm
delivery systems for large-scale
plantation establishers and smallholders

Improve international transfer of germplasm to make
available high-quality site-matched planting material of
high-value trees to planters, with a broad genetic base to
ensure adaptive potential. Improve linkages between
international exchange and smallholders through
revitalizing the role of national tree seed centres in
developing countries

9. Cultivation requirements of currently
or potentially useful species

Improve access to information through education and
training.
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Conservation
10. Regions where high genetic
diversity and significant threats coincide

Implement risk assessments and threat analyses to identify
coincidence. Prioritize conservation of populations on the
basis of importance to people, high diversity and
significant threat.

11. Most effective mix of in situ, circa
situ and ex situ approaches to ensure
conservation and maintain evolutionary
processes

Increase population representation and genetic diversity of
important and threatened species in conservation areas, in
farmland and in seed collections.

12. Seed storage behaviour and
germination requirements for many
important species

New approaches for “genebanking” are needed for many
tropical species through seed physiology research,
cryopreservation, pollen storage, etc. Active conservation
measures are needed for species that are important for
human well-being and are seriously threatened.

13. Costs and benefits of FGR
conservation

Application of economic valuation approaches developed
for other sectors to FGR, with an emphasis on high-value
species for foresters and small-scale farmers.

Box 4. Glossary
Adaptation: The process of genetic change in structure and/or function that makes an organism or a
population better suited to survive in an environment (FAO 2003; Koski et al., 1997).
Assisted migration: Otherwise known as facilitated translocation, a response under climate change
in which populations are moved to compensate for environmental alterations to new sites expected to
experience analogous conditions to the ones they originated in (Aitken et al., 2008).
Common garden experiments: field experiments in which seed sources from different locations are
brought together for assessment under common environmental conditions.
Epigenetics: The study of heritable changes in gene expression and function that cannot be
explained by changes in DNA sequence. These changes are based on a set of molecular processes
that can activate, reduce or completely disable the activity of particular genes. The different classes
of processes are not independent from each other but often regulate gene activity in a complex,
interactive fashion (Berger, 2007; Bird, 2007; Bossdorf et al., 2008; Grant-Downton and Dickinson,
2005; Richards, 2006).
Leading edge: In a model of colonization under changing climate, the leading edge is the front of
the distribution expanding into new, suitable territory. Expansion may be controlled by rare longdistance dispersal events followed by exponential population growth (Hampe and Petit, 2005).
Phenotypic plasticity: the ability of an organism to change its phenotype in response to changes in
the environment without genetic change (Gienapp et al., 2008; Price et al., 2003).
Provenance: The geographical and/or genetic origin of an individual (FAO, FLD, IPGRI, 2004).
Receding edge: In a model of colonization under changing climate, the receding edge is the range
margin which is eroding and where populations are likely to experience demographic bottlenecks.
Populations located at eroding range margins may migrate with climate change or remain trapped in
suitable environments while the general range of the species is moving (Hampe and Petit, 2005).
Resilience: resilience is one possible ecosystem response to a perturbation or disturbance. A resilient
ecosystem resists damage and recovers quickly from disturbances such as fires, flooding,
windstorms, insect population explosions, and human activities such as deforestation and the
introduction of exotic plants or animals. However, disturbances of sufficient magnitude or duration
may force an ecosystem to reach a threshold beyond which a different regime of processes and
structures predominates . The “demographic” and “microclimatic” inertia (caused by longevity and
the control of own climate, respectively) of trees may promote a level of resilience.
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EXAMPLE OF NATIONAL GUIDELINES FOR MANAGEMENT OF FOREST GENETIC
RESOURCES UNDER CLIMATE CHANGE FROM FRANCE’S COMMISSION ON
FOREST GENETIC RESOURCES
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