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Bioversity International is an independent international scientific organization that seeks to im-
prove the well-being of present and future generations of people by enhancing conservation and 
the deployment of agricultural biodiversity on farms and in forests. It is one of 15 centres support-
ed by the Consultative Group on International Agricultural Research (CGIAR), an association of 
public and private members who support efforts to mobilize cutting-edge science to reduce hun-
ger and poverty, improve human nutrition and health, and protect the environment. Bioversity has 
its headquarters in Maccarese, near Rome, Italy, with offices in more than 20 other countries world-
wide. The Institute operates through four programmes: Diversity for Livelihoods, Understanding 
and Managing Biodiversity, Global Partnerships, and Commodities for Livelihoods.

The international status of Bioversity is conferred under an Establishment Agreement which, by 
January 2007, had been signed by the Governments of Algeria, Australia, Belgium, Benin, Bolivia, 
Brazil, Burkina Faso, Cameroon, Chile, China, Congo, Costa Rica, Côte d’Ivoire, Cyprus, Czech 
Republic, Denmark, Ecuador, Egypt, Greece, Guinea, Hungary, India, Indonesia, Iran, Israel, Italy, 
Jordan, Kenya, Malaysia, Mali, Mauritania, Morocco, Norway, Pakistan, Panama, Peru, Poland, 
Portugal, Romania, Russia, Senegal, Slovakia, Sudan, Switzerland, Syria, Tunisia, Turkey, Uganda 
and Ukraine.

Financial support for Bioversity’s research is provided by more than 150 donors, includ-
ing governments, private foundations and international organizations. For details of do-
nors and research activities please see Bioversity’s Annual Reports, which are available in 
printed form on request from bioversity-publications@cgiar.org or from Bioversity’s Web site 
(www.bioversityinternational.org).

European Forest Genetic Resources Programme (EUFORGEN) is a collaborative programme 
among European countries aimed at ensuring the effective conservation and the sustainable utili-
zation of forest genetic resources in Europe. It was established in 1994 to implement Resolution 2 
of the Strasbourg Ministerial Conference for the Protection of Forests in Europe. EUFORGEN is 
financed by participating countries and is coordinated by Bioversity International, in collaboration 
with the Forestry Department of FAO. It facilitates the dissemination of information and vari-
ous collaborative initiatives. The Programme operates through Networks in which scientists, 
 managers and policy-makers work together to analyse needs, exchange experiences and develop 
conservation methods for selected tree species. The Networks also contribute to the development 
of appropriate conservation strategies for the ecosystems to which these species belong and pro-
mote integration of gene conservation into sustainable forest management. Network members 
and other experts from the participating countries carry out an agreed workplan with their own 
resources as inputs in kind to the Programme. EUFORGEN is overseen by a Steering Committee 
composed of National Coordinators nominated by the member countries. Further information on 
 EUFORGEN can be found from its Web site (www.euforgen.org).

The geographical designations employed and the presentation of material in this publication do 
not imply the expression of any opinion whatsoever on the part of Bioversity or the CGIAR con-
cerning the legal status of any country, territory, city or area or its authorities, or concerning the 
delimitation of its frontiers or boundaries. Similarly, the views expressed are those of the authors 
and do not necessarily reflect the views of these organizations.

Mention of a proprietary name does not constitute endorsement of the product and is given only 
for information.



iii

�

Citation:
Koskela, J., Buck, A. and Teissier du Cros, E., editors. 2007. Climate change and forest genetic di-
versity: Implications for sustainable forest management in Europe. Bioversity International, Rome, 
Italy. 111 pp.

Cover illustrations:
A view over Lake Pielinen, Finland – J. Koskela 
Diversity of fruits, strobili and seeds of forest tree species – M. Bozzano.

 ISBN 978-92-9043-749-9

Bioversity International
Via dei Tre Denari, 472/a
00057 Maccarese 
Rome, Italy

© Bioversity International, 2007



iv

C L I M A T E C H A N G E A N D G E N E T I C D I V E R S I T Y



v

P R E F A C E

PREFACE

Climate change is increasingly recognized as one of the most important challenges 
faced globally by ecosystems and societies alike. According to the Intergovernmen-
tal Panel on Climate Change (IPCC), climate change could increase average tem-
peratures by 2–4°C in Europe over the next 50 years and cause considerable changes 
in regional and seasonal patterns of precipitation. This will alter the environmental 
conditions to which forest trees in Europe are adapted and expose them to new 
pests and diseases. Climate change will thus create additional challenges for for-
est management, with consequent impacts on the economic and social bene�ts that 
societies and individuals derive from the forests, and on the biological diversity in 
forest ecosystems.

Sustainable forest management aims at using forests in such a way that their capac-
ity to provide a vast array of products, socio-economic bene�ts and environmental 
services do not diminish over time. Long-term conservation of forest genetic diver-
sity is therefore a cornerstone for sustainable forest management, especially under 
climate change. Genetic diversity ensures that forest trees can survive, adapt and 
evolve under changing environmental conditions. Genetic diversity is also needed 
to maintain the vitality of forests and to cope with pests and diseases. Ultimately, 
forest genetic diversity also has a crucial role in maintaining forest biological diver-
sity at both species and ecosystem levels. 

Forest genetic resources in Europe are still facing several threats, including habi-
tat destruction, fragmentation, pollution, poor silvicultural practices and use of low 
quality or poorly adapted forest reproductive material. The threats and the distribu-
tion of forest genetic resources do not respect national borders, and thus countries 
are dependent on each other’s forest genetic resources for practising sustainable for-
est management. This interdependence of countries in terms of forest genetic re-
sources is likely to increase in the future due to climate change.

Because of the threats, the �rst Ministerial Conference on the Protection of Forests in 
Europe (MCPFE), held in Strasbourg in 1990, addressed the importance of conserv-
ing forest genetic resources (Strasbourg Resolution 2). This happened well before the 
United Nations Conference on Environment and Development (UNCED), organized in 
Rio de Janeiro in 1992, brought biodiversity into the global agenda. UNCED launched 
a new era in the international dialogue on forests and recognized, through the Conven-
tion on Biological Diversity (CBD), that countries have a sovereign right over their own 
genetic resources but also a responsibility to manage these resources sustainably. 
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In 2003, the fourth Ministerial Conference on the Protection of Forests in Europe 
addressed climate change and sustainable forest management in Europe (Vienna 
Resolution 5). Subsequently the new MCPFE Work Programme included a specific 
action to analyze the role of forest genetic diversity in improving the adaptability of 
forests and maintaining the productivity of forests under changing environmental 
conditions. Bioversity International and the International Union of Forest Research 
Organizations (IUFRO) were assigned the task of implementing this action. 

Bioversity International coordinates the European Forest Genetic Resources Pro-
gramme (EUFORGEN) in technical collaboration with the Food and Agriculture 
Organization of the United Nations (FAO). EUFORGEN was established in 1994 to 
implement Strasbourg Resolution 2 and to promote the conservation and sustain-
able use of forest genetic resources in Europe. Currently, more than 30 countries sup-
port and participate in EUFORGEN activities. EUFORGEN also contributes to the 
implementation of Vienna Resolution 4 (Conserving and enhancing forest biologi-
cal diversity in Europe). Bioversity International is also actively involved in similar 
work on forest genetic resources in other regions.

Scientific collaboration within IUFRO covers multiple aspects of forest genetics. Di-
vision 2 ‘Physiology and Genetics’ includes research on the breeding and genetic 
resources of conifers and hardwoods, on quantitative and biological genetics of trees 
and tree populations, and on seed physiology and technology. Furthermore, a new 
IUFRO Task Force on Forests and Genetically Modified Trees was established in 
January 2006. 

From 15 to 16 March 2006, Bioversity International and IUFRO organized a work-
shop on Climate change and forest genetic diversity: Implications for sustainable forest 
management in Europe in collaboration with the MCPFE Liaison Unit, Warsaw, as 
their contributions to the implementation of Vienna Resolution 5. The French Minis-
try of Agriculture and Fisheries hosted the workshop, and Ecole Nationale du Génie 
Rural, des Eaux et des Forêts (ENGREF) offered the meeting venue. EUFORGEN 
also provided significant financial inputs to the workshop.

The workshop brought together nearly 80 participants from 25 countries to dis-
cuss silvicultural practices, the use of forest reproductive materials, and regional 
and national strategies in the context of forest genetic diversity and climate change. 
The participants also included several representatives from all EUFORGEN Net-
works (Conifers; Scattered Broadleaves; Stand-forming Broadleaves; and Forest 
Management).
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The workshop objectives were to: (1) present up-to-date reviews based on the cur-
rent understanding on how forest trees will cope with and adapt to climate change; 
(2) discuss the implications for practising sustainable forest management in Europe; 
and (3) provide inputs and recommendations to the MCPFE process, for further ac-
tion. This publication presents the papers of the invited speakers, the outputs of the 
working group discussions and the final workshop recommendations. The work-
shop recommendations were reported to the Round Table meeting of the MCPFE 
process in Wroclaw, Poland, on 24–25 April 2006, and they were further discussed 
during the MCPFE Expert Level meeting in Warsaw on 9–10 October 2006.

We are grateful to the French Ministry of Agriculture and Fisheries for hosting the 
workshop and to ENGREF for providing its facilities in Paris. We would like to ex-
press our gratitude to Mr Alain Chaudron at the Ministry for his support to the 
workshop. Our sincere thanks also go to Mr Pierre Bouillon at the same Ministry and 
Ms Lidwina Koop at Bioversity International for taking care of the practical arrange-
ments for the workshop. We are also thankful to all workshop participants for their 
contributions during and after the workshop. Finally, we thank all those participants 
who helped us in capturing the comments made during the invited presentations, 
working group discussions and the final plenary session.

We hope that the papers presented in this publication and the workshop outcomes 
stimulate further action at national and international level to conserve forest genetic 
diversity and to use this diversity to ensure that forests and the European forest sec-
tor adapt to climate change. 

Jarkko Koskela
EUFORGEN Coordinator 
Bioversity International, 
Rome, Italy

Alexander Buck
Deputy Executive Director 
IUFRO
Vienna, Austria

Eric Teissier du Cros
Vice-President, Science 
(2001–2005) 
IUFRO  
Erquy, France
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ExECutIvE summary

opening of the workshop
Ms Sylvie Alexandre (Deputy Director General, Forest and Rural Affairs, Ministry of 
Agriculture and Fisheries, France) delivered a welcome address on behalf of Mr Do-
minique Bussereau (then Minister of Agriculture and Fisheries, France). She stressed 
the commitment of France to the MCPFE work, and highlighted the ongoing work 
on the conservation and use of forest genetic resources in the country. She then in-
formed the participants of a decision made by the Ministry of Agriculture and Fish-
eries in 2006 to make its forest genetic resources conservation policy a part of the 
national strategy for biodiversity. Mr Cyril Van Effenterre (Director, ENGREF) also 
welcomed the participants to the workshop. 

The background and objectives of the workshop were introduced by Dr Jarkko 
 Koskela (EUFORGEN Coordinator, Bioversity International) and Dr Eric Teissier du 
Cros (former Vice-President, Science, IUFRO). Dr Koskela summarized the EUFOR-
GEN work in promoting conservation and management of forest genetic resources 
in Europe, and Dr Teissier du Cros highlighted IUFRO activities related to forest 
genetics and climate change.

The workshop continued with technical presentations by leading experts during three 
sessions that focused on (1) the regional policy context; (2) climate change and forest 
trees in Europe; and (3) the role of forest genetic diversity in forest management under 
climate change. The presentations and subsequent discussions are summarized below.

On the second day of the workshop, the participants formed three working groups 
to address the following issues: (1) silvicultural practices and forest genetic diver-
sity; (2) forest reproductive materials; and (3) regional and national strategies for 
forest genetic diversity and climate change. The working groups reported the results 
of their discussions during a plenary session. The workshop recommendations were 
then developed and adopted based on the outputs of the working groups. The work-
shop recommendations are presented at the end of this Executive Summary.

session 1: regional policy context
Dr Roman Michalak (MCPFE Liaison Unit Warsaw) described the policy context of 
the workshop. He pointed out that the potential pressures arising from climate change 
had already been acknowledged at the first Ministerial Conference on the Protection 
of Forests in Europe, in Strasbourg in 1990. In 1993, the second Ministerial Confer-
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ence, held in Helsinki, called for development of strategies to ensure long-term adap-
tation of European forests to climate change. The linkage between sustainable forest 
management and climate change was subsequently taken up at the fourth Ministerial 
Conference, in Vienna in 2003, where the ministers responsible for forests committed 
themselves to supporting research on the impacts of climate change on forests, and to 
develop policies to enhance adaptability of forests to climate change. Dr Michalak also 
presented briefly some forest-related issues of the United Nations Framework Con-
vention on Climate Change (UNFCCC) and the work of the Intergovernmental Panel 
on Climate Change (IPCC). He communicated that the fifth Ministerial Conference 
was planned to be held in Poland in 2007, and that the present workshop was a good 
opportunity for providing inputs to the preparation of that Conference. 

session 2: Climate change and forest trees in Europe
In his presentation, Dr Antoine Kremer (INRA, France) focused on evolutionary 
processes, the rate of evolution and responses of forest trees to climate change. There 
is some evidence, based on long-term empirical data, that climate-change-induced 
evolution is already taking place and that trees have started to adapt to increasing at-
mospheric carbon dioxide concentrations, at both individual and population levels. 
According to Dr Kremer, evolution in forest trees can occur over a few generations 
or less than 200 hundred years. In some cases, even one generation is enough for 
local adaptation, as demonstrated by the transfer of a Norway spruce (Picea abies) 
provenance from Germany to Norway as part of a provenance experiment. 

Dr Kremer remarked that most climate models predict a dramatic shift in the range 
of forest trees, but they assume that the climatic envelopes of the species will not 
change. However, this assumption is unlikely to be valid as the climatic envelopes 
will probably change due to evolutionary processes. The climatic envelope of a spe-
cies refers to the range of climatic variation within which the species can persist, pro-
vided its non-climatic environmental requirements are met. Dr Kremer concluded 
that it is unlikely that the widely-occurring tree species will face extinction at spe-
cies level due to climate change. However, local extinctions of tree populations may 
occur as a result of fragmentation and lack of reproduction. Human interventions, 
such as transfer of forest reproductive material, may thus in particular be needed to 
enhance local adaptation of rare and scattered tree species. 

Dr Outi Savolainen (University of Oulu, Finland) emphasized that natural tree pop-
ulations adapt as a result of selection and migration based on total fitness, not just 
growth. These processes are likely to be slow in comparison with the rate of the 
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predicted climate change. She further pointed out that landscapes are very frag-
mented in most of Europe, making migration of forest trees even more difficult. Dr 
Savolainen highlighted that climate change will affect tree populations very differ-
ently in southern Europe compared with northern Europe. For example, in higher 
latitudes, Scots pine (Pinus sylvestris) populations can migrate northwards under 
climate change, but at the southern edge of the species’ distribution range, the spe-
cies is likely to withdraw to more suitable sites. Furthermore, large and diverse tree 
populations have higher probable potential to adapt to new climatic conditions than 
have fragmented tree populations. She concluded that a cautious transfer of forest 
reproductive material has a role in facilitating migration of tree species and increas-
ing the intensity of selection. She also stressed the need to integrate ecology and 
genetics in further experiments, as currently there is limited data available on the 
fitness of tree species facing simultaneously competition from evolving species. 

session 3: the role of forest genetic diversity in forest management under climate change
Dr Marcus Lindner (European Forest Institute, Finland) pointed out that future cli-
mate projections still include a considerable degree of uncertainty and that this cre-
ates a big challenge when designing adaptation strategies in forest management. 
However, what seems more obvious is that the frequency of extreme weather events 
is increasing and that such events are likely to be the most important drivers of 
ecosystem change. While the productivity of forests is likely to increase in northern 
Europe, it is expected to decrease in southern Europe due to more severe drought 
periods. Subsequently, forest fires will become an even more serious problem in 
southern Europe. Furthermore, storms may become more frequent also in the north-
ern and central parts of Europe, and new pests and diseases are likely to spread 
northwards. Dr Lindner highlighted that different tree species respond differently to 
extreme weather events, such as drought. Overall, mixed forests are likely to with-
stand better a broad range of climatic conditions, and broadleaved species are more 
susceptible to disturbances. Dr Lindner concluded that diversification of adaptation 
strategies leaves more options to cope with uncertain future climatic conditions. No 
single adaptation strategy is the best one. Thus, he recommended diversifying spe-
cies, forest types, forest management practices, forest products and services. 

Dr Koen Kramer (ALTERRA, Netherlands) focused on the concepts of equilibrium, 
non-equilibrium and resilience. He noted that traditional thinking is largely based 
on the concept of equilibrium, i.e. that species coexistence is due to niche differen-
tiation and that species’ distribution areas are in equilibrium with climate. Due to 
climate change, however, species are in disequilibrium with the prevailing climate. 
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Moreover, the future equilibrium states of species composition in a forest and of 
species’ distribution areas are essentially unknown. Forest management guidelines 
and policies based on the restoration of a historic pre-disturbance reference are not 
necessarily still attainable. A non-equilibrium approach is therefore needed, focus-
ing on setting conditions so that the system can adapt to environmental changes. 
Resilience is then defined as the rate of return to the stable state, i.e. how well a 
system can absorb disturbances and environmental stress and still persist. Hence, 
Dr Kramer proposed that the concept of resilience be made operational by quan-
tifying both genetic and ecological aspects of diversity at the stand, landscape and 
regional scales. He then presented the DYNABEECH project as an example where 
genetics, ecophysiology and silviculture were successfully integrated to formulate 
forest management practices that optimize the adaptive capacity, as measure of non-
equilibrium resilience, of beech (Fagus sylvatica) stands. 

Professor Csaba Mátyás (University of West Hungary) reviewed results of various 
field trials and stressed the need to use quantitative genetic knowledge in forecast-
ing adaptive responses of forest trees to climate change, formulating mitigation 
strategies and in supporting adaptation of trees by human interventions. He stated 
that results of field trials show a remarkable range of adaptability in forest trees even 
to dramatic changes in thermal and moisture conditions. However, he emphasized 
that there are genetically set limits to adaptation and that some tree populations 
are seriously threatened by climate change. He emphasized that tree populations at 
the xeric limits, such as the Mediterranean region and continental Europe, are the 
most threatened ones. Concerning the role of spontaneous migration in adaptation 
of forest trees to climate change, Prof. Mátyás expressed his doubt that spontaneous 
migration could occur in most parts of Europe. This is mainly because fragmented 
and intensively managed landscapes pose considerable obstacles to migration. He 
therefore considered that human interference is necessary to facilitate the adaptation 
of forest trees to climate change. He then recommended the development of flexible 
pan-European guidelines for the use of forest reproductive material, and the incor-
poration of climate change and adaptation issues into national forest programmes. 

Dr Bo Jellesmark Thorsen (Royal Veterinary and Agricultural University, Denmark) 
discussed the role of forest genetic diversity in maintaining the supply of numerous 
benefits derived from forests. In addition to supporting supply of many marketable 
forest products, forest genetic diversity also contributes indirectly to securing the 
long-term health of forest ecosystems and the services they provide. He underlined 
that climate change implies increased uncertainty, which is a key factor in economic 
considerations. He further highlighted two economic aspects of uncertainty. Firstly, 
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uncertainty can be perceived as risk and handled by diversification. Secondly, with 
uncertainty ahead, we may benefit from strategies that retain options open for later 
adjustment. The time horizon of the implications of the climate change may be of 
little importance to an individual forest owner, but of great importance for society 
pursuing sustainable development. He recommended that forest owners and policy-
makers pursue flexible strategies and decisions on forest genetic diversity, as these 
are likely to increase both the private value and social values of the forests. He also 
emphasized that diversification through increased use of forest genetic diversity is a 
recommendable risk-reduction strategy for an individual forest owner.

Ms Mari Rusanen (Finnish Forest Research Institute) provided an overview of Fin-
land’s National Strategy for Adaptation to Climate Change. The strategy was prepared 
in a collaborative effort of all relevant sectors and was finalized in 2005. It identifies 
actions and measures for each sector (including forestry), and also takes into account 
changes occurring outside Finland (transboundary effects). Furthermore, the strategy 
places special emphasis on cross-cutting adaptation, such as public sector capabilities 
(e.g. risk assessments, environmental impact assessment and management systems), 
observation and warning systems, research and development, communication and in-
formation sharing. The strategy highlights the role of the National Forest Programme 
as a planning and implementation tool for the adoption of specific adaptation meas-
ures for the forest sector. Also, it addresses the need to conserve forest genetic resourc-
es and the new challenges for tree breeding and seed production. Regarding forest 
management, the strategy proposes actions such as revision of silvicultural guidelines, 
rapid harvesting of forests destroyed by storms, control of pests and diseases, and 
better maintenance of forest roads. Ms Rusanen summarized that the lessons learned 
were that key elements of the comprehensive strategy involved integration of mitiga-
tion and adaptation measures and implementation through specific sectors. The strat-
egy will be reviewed within 6 to 8 years.

Dr François Lefèvre (INRA, France) gave an overview of the institutional framework 
for the conservation of forest genetic resources in France, and analyzed the effects 
of climate change on gene conservation strategies. He stated that 11 in situ or ex situ 
networks of gene conservation units have been established throughout the country 
for different tree species. All units are located in public forests and gene conservation 
is incorporated into the management plans of these forests. Dr Lefèvre observed that 
there is a need to re-evaluate and improve the existing gene conservation networks 
in the context of climate change. The objectives of the gene conservation networks 
should not only focus on genetic diversity per se, but also on plasticity, adaptation 
and migration potential of tree species. Subsequently, process-based rather than di-
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versity-based criteria and indicators should be developed for the management of the 
gene conservation units. The robustness of the existing gene conservation networks 
to extreme weather events should be assessed and monitored, as there are already 
examples of such events destroying particular units. He stressed that there is a need 
for better coordination between habitat and gene conservation programmes. Gene 
conservation efforts for several scattered tree species should also be managed on a 
larger scale than that of the stand.

Working group discussions

Working Group 1: silvicultural practices and forest genetic diversity
The working group recognized that there is still considerable uncertainty in the 
future climate projections based on different models. However, it is likely that cli-
mate variability and the frequency of extreme weather events will increase, bringing 
storms and extended drought periods. Furthermore, there may well be combined 
effects of climate change, pests and diseases on forests. It was also emphasized in 
the discussion that there are regions where forests are facing high risks (e.g. south-
ern Europe) due to climate change, while forests in other regions are likely to have 
lower risks. Furthermore, the working group agreed that specific silvicultural and 
gene conservation measures should be taken to protect species that are endangered 
or of special interest. 

The working group stressed that silviculture should help forest ecosystems to regen-
erate and thus evolve under climate change. In this regard, an important question 
is the balance between natural and artificial regeneration, i.e. to what extent pro-
mote natural regeneration and when to encourage planting of seedlings, possibly 
originating from different climatic conditions. The occurrence of frequent natural 
regeneration is fundamental for continuous natural selection in forest ecosystems, 
thus maintaining the evolutionary process of forest trees. Artificial regeneration is 
needed to complement natural regeneration and, in some cases, to accelerate the 
adaptation of forest trees to climate change. The working group concluded that for-
est genetics can play an important role in identifying the most feasible regeneration 
methods in terms of adaptation to climate change. 

Working Group 2: forest reproductive materials
The working group highlighted that knowledge-based use and transfer of well-
documented and characterized forest reproductive material can be an effective tool 
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to ensure that forests are able to cope with climate change. Existing networks of 
provenance trials of various tree species and the research results already available 
provide plenty of information and a solid basis for the assessment of provenance 
regions. The working group recognized that climate change is likely to alter the ex-
isting provenance regions in most countries. Consequently, there is a need to revise 
the delineation of the present provenance regions of forest trees in most countries, 
and to modify these regions according to the predicted climate change scenarios. 
The working group also underlined that new strategies and guidelines were needed 
at pan-European level to support and promote appropriate use of forest reproduc-
tive material.

The working group welcomed that most European countries have implemented the 
EC Regulations on the marketing of forest reproductive material (1999/105/EC) in 
their legislation, but pointed out that there is still a need to promote the use of high 
quality and well adapted material. It was noted that long-term economic analyses 
confirm the benefits of using high quality reproductive material. The working group 
also urged European countries to keep better records on the transfer and use of for-
est reproductive material so that the origin of a forest stand could later be verified, 
even after a long period. This would enable future analyses of the long-term per-
formance and economic aspects of natural versus artificial regeneration under cli-
mate change.

Working Group 3: regional and national strategies for forest genetic diversity and climate change
The working group acknowledged that most European countries have national for-
est programmes (NFP), national biodiversity action plans (NBAP) or similar proc-
esses in place. However, only about one third of the countries have well-established 
national programmes on forest genetic resources (NPFGR) or related strategies, as 
revealed by a EUFORGEN survey in 2002. Furthermore, the discussions demon-
strated that very few countries have initiated the development of national adapta-
tion strategies (NAS), which aim at increasing the capacity of the whole of society to 
adapt to climate change. The working group considered NAS as a useful approach 
to tackle and coordinate mitigation efforts at national level.

The working group welcomed the efforts of the MCPFE process in promoting cross-
sectoral coordination and implementation of sustainable forest management through 
NFP in Europe. It is important to include NAS and climate change considerations 
in NFP as these remain the mechanism through which various strategies are actu-
ally implemented in the forest sector in a country. The working group noted that the 
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existing examples of NAS highlight the role of forest genetic diversity in mitigating 
the impacts of climate change. However, in many countries, the linkages between 
NFP and NPFGR remain weak, and the management of forest genetic resources is 
not incorporated well enough into NFP. The working group concluded that it is nec-
essary to strengthen the linkage and collaboration between NFP and other relevant 
national processes, in particular NPFGR and NAS.

Workshop recommendations
Climate change may have substantial impacts on the European forest sector as well 
as conservation of forest biodiversity. The genetic diversity of forest trees plays a key 
role in maintaining the resilience of forests to the threats and in taking advantage 
of the opportunities. The wise use of this genetic diversity also provides �exibility 
with respect to forest management and adaptation strategies for climate change. The 
workshop made the following recommendations for further action:

Recommendation 1: Policy-makers in Europe should recognize the importance of 
forest genetic diversity in mitigating the impacts of climate change on the forest sec-
tor by expressing a commitment at pan-European level to incorporate the manage-
ment of this diversity into national forest programmes and other relevant policies, 
programmes and strategies. 

Recommendation 2: Policy-makers in Europe should promote forest management 
practices that maintain evolutionary processes of forest trees and support natural 
regeneration of forests, especially in areas where long-term natural regeneration is 
self-sustainable despite climate change.

Recommendation 3: Policy-makers in Europe should take into account the potential 
for accelerating adaptation of forest trees to climate change through tree breeding 
and transfer of potentially suitable forest reproductive material by endorsing the 
development of pan-European guidelines for the transfer of forest reproductive ma-
terial in Europe on the basis of scienti�c knowledge.

Recommendation 4: The European forest research community should, with the sup-
port of policy-makers, carry out more interdisciplinary studies (e.g. tree physiology, 
forest genetics, pests and diseases, forest management and economics, and model-
ling) on the impacts of climate change on forests.

C L I M A T E C H A N G E A N D G E N E T I C D I V E R S I T Y
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M C P F E  C O M M I T M E N T S

MCPFE COMMITMENTS ON FORESTS AND CLIMATE CHANGE

Roman Michalak

MCPFE Liaison Unit, Warsaw, Poland

Summary
From the very beginning, the Ministe-
rial Conferences on the Protection of 
Forests in Europe (MCPFE) have rec-
ognized the need for consideration of 
climate change aspects in their commit-
ments. General awareness about forest 
stability, vitality and regeneration as 
well as adaptive capacity lay at the ori-
gin of the Process. The ministerial dec-
laration and resolutions adopted during 
the �rst Ministerial Conference, held in 
Strasbourg in 1990, addressed climate 
change aspects by establishing a series 
of scienti�c and monitoring activities, 
the objective of which was to provide 
knowledge on interrelations between 
forests and the environment. The major-
ity of these activities have been success-
fully continued. One visible example of 
the scienti�c and technical collabora-
tion is the European Forest Genetic Re-
sources Programme (EUFORGEN) that 
directly contributes to the implementa-
tion of Strasbourg Resolution 2.

Multidimensional signi�cance of cli-
matic factors for forests and possible im-
plications of climate change impacts on 

forest management were shown during 
the second Ministerial Conference, con-
vened in Helsinki in 1993. The impor-
tance of these topics was addressed in 
the General Guidelines for the Sustain-
able Management of Forests in Europe, 
and in Helsinki Resolution 4, by which 
the ministers committed themselves to 
support appropriate measures for the 
mitigation of climate change and the 
limitation of greenhouse gas emissions. 
The General Guidelines were reaf�rmed 
and further developed at the third Min-
isterial Conference, in Lisbon in 1998, 
particularly by endorsing the Pan-Euro-
pean Criteria and Indicators for Sustain-
able Forest Management and the Pan-
European Operational Level Guidelines 
for Sustainable Forest Management. 
The role of European forests in the 
global carbon cycle and threats posed 
to forests by human-induced climate 
change were addressed again in Vienna 
Resolution 5 during the fourth Ministe-
rial Conference, in Vienna in 2003. The 
ministers responsible for forests com-
mitted themselves to further contribute 
to the ongoing work under the United 
Nations Framework Convention on Cli-

Michalak, R. 2007. MCPFE commitments on forests and climate change. In: Koskela, J., Buck, A. and
Teissier du Cros, E., editors. Climate change and forest genetic diversity: Implications for sustainable
forest management in Europe. Bioversity International, Rome, Italy. pp 1–2.
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mate Change (UNFCCC) as well as to 
share experiences at pan-European level 
on forest-related national and regional 
strategies for mitigation of and adapta-
tion to climate change.

The pan-European actions for the imple-
mentation of Vienna Resolution 5 and 
the related commitments in the Vienna 
Declaration aim at enhancing the contri-
bution of forests to reduce greenhouse 
gas emissions, and encouraging forest 
management practices in carbon se-
questration measures, as well as further 
improving the adaptability of forests to 

climate change. Besides this workshop 
on the role of forest genetic diversity in 
improving the adaptability of forests to 
climate change, other implementation 
actions include a workshop on resource 
mobilization and comprehensive wood 
utilization strategies in support of sus-
tainable forest management, as well as 
the elaboration of pan-European recom-
mendations for afforestation and refor-
estation in the context of UNFCCC. The 
main purpose of these actions is to assist 
countries in achieving the MCPFE goals 
through practical implementation of the 
commitments undertaken.

C L I M A T E C H A N G E A N D G E N E T I C D I V E R S I T Y
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W I T H S T A N D I N G C L I M A T E C H A N G E

HOW WELL CAN EXISTING FORESTS WITHSTAND CLIMATE CHANGE?

Antoine Kremer

INRA, UMR Biodiversity Genes & Communities, Cestas, France

Introduction 
There is widespread concern that forest 
tree species may not be able to cope with 
future environmental changes. Such 
concern arises from the discrepancy 
between the generation period of trees 
and the time span of climate change, in 
addition to the general assumption that, 
according to palaeoecological data, the 
rate of evolution is slower than the rate 
of present climate change (Davis et al. 
2005). Expected temperature increases 
are far higher than those that occurred 
during the interglacial periods of the 
Quaternary. The concern also stems 
from the growing body of papers pre-
dicting extinctions in plants and animals 
as a result of climate change (Thomas et 
al. 2004; Thuiller et al. 2005). This debate 
was further strengthened by the pub-
lication of forecast distribution maps 
for forest trees at the end of the current 
century that clearly indicate that major 
changes, if not local extinction, may be 
expected (Thuiller 2003; Badeau et al. 
2005). However, none of these papers 
have considered the various responses 
that tree species may adopt and the evo-
lutionary changes that populations may 

undergo. For example, the niche-based 
models that are used to predict future 
distribution of species are based on the 
conservation of species’ climatic enve-
lopes, ignoring the capacity of popula-
tions to modify their ecological niche 
(Thuiller et al. 2006). In this paper, I will 
challenge these views by confronting 
these perspectives with recent results 
obtained in population genetics of forest 
trees, and expectations based on evolu-
tionary processes.

‘How fast will a tree population respond 
to climate change?’ remains one of the 
main questions. Monitoring evolution-
ary changes in trees is a challenging 
task, as only diachronic approaches 
can be used; hence, there is a dramatic 
lack of experimental data to answer 
this question. There are, however, vari-
ous sources of information that can be 
assembled to provide arguments as to 
how trees may be able to cope with the 
ongoing climate change: results of prov-
enance tests, quaternary palaeoecologi-
cal records of evolutionary changes, and 
arti�cial transfer of populations from 
cool to milder climates.

Kremer, A. 2007. How well can existing forests withstand climate change? In: Koskela, J., Buck, A. and
Teissier du Cros, E., editors. Climate change and forest genetic diversity: Implications for sustainable
forest management in Europe. Bioversity International, Rome, Italy. pp. 3–17.
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I will review the results from these 
sources and proceed in four steps. The 
first part will be devoted to the descrip-
tion of the genetic mechanisms that are 
likely to promote evolutionary changes 
in response to climate change. These 
mechanisms will be described at indi-
vidual, population and species level. 
I will then examine the time scales at 
which these mechanisms are acting. The 
third part addresses the essential argu-
ment concerning evolutionary rates in 
trees: ‘How fast do trees evolve?’ and 
‘What records of evolutionary change 
are available?’ The final part tackles the 
potential responses of tree populations 
in terms of risks of extinction, local ad-
aptation and migration. 

Evolutionary mechanisms
Evolutionary mechanisms contributing 
to the adaptation of a given species may 
be acting at different levels: individuals, 
populations and species. I will review 
some of these processes, and concentrate 
on those that have been at least partly 
documented in the forestry literature. 

Evolutionary mechanisms at the individual level
Adaptive mechanisms of individual 
trees have been gathered under the ge-
neric term plasticity, but they may ac-
tually cover different processes, acting 
separately or in combination.

Individual heterozygosity 
There is a wide body of literature on the 
distribution of individual heterozygosi-

ty in tree populations, based on isozyme 
investigations (see Bush and Smouse 
(1992) for a review). Older stands ex-
hibit usually higher heterozygosity than 
younger stands. Interpretation of these 
results is still controversial, as some au-
thors advocate that increased heterozy-
gosity was the mechanistic consequence 
of elimination of inbred genotypes, due 
to correlation between homozygos-
ity and inbreeding depression (Ledig 
1986). Others have claimed that hetero-
zygosity at the specific study loci (over-
dominance) contributes to higher fitness 
(Mitton and Grant 1984) or that hetero-
zygous individuals exhibit greater buff-
ering capacity towards environmental 
change (Mitton 1997). Whatever the evo-
lutionary significance of heterozygosity 
might be, there are examples where in-
dividual heterozygosity has been corre-
lated (surrogate or cause?) to adaptation 
to strong environmental changes. This 
is illustrated by the comparative analy-
sis of heterozygosity in sensitive versus 
tolerant beech populations in heavily 
polluted areas during the late 1970s in 
Germany (Müller-Starck 1988). In this 
example, the observed heterozygosity 
of each tolerant beech population was 
greater than the heterozygosity of sensi-
tive populations wherever the compari-
son was made, and the difference was 
larger at higher altitudes where pollu-
tion was stronger. 

Accl imation
Acclimation is the phenotypic change of 
a single individual to gradual environ-
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mental modification, i.e. it is a revers-
ible process. The premature leaf fall of 
some trees during dry summers is an 
example of rapid acclimation. A well il-
lustrated case of acclimation response 
over the lifetime of a tree is the gradual 
decrease of leaf stomatal density on a sin-
gle birch tree that was observed over 50 
years (Wagner et al. 1997) as a response 
to the steadily increasing atmospheric 
CO2 concentration. The genetic basis of 
such phenotypic response has not been 
elucidated, and to date it is considered 
to probably be a physiological adapta-
tion to environmental change. However, 
a recent investigation in quantitative trait 
loci (QTL) detection of ecophysiological 
traits in seedlings of forest trees has indi-
cated that the number and contributions 
of QTLs might vary substantially accord-
ing to the CO2 concentration (Torti 2005).

Epigenetic response
Many epigenetic responses have been 
documented in plants as a response to 
temporary, severe environmental or bi-
otic stresses (Madlung and Comai 2004). 
This review indicates that changes in 
gene expression may be generated by 
structural changes (e.g. quantitative 
modification of repetitive DNA; insertion 
or deletion of transposable elements) or 
by change in DNA methylation. Epige-
netic effects under milder environmen-
tal changes have not received as much 
experimental support, with the excep-
tion of the modifications in chromatin 
of target loci on vernalization in plants 
(Sung and Amasino 2005).

In a series of repeated experiments on 
offspring originating from the same par-
ents but with the mothers raised under 
different weather conditions, it has been 
shown that the climate during sexual 
reproduction influences the develop-
ment of seedlings (Skrøppa et al. 1994; 
Johnsen and Skrøppa 1997). It has been 
clearly shown that the timing of bud 
break in spring, leader shoot cessation 
in summer, bud set in autumn and the 
lignification of the annual ring are all 
processes that will be advanced or de-
layed according to temperature during 
female reproduction. Temperature-in-
duced regulation of the level of gene 
expression (through methylation) in the 
developing embryos is supposed to last 
in the progenies as an ‘epigenetic mem-
ory’ (Johnsen et al. 2005). 

Evolutionary mechanisms at the population level
Natural selection has driven population 
differentiation throughout the natural 
distribution of forest trees. The response 
is a continuous shift in gene frequencies 
or phenotypic values of traits. There is 
ample evidence of the efficiency of natu-
ral selection shown by the large body 
of literature on provenance tests (see 
Wright (1976) and Morgenstern (1996) 
for reviews in North American species, 
and König (2005) for a review in Euro-
pean species). In almost any tree spe-
cies for which provenance tests have 
been established, significant variation 
between populations has been observed 
for fitness-related traits. There are sev-
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eral clinal patterns of geographical vari-
ation that are congruent across species 
living in different continents, suggesting 
that these patterns result more probably 
from directional selection pressures than 
from stochastic, demographic or histori-
cal effects. For example, bud burst shows 
a clear latitudinal variation in all coni-
fers, with northern provenances flush-
ing earlier and setting bud earlier than 
southern populations (Wright 1976). 
Other evidence that selection is the most 
likely evolutionary force responsible for 
provenance variation is given by the 
comparative analysis of ‘historical’ ver-
sus ‘geographical’ factors of variation. 
In oaks, it was shown that extant popu-
lations stemming from the same source 
(refugial) of glacial origin but growing 
today in different ecological sites exhibit 
strong phenotypic differentiation for fit-
ness-related traits, while the populations 
are not differentiated for neutral genetic 
markers (Le Corre et al. 1997; Kremer et 
al. 2002).

Evolutionary mechanisms at the species level
Besides the processes acting at the in-
dividual or population level, there 
are also important processes acting at 
the metapopulation level of a species. 
These may contribute to increasing 
the fitness of a given population that 
encounters severe selective pressures. 
Migration of alien genes through gene 
flow will change the genetic composi-
tion of the receiving population. Sub-
sequent changes might be unfavour-

able or favourable, depending on the 
source population (Lenormand 2002). 
If the migrating gene has a positive ef-
fect on fitness, it will rapidly increase 
its frequency in the receiving popula-
tion. The dynamics of migrating genes 
(migration rates, subsequent frequency 
variation and change in population fit-
ness) have never been monitored in for-
est tree populations, but deserve to re-
ceive more attention within the focus of 
climate change. Clearly, a species that 
has a continuous distribution across 
contrasting ecological sites might be 
able to ‘import’ genes contributing to 
higher fitness in areas exposed to se-
vere stress. However, a species having 
a scattered and disrupted distribution 
may not be able to benefit from alien 
genes. Extensive research has been 
done on gene flow in forest trees at a 
rather narrow spatial scale (Smouse 
and Sork 2004; Austerlitz et al. 2004). 
Most of these theoretical and experi-
mental studies have shown that gene 
dispersion has both local and large-dis-
tance components, as revealed by the 
existence of the ‘fat tails’ of the disper-
sion curve. The second component is, of 
course, more relevant in the context of 
climate change, as drier sites where po-
tentially favourable genes are likely to 
exist, may be separated by rather long 
distances from the sink population that 
would benefit from the imported gene. 
Dispersion from the source to the sink 
populations may take one or more gen-
erations, depending on the spatial con-
nectivity between the two.
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time scales of evolutionary mechanisms
The time scales where these mechanisms 
may act should be separated into two 
components (single or multiple genera-
tions), depending on whether their ef-
fects are cumulative over generations or 
not. 

Mechanisms acting at the individual 
level will of course take place during the 
lifetime of a tree. However, they may not 
be cumulative over successive genera-
tions in a directional pattern. Individual 
heterozygosity would be cancelled out 
after each generation as meiosis and 
random mating will disrupt allelic as-
sociations in diploid organisms. Ac-
climation or epigenetic responses may 
also be erased when passing to the next 
generation, depending on their inherit-
ance. The genetic basis of methylation or 
other epigenetic sources of change is not 
fully understood, and their inheritance 
remains speculative at this stage. 

Natural selection would induce recur-
rent and cumulative directional evolu-
tionary change over successive genera-
tions. Significant effects can already be 
expected within one single generation. 
Genetic change within one generation 
depends on the level of genetic variation 
(selection differential), and the further 
cumulative change over generations 
results from the combined effects of ge-
netic variation and heritability (selection 
response) (Falconer 1989; Conner and 
Hartl 2004). Investigations in quantita-
tive genetics of forest trees have shown 

that there is large genetic (additive) vari-
ance for most traits studied so far (e.g. 
growth, form, wood quality) but rather 
low heritability (except for wood physi-
cal properties and phenology) (Cor-
nelius 1994; Kremer 1994). Hence, ge-
netic variation, rather than heritability, 
is the most important driving factor of 
evolutionary change. Unfortunately, fit-
ness-related traits have not been studied 
in such detail and the amount of genetic 
variation for these traits is less known. 
Nevertheless, based on the data on other 
traits and the additional results obtained 
with gene markers, one might also ex-
pect a high level of genetic variation. 
Significant evolutionary changes can 
therefore be expected within one gener-
ation, as a result of the predominant role 
of genetic variation versus heritability. 
These speculations are actually support-
ed by the results observed in artificial 
selection programmes. They show that 
rather moderate selection rates can lead 
to important genetic change in the very 
early generations of selection (Anony-
mous 2005). 

Migration over long distances connect-
ing source populations where genes of 
interest exist and sink population where 
they might increase fitness may require 
a few generations to take place. This re-
mains to be investigated in more detail. 
Gene flow studies have usually been 
undertaken at two extreme time scales: 
(1) instantaneous gene dispersion with-
in one generation, conducted by parent-
age analysis; and (2) cumulative estima-
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tions over long historical time scales, 
derived from genetic differentiation 
measures. The research that is required 
in the frame of climate change is the es-
timation of dispersion distances over a 
very few successive generations at the 
landscape scale. 

Evolutionary rates due to environmental 
change
Evolutionary rates measure the ge-
netic change of a population over time. 
Change is monitored from the ‘ances-
tral’ source population to the extant 
population (allochronic monitoring, 
Hendry and Kinnison 1999) and this 
requires three sources of information: 
source population, time period and ex-
tant population. Allochronic approaches 
cannot be implemented in trees, as the 
source population can hardly be acces-
sible. Therefore synchronic approaches 
have been preferred, which consist of 
comparing different extant populations 
that have diverged from a common 
source population. While allochronic 
approaches measure evolutionary rates, 
synchronic approaches measure dif-
ferentiation rates. Even if there can be 
strong discrepancies between both rates 
(Hendry and Kinnison 1999), large dif-
ferentiation among existing populations 
bears witness of past evolution. Focus-
ing on differentiation for obtaining in-
direct estimates of evolutionary rates 
makes provenance tests of forest trees 
very attractive. However, an important 
component lacking in provenance re-

search is the time scale that separated 
the ancestral from the extant prov-
enances. An additional difficulty in us-
ing provenance tests is that our interest 
in evolutionary rates related to global 
change is to address only directional 
changes generated by environmental 
modifications. However, differentiation 
results from the contribution of very dif-
ferent evolutionary factors. In addition 
to the processes mentioned in the previ-
ous paragraph, additional demographic 
and historical trajectories may have in-
fluenced population differentiation. 

Below, I will provide a few examples 
where indirect estimates of evolutionary 
rates were available in forest trees. The 
results are extracted from provenance 
tests that were screened for two addition-
al criteria: (1) indication of time scales 
separating extant provenances from the 
source populations, and (2) indirect evi-
dence that population differentiation is 
only due to directional selection gener-
ated by environmental change. 

differentiation between ‘recently’ established 
populations in Europe
Norway spruce (Picea abies) has colo-
nized southern Scandinavia during the 
last 2000 years by natural spreading or 
through human-mediated dispersion 
(Bradshaw et al. 2000; Bradshaw and 
Lindbladh 2005). This is probably the 
most recent documented spreading of a 
European tree species. Provenance tests 
established with seeds originating from 
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Scandinavia or North Baltic regions 
(Hannerz and Westin 2000; Danusevici-
us and Gabrilavicius 2001) showed evi-
dence of population differentiation for 
all traits investigated, and particularly 
for phenological traits. Moreover, the 
trend of geographic variation follows a 
clinal latitudinal pattern in each study, 
suggesting that natural selection occur-
ring during the past 2000 years was the 
main evolutionary driver of population 
divergence.

For other European tree species, where 
colonization was achieved over a longer 
period, population differentiation is of 
less interest because the time scale for 
divergence was expanded over much 
longer periods. For example, peduncu-
late oak (Quercus robur) and sessile oak 
(Q. petraea) have occupied their extant 
range in Central Europe since 8000–6000 
years ago (Brewer et al. 2002), and they 
have also diverged extensively for phe-
nological traits (Ducousso et al. 1996). It 
was further demonstrated that the ob-
served provenance variation in a prove-
nance test was generated by diversifying 
selection due to different environmental 
conditions occurring at the original sites 
of the provenances (Kremer et al. 2002) 
rather than historical factors.

differentiation between source and transferred 
populations (European species)
Seed of forest trees have been transferred 
by man in many different directions in 
Europe. In a very few cases, the geo-

graphical origin of an introduced popu-
lation is documented, and today’s com-
parisons of the source and transferred 
population offers an interesting oppor-
tunity to estimate evolutionary rates. As 
an example, Norway spruce has been 
transferred from the Harz Mountains in 
Germany (latitude 52°N) to central Nor-
way (64°N), and provenance tests were 
established with three sources of materi-
al: seeds collected from the native stands 
(in the Harz Mountains); the introduced 
stands in Norway; and Norwegian local 
populations grown at the same latitude 
as the introduced stands (Skrøppa and 
Kohlmann 1997; Saxe et al. 2001). The re-
sults showed that offspring of the intro-
duced stands set bud at the same time 
as offspring of the local autochthonous 
populations and earlier than offspring of 
the native source population from Harz 
(Skrøppa and Kohlmann 1997). The time 
scales for population divergence is, in 
this example, one generation. Significant 
shifts in one generation were also found 
for frost resistance in Maritime pine (Pi-
nus pinaster), in which provenances from 
the Atlantic coast were transferred in-
land to the Massif Central of France. Af-
ter one generation, seedlings originating 
from the Massif Central stands exhibited 
higher frost resistance than provenances 
from the Atlantic coast (Bouvarel 1960).

differentiation between source and transferred 
populations (exotic tree species)
Exotic tree species, mainly originating 
from North America, have been widely 
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introduced to Europe during the past 
centuries. Lodgepole pine (Pinus contor-
ta) and Sitka spruce (Picea sitchensis) in 
Nordic countries and Douglas fir (Pseu-
dotsuga menziesii) and red oaks (Quercus 
spp.) in central Europe are among the 
well known introduction success stories. 
Interestingly, in some cases the change in 
distribution corresponded to a change of 
climate, mimicking the future predicted 
climate change in Europe. Similarly to au-
tochthonous tree species that were trans-
ferred to other regions, exotic tree spe-
cies offer unique case studies permitting 
evaluation of their divergence since their 
introduction. Northern red oak (Q. rubra) 
is a well documented case. The species 
was introduced shortly after the French 
revolution (Timbal et al. 1984) and today 
it is widespread in Europe. A genetic sur-
vey based on cpDNA (chloroplast DNA) 
showed that introduced populations 
harbour the same haplotypes as popula-
tions from the natural distribution, sug-
gesting that the introduced gene pool is 
a representative sample of the original 
germplasm (Magni Diaz 2004). A large-
scale provenance test was established in 
south-western France, and the collection 
included progenies collected from intro-
duced European stands. Interestingly, 
the introduced populations, as a whole, 
exhibited a clear shift in bud burst and 
leaf coloration from the populations of 
the natural range (Daubree and Kremer 
1993). As the time scale is at most 200 
years, these results also provide clear 
evidence for rapid evolution in Northern 
red oak. 

Other examples illustrating the diver-
gence of exotic species have been re-
ported in Saxe et al. (2001), and are best 
known by practitioners for formation 
of landraces in forest trees. The differ-
entiation of landraces might, however, 
originate from three different causes: 
(1) directional shifts due to different se-
lection pressures existing in the natural 
and introduced range; (2) changes in 
the genetic structures of introduced and 
natural stands; (3) stochastic shifts due 
to foundation events or genetic drift ef-
fects due to the limited amount of seed 
introduced. Results should therefore be 
interpreted with caution, as our focus 
(in relation to global change) is mainly 
on directional shifts generated by new 
selection pressures.

These examples clearly suggest that 
evolutionary rates might be quite sub-
stantial, despite the long generation in-
tervals of trees. Forest tree populations 
may exhibit significant differentiation 
in a very few generations. Rapid evolu-
tion may result from the contribution of 
different evolutionary processes acting 
at the individual, population or species 
level. An important motor of evolution 
is obviously the level of diversity that 
resides within tree populations. There is 
also a more mechanistic interpretation 
that derives from the complex genetic 
architecture of adaptive traits. For a trait 
that is controlled by a large number of 
genes, differentiation builds up not only 
from the differences in allelic frequen-
cies at the different genes, but also from 
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the complementary contribution of al-
leles at different genes. As the number 
of genes increases, so will the number 
of favourable associations, and they 
will be captured right at the beginning 
by diversifying selection (Le Corre and 
Kremer 2003).

Expected responses to environmental 
change
Climatic projections for the end of the 
21st century predict that today’s climatic 
envelopes of forest tree species will be 
shifted northwards and eastwards, on 
average, by a few hundred kilometres 
(Thuiller 2003; Badeau et al. 2005). In 
these predictions, the future tree distri-
butions are projected on the assumption 
that current envelopes reflect species’ 
environmental preferences, which are 
assumed to remain the same under cli-
mate change. To illustrate these predic-
tions in the case of sessile oak and beech 
(Fagus sylvatica), France will be out of 
their new climatic envelope, whereas 
central Finland is likely to be included 
within the envelope. Although strictly 
based on a ‘copy-and-paste’ approach of 
constant climatic envelopes, these pro-
jections raise in concrete terms the issues 
that forest trees are facing. What will 
happen at the western and southern lim-
its that are likely to be out of the climatic 
envelope? Will there be a progressive 
decline of the species and extinctions? 
Will local populations adapt to the new 
conditions? What will happen at the 
eastern and northern limit, where new 

areas will be included in the climatic en-
velope? Will trees be able to migrate at 
such distances to cope with the shift of 
the climatic envelope? Species will most 
likely respond differently to these chal-
lenges, depending on their ecology, de-
mographic and genetic structures, and 
biotic interactions with other species. 
Additional reasoning on how trees will 
respond should take into account evo-
lutionary processes leading to changes 
in their climatic envelope over time. We 
are lacking experiments to answer these 
questions, as evolutionary change would 
need to be monitored over successive 
generations. However, two sources of 
information can help to understand and 
predict future responses:

lessons of past evolution of trees in 
response to climate change occurring 
over longer time scales; and 
results from multi-site provenance 
tests.

By assembling elements from these 
sources of information, one can make 
some speculations on the risks of extinc-
tion, migration potential of the species 
to cope with the shift of the climatic en-
velope, and adaptation to environmen-
tal change.

risks of extinction
During the past two million years (Qua-
ternary era), forest trees have been con-
fronted with successive glacial periods 
(lasting from 70 000 to 100 000 years), al-
ternating with interglacial periods (last-
ing from 10 000 to 20 000 years). More 

•

•
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than fifteen periods generated by orbital 
oscillations of Earth (so called Milanko-
vitch oscillations) occurred successively 
during the entire Quaternary era (Hays 
et al. 1976). These repeated drastic en-
vironmental changes were followed by 
important alternating retractions and 
expansions of tree species distributions, 
placing them in different habitats over 
time and space, and preventing them 
from specialization. It is thought that re-
peated climatic oscillations selected spe-
cies for their dispersability and low spe-
cialization (Dynesius and Jansson 2000). 
Indeed, extinctions of European forest 
trees occurred between 2.4 to 1. 7 million 
years ago, during the early severe glacial 
cycles of Quaternary. Many species that 
existed in Europe at the end of Tertiary, 
based on fossil evidence, disappeared 
and are nowadays only present in North 
America and Asia (e.g. species belonging 
to Magnolia, Liriodendron, Nissa, Taxodium 
and Sequoia) (Skelton 1993). Periodic 
climate changes during the Quaternary 
period resulted in important extinction 
rates during the earlier oscillations, but 
selected species with reduced specializa-
tion and efficient dispersability, mitigat-
ing extinction in the long term. It is in-
triguing to notice that there has been no 
tree species extinction during the most 
recent periods, despite the occurrence of 
very rapid climate changes (Dansgaard-
Oeschger events). Indeed, rapid warming 
episodes occurred during the last glacial 
periods every 1500 years, followed by 
gradual cooling over longer periods (Al-
ley 2000). During Dansgaard-Oeschger 

events temperature increased by from 5° 
to 10°C over a few decades. These rates 
are of the same magnitude as the future 
predicted changes, but the warming oc-
curred during the glacial periods. No ex-
tinction of tree species has been reported 
from the investigations of those periods. 
Quaternary evolutionary history sug-
gests that past climate changes have se-
lected species able to prevent extinction, 
thanks to their rapid dispersion and col-
onization of contrasting habitats. Natu-
ral selection induced by climate changes 
therefore produced, in particular, species 
with large distributions in northern lati-
tudes (Dynesius and Jansson 2000). One 
might conclude from these speculations 
that extinction risks under the present 
climate change are lower for those spe-
cies, whereas highly specialized species 
occurring at lower latitudes may be ex-
posed to higher risks.

migration potential
Postglacial history of forest trees pro-
vides additional information on the 
dispersal capacity of trees. Since trees 
were major components of past Euro-
pean landscapes, they produced large 
quantities of pollen that survive in fossil 
remains (Huntley and Birks 1983). Mi-
gration rates were inferred from histori-
cal species ranges reconstructed using 
pollen fossil data for several European 
tree species (Birks 1989) in the British 
Isles and on a continental scale in oaks 
(Brewer et al. 2002) and beech (Magri et 
al. 2006). The average rate of spreading 
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varied between 100 and 700 metres per 
year, depending on species and the pe-
riods of colonization. Earlier dispersion 
rates (11 000 to 9000 BP) were usually 
higher and strongly correlated with cli-
mate change, whereas more recent rates 
(6000 to 4000 BP) were lower, as compe-
tition between species constrained their 
spread (Birks 1989). Despite the limita-
tion of migration rates derived from pol-
len data (McLachlan and Clark 2004), 
these figures could be used to provide 
some rough estimates predicting future 
natural dispersion. At maximum, trees 
would be able to shift their range from 
10 to 70 km during the next coming 
hundred years, not taking into account 
that land fragmentation and agriculture 
would actually reduce migration. This is 
far less than the shifts of range predicted 
for oak or beech based on the climatic 
envelope projections, which amounts 
to a few hundred kilometres (Thuiller 
2003; Badeau et al. 2005). Hence, natural 
dispersion would need to be assisted by 
artificial seed transfer to cope with the 
shifting climatic envelopes.

short-term adaptation 
Predictions of the potential adaptation 
of trees to climate change can be made 
from provenance tests that were estab-
lished under various environmental 
conditions. When a given provenance is 
planted in many different environments, 
the response function of a measured trait 
can be constructed if the mean value of 
trait is plotted as a function of any en-

vironmental variable of the testing site. 
Unfortunately, most provenance tests 
were established on a limited number of 
sites and thus do not allow the construc-
tion of these functions. There are, how-
ever, a few cases where large scale prov-
enance test were established (Rehfeldt et 
al. 2002 for Scots pine (Pinus sylvestris); 
Rehfeldt et al. 1999 for Lodgepole pine). 
Rehfeldt and co-workers constructed 
response curves for two surrogates of 
tree fitness: survival and height growth 
as a function of mean temperature of 
the testing site. These two case studies 
provided convergent results that can be 
summarized in three points:

The response curve usually follows a 
parabolic function, although the maxi-
mum of the function is not a peak. The 
curve reaches a plateau extending over 
a few Celsius degrees. The plateau indi-
cates, therefore, substantial plasticity in 
the provenances.

When compared to the temperature 
where the provenance reaches the maxi-
mum value for the fitness surrogate, the 
temperature of the site where the prov-
enance originates is, on average, lower. 
The difference being on average 2.8°C in 
Lodgepole pine (Table 8 in Rehfeldt et al. 
1999) and 2.6°C in Scots pine (Page 921 in 
Rehfeldt et al. 2002) for height growth. 

The temperature difference between the 
inhabited climate and the optimum cli-
mate is related to population latitude. 
Northern provenances tend to be native 
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to cooler climates than their optimum 
whereas southern provenances tend to 
originate from climates near their opti-
mum (Figure 6 in Rehfeldt et al. 2002 for 
Scots pine; Figure 10 in Rehfeldt et al. 
1999 for Lodgepole pine). 

These observations suggest that the 
predicted temperature increase for the 
next century would still fall within the 
optimal region of the response curve. 
These preliminary optimistic results 
should, however, be taken with caution 
as they rely only on surrogates of fitness 
(height growth and survival). Secondly, 
they concern widespread tree species of 
northern latitude, which have actually 
been selected for generalism and plas-
ticity, as described earlier (Dynesius and 
Jansson 2000). Responses of other tree 
species of southern latitude and with 
scattered distributions or highly specific 
habitats also need to be studied.

Conclusion and recommendations
There is a growing body of evidence 
stemming from different sources of in-
formation (Quaternary evolutionary his-
tory; lessons from population and spe-
cies transfers; provenance experiments) 
that trees may have resources and mech-
anisms to respond to climate change. 
Overall, the pieces of evidence are frag-
mentary and refer to separate case stud-
ies in different time and space settings. It 
remains an open research field as to how 
strong and how prevalent these mecha-
nisms will be in the evolutionary setting 

of future climate change. Unfortunately, 
such investigations would need long-
term experiments and would not be able 
to answer short-term concerns. In the 
meantime, however, a few recommen-
dations can be made for further research 
that could lead to practical short-term 
implementations. 

Construction of response functions in 
provenance tests
Provenance tests have been widely es-
tablished during the past 50 years in 
Europe, either through national or inter-
national initiatives. For most economi-
cally important species, the data sets 
are, however, scattered among differ-
ent research institutions, limiting their 
compilation for the construction of re-
sponse curves. In-depth exploitation of 
the data—in a similar manner to the Re-
hfeldt studies—requires assembling the 
different data sets, and remains undone. 
Full exploitation may be limited by the 
heterogeneity of sampling strategies or 
experimental designs used. Neverthe-
less, the results of these investigations 
would provide some clues regarding 
the transferability of forest reproductive 
material. A strong recommendation is 
the assessment of different complemen-
tary surrogates of fitness, and particu-
larly sexual reproduction.

monitoring of evolutionary change in transferred 
tree populations
There are many historical examples of 
artificial transfers of tree populations or 



15

W i t h s t a n d i n g � C l i m a t e � C h a n g e

species (in the case of exotics). In some 
cases, these transfers mimicked climate 
change, e.g. transfer from cooler to mild-
er climate. A review of these scenarios 
and their final outcome (success or fail-
ure) should be made. Of particular inter-
est is the estimation of the evolutionary 
changes –and particularly adaptation—
that was associated with these transfers. 
Introduction scenarios, including track-
ing of source populations by molecular 
fingerprints, could be reconstructed and 
evolutionary change monitored. These 
investigations would ideally comple-
ment the provenance test analysis, as a 
few generations have usually elapsed 
since introduction, whereas provenance 
tests only reveal changes after one gen-
eration. Additionally, transferred popu-
lations or species have usually been 
implemented over larger areas than 
provenance tests and the transferred 
material has been tested in a real forest-
ry context, rather than an experimental 
plantation. 

references
Alley, R.B. 2000. Ice core evidence of abrupt 

climatic change. Proceedings of the National 
Academy of Sciences of the United States of 
America, 97: 1331–1334.

Anonymous. 2005. Genetic breeding of the 
maritime in Aquitaine. Gis Pin Maritime du 
Futur, INRA, Pierroton, France.

Austerlitz, F., Dick, C.W., Dutech, C., Klein, E., 
Oddou-Muratorio, S., Smouse, P.E. & Sork, 
V.L. 2004. Using genetic markers to estimate 
the pollen dispersal curve. Molecular Ecology, 
13(4): 937–954.

Badeau, V., Dupouey, J.L., Cluzeau, C. & Drapier, 
J. 2005. Aires potentielles de répartition des 
essences forestières d’ici 2100. Forêt Entre-
prise, 162: 25–29.

Birks, H.J.B. 1989. Holocene isochrone maps and 
patterns of tree spreading in the British Isles. 
Journal of Biogeography, 16: 503–540.

Bouvarel, P. 1960. Note sur la résistance au froid 
de quelques provenances de Pin Maritime. 
Revue Forestière Française, 7: 495–508.

Bradshaw, R.H.W., Holmqvist, B.H. & Cowling, 
S.A. 2000. The effects of climate change on 
the distribution and management of Picea 
abies in southern Scandinavia. Canadian Jour-
nal of Forest Research, 30: 1992–1998.

Bradshaw, R.H.W. & Lindbladh, M. 2005. Re-
gional spread and stand-scale establishment 
of Fagus silvatica and Picea abies in Scandina-
via. Ecology, 86(7): 1679–1686.

Brewer, S., Cheddadi, R., De Beaulieu, J.L. & 
Reille, M. 2002. The spread of deciduous 
Quercus throughout Europe since the last 
glacial period. Forest Ecology and Manage-
ment, 156: 27–48.

Bush, R.M. & Smouse, P.E. 1992. Evidence for the 
adaptive significance of allozymes in forest 
trees. New Forests 6: 179–186.

Conner, J.K. & Hartl, D.L. 2004. A primer of Eco-
logical Genetics. Sinauer Associates, Sunder-
land, MA, USA. 304 p.

Cornelius, J. 1994. Heritabilities and additive 
genetic coefficients of variation in forest 
trees. Canadian Journal of Forest Research, 
24: 372–379.

Danusevicius, D. & Gabrilavicius, R. 2001. Varia-
tion in juvenile growth rhythm among Picea 
abies provenances from the Baltic states and 
the adjacent regions. Scandinavian Journal of 
Forest Research, 16: 305–317.

Daubree, J.B. & Kremer, A. 1993. Genetic and phe-
nological differentiation between introduced 
and natural populations of Quercus rubra 
L. Annales des Sciences Forestières, 50(Suppl. 
1): 271s–280s.

Davis, M.E., Shaw, R.G. & Etterson, J.R. 2005. 
Evolutionary responses to climate change. 
Ecology, 86: 1704–1714.

Ducousso, A., Guyon, J.P. & Kremer, A. 1996. 
Latitudinal and altitudinal variation of bud 
burst in western populations of sessile oak 
(Quercus petraea (Matt.) Liebl.). Annales des 
Sciences Forestières, 53(2/3): 775–782.

Dynesius, M. & Jansson, R. 2000. Evolutionary 
consequences of changes in species geo-
graphical distributions driven by Milanko-
vitch climate oscillations. Proceedings of the 
National Academy of Sciences of the United 
States of America, 97: 9115–9120.

Falconer, D.S. 1989. Introduction to quantitative 
genetics. Third edition. Longman, Harlow, 
England, UK. 438 p.



C l i m a t e � C h a n g e � a n d � g e n e t i C � d i v e r s i t y

16

Hannerz, M. & Westin, J. 2000. Growth cessation 
and autumn-frost hardiness in one-year-old 
Picea abies progenies from seed orchards and 
natural stands. Scandinavian Journal of Forest 
Research, 15: 309–317.

Hays, J.D., Imbrie, J. & Shackleton, N.J. 1976. Vari-
ations in the Earth’s orbit: pacemaker of the 
ice ages. Science, 194: 1121–1132.

Hendry, A.P. & Kinnison, M.T. 1999. Perspective: 
the pace of modern life: measuring rates of 
contemporary microevolution. Evolution, 
53(6): 1637–1652.

Huntley, B. & Birks, H.J.B. 1983. An atlas of past 
and present pollen maps for Europe 0–13 000 
years ago. Cambridge University Press, Cam-
bridge, UK. 667 p.

Johnsen, O, & Skrøppa, T. 1997. Parents of Nor-
way spruce adjust the performance of their 
progeny according to changes in climate and 
weather conditions during female flowering, 
a review. pp. 159–163, in: G.M.J. Mohren, 
K. Kramer and S. Sabaté (editors). Impacts 
of global change on tree physiology and forest 
ecosystems. Proceedings of the International 
Conference on Impacts of Global Change 
on Tree Physiology and Forest Ecosystems, 
Wageningen, The Netherlands, 26–29 No-
vember 1996. Kluwer Academic Publishers, 
Dordecht, The Netherlands. Published as 
Forestry Sciences, Vol. 52. 388 p.

Johnsen, O., Fossdal, C.G., Nagy, N., Molmann, J., 
Daehlen, O.G. & Skrøppa, T. 2005. Climatic 
adaptation in Picea abies progenies is affected 
by the temperature during zygotic embryo-
genesis and seed maturation. Plant, Cell and 
Environment, 28:–1090–1102.

König, A.O. 2005. Provenance research: evaluat-
ing the spatial pattern of genetic variation. 
pp. 275–328, in: Th. Geburek and J. Turok 
(editors). Conservation and Management of 
Forest genetic Resources in Europe. Arbora 
Publishers, Zvolen, Slovakia.

Kremer, A. 1994. Diversité génétique et variabil-
ité des caractères phénotypiques chez les 
arbres forestiers. Génétique Sélection Evolution, 
26(Supplement 1): 105–123.

Kremer, A., Kleinschmit, J., Cottrell, J., Cundall, 
E.P., Deans, J.D., Ducousso, A. et al. 2002. Is 
there a correlation between chloroplastic and 
nuclear divergence, or what are the roles of 
history and selection on genetic diversity in 
European oaks? Forest Ecology and Manage-
ment, 156(1–3): 75–87.

Magni Diaz, C.R. 2005. Reconstitution de 
l’introduction de Quercus rubra L. en Europe 
et conséquences génétiques dans les popula-

tions allochtones. PhDF Thesis, ENGREF, 
Paris, France. 419 p.

Le Corre, V., Dumolin-Lapègue, S. & Kremer, 
A. 1997. Genetic variation at allozyme and 
RAPD loci in sessile oak Quercus petraea 
(Matt.) Liebl.: the role of history and geogra-
phy. Molecular Ecology, 6(6): 519–529. 

Le Corre, V. & Kremer, A. 2003. Genetic variability 
at neutral markers, quantitative trait loci and 
trait in a subdivided population under selec-
tion. Genetics, 164: 2005–2019.

Ledig, F.T. 1986. Heterozygosity, heterosis, and 
fitness in outbreeding plants. pp. 77–104, in: 
M.E. Soulé (editor). Conservation Biology. The 
science of scarcity and diversity. Sinauer Associ-
ates, Sunderland, MA, USA.

Lenormand, T. 2002. Gene flow and the limits to 
natural selection. Trends in Ecology and Evolu-
tion, 17: 183–189.

Magri, D., Vendramin, G.G. Comps, B. Dupan-
loup, I. Geburek, T. Gömöry, D. et al. 2006. A 
new scenario for the Quaternary history of 
European beech populations: palaeobotani-
cal evidence and genetic consequences. New 
Phytologist, 171: 199–221.

Madlung, A. & Comai, L. 2004. The effect of stress 
on genome regulation and structure. Annals 
of Botany, 94: 481–495.

McLachlan, J.S. & Clark, J.S. 2004. Reconstructing 
historical ranges with fossil data at conti-
nental scales. Forest Ecology and Management, 
197: 139–147.

Mitton, J.B. 1997. Selection in natural populations. 
Oxford University Press, Oxford, UK.

Mitton, J.B. & Grant, M.C. 1984. Association 
between protein heterozygosity, growth 
rate, and developmental homeostasis. 
Annual Review of Ecology and Systematics, 
15: 479–499.

Müller-Starck, G. 1988. Genetic implications of 
environmental stress in adult forest stands. 
pp. 127–142, in: F. Scholz, H.R. Gregorius and 
D. Rudin (editors). Genetic effects of air pollut-
ants in forest tree populations. Springer Verlag, 
Berlin, Germany.

Morgenstern, E.K. 1996. Geographic variation in 
forest trees. University of British Columbia 
Press, Vancouver, Canada. 209 p.

Rehfeldt, G.E., Ying, C.C., Spittehouse, D.L. & 
Hamilton, D.A. 1999. Genetic responses 
to climate in Pinus contorta: niche breadth, 
climate change and reforestation. Ecological 
Monographs, 69: 375–407.

Rehfeldt, G.E, Tchebakova, N.M., Parfenova, Y.I., 
Wykoff, W.R., Kuzmina, N.A. & Milyutin, 
L.I. 2002. Intraspecific response to climate 



17

W i t h s t a n d i n g � C l i m a t e � C h a n g e

in Pinus sylvestris. Global Change Biology, 
8: 912–929.

Saxe, H., Cannell, M.G.R., Johnsen, O., Ryan, 
M.G. & Vourlitis, G. 2001. Tree and forest 
functioning in response to global warming. 
New Phytologist, 149: 369–400.

Skelton, P. 1993. Evolution. A biological and 
palaeontological approach. Addison-Wesley 
Publishing Co., Boston, MA, USA. 1051 p.

Skrøppa, T., Nikkanen, T. Ruotsalainen, S. & 
Johnsen, O. 1994. Effects of sexual reproduc-
tion at different latitudes on performance 
of the progeny of Picea abies. Silvae Genetica, 
43: 297–303.

Skrøppa, T. & Kohlmann, K. 1997. Adaptation to 
local conditions after one generation in Nor-
way spruce. Forest Genetics, 4(3): 171–177.

Smouse, P.E. & Sork, V.L. 2004. Measuring pollen 
flow in forest trees: an exposition of alterna-
tive approaches. Forest Ecology and Manage-
ment, 197: 21–38.

Sung, S. & Amasino, R.M. 2005. Remembering 
winter: toward a molecular understanding of 
vernalization. Annual Review of Plant Biology, 
56: 491–508.

Thomas, C.D., Cameron, A., Green, R.E., 
Bakkenes, M., Beaumont, L.J., Collingham, 
Y.C. et al. 2004. Extinction risk from climate 
change. Nature, 427: 145–148.

Thuiller, W. 2003. BIOMOD. Optimizing predic-
tions of species distributions and projecting 
potential future shifts under global change. 
Global Change Biology, 9:1353–1362.

Thuiller, W., Lavorel, S., Araujo, M.B., Sykes, M.T. 
& Prentice, J.C. 2005. Climate change threats 
to plant diversity in Europe. Proceedings of 
the National Academy of Sciences of the United 
States of America, 102: 8245–8250.

Thuiller, W., Lavorel, S., Sykes, M.T. & Araújo, 
M.B. 2006. Using niche-based modelling to 
assess the impact of climate change on tree 
functional diversity in Europe? Diversity and 
Distributions, 12: 49–60.

Timbal, J., Kremer, A., Le Goff, N. & Nepveu, G. 
(editors). 1984. Le chêne rouge d’Amérique. Edi-
tions de l’INRA, Paris, France. 564 p.

Torti, X. 2005. Variabilité génétique de la réponse 
du métabolisme carboné du chêne pédonculé 
(Quercus robur L.) à des teneurs croissantes 
en CO2. PhD Thesis, Université Henri Poin-
caré, Nancy I, France. 130 p.

Wagner, F., Below, R., de Klerk, P., Dilcher, D.L., 
Joosten, H., Kürschner, W.M. & Visscher, H. 
1997. A natural experiment on plant acclima-
tion: lifetime stomatal frequency response 
of an individual tree to annual atmospheric 
CO2 increase. Proceedings of the National 

Academy of Sciences of the United States of 
America, 93: 11705–11708.

Wright, J.W. 1976. Introduction to forest genetics. 
Academic Press, New York, NY, USA.



18

C L I M A T E C H A N G E A N D G E N E T I C D I V E R S I T Y



19

A D A P T I N G T O C L I M A T E C H A N G E

ADAPTATION OF FOREST TREES TO CLIMATE CHANGE

Outi Savolainen,1 Folmer Bokma,3Timo Knürr,1,2Katri Kärkkäinen,2 Tanja Pyhäjärvi1

and Witold Wachowiak1,4

1. Department of Biology, University of Oulu, Finland

2. Finnish Forest Research Institute, Vantaa Research Centre, Finland

3. Department of Ecology, University of Umeå, Sweden

4. Polish Academy of Science, Institute of Dendrology, Kórnik, Poland 

Introduction
As the environment changes, trees and 
other plants can respond in different 
ways. They may have high phenotypic 
plasticity and the existing genotypes or 
populations can simply tolerate the en-
vironmental change. Alternatively, they 
may become extinct due to lack of ability 
to cope with the abiotic changes. About 
10% (8750) of the nearly 100 000 tree spe-
cies are on the endangered species list, 
for many different reasons (Old�eld et al. 
1998). Further, following changes in the 
abiotic environment, trees can migrate 
through seed movement to more suitable 
areas and thus maintain their ‘climatic en-
velope’. Range extension has been histor-
ically a very important way of migration 
(Bradshaw and McNeilly 1991). Histori-
cally, trees have been able to spread fast, 
largely based on events of long-distance 
dispersal (Clark 1998). The dispersal rates 
in general are between 10 and 100 m per 
year, or a maximum of 100 km per 100 
years. These are nevertheless short dis-

tances, compared with what is required 
by current climate change (Malcolm et al.
2002). Range extension is currently occur-
ring. For instance, the Scots pine (Pinus 
sylvestris) forest limit in northern Finland 
moved 6 km to the north between 1935 
and 1995 (Sirén 1998). 

The above-mentioned possibilities have 
been extensively considered as respons-
es to the current human-induced cli-
mate change, but populations may also 
be able to evolve and genetically adapt 
to new conditions. This was suggested 
early by Bradshaw and McNeilly (1991). 
More recently, Davis and colleagues 
have examined the potential for evolu-
tionary responses (Lynch 1996; Davis 
and Shaw 2001; Davis et al. 2005). The 
genetic structure of many tree popula-
tions demonstrates that, in addition to 
migrating to different areas with chang-
ing climate, a common response of tree 
populations has historically also been to 
evolve through genetic differentiation 

Savolainen,O., Bokma, F., Knürr, T., Kärkkäinen, K., Pyhäjärvi, T. and Wachowiak, W. 2007. Adaptation
of forest trees to climate change. In: Koskela, J., Buck, A. and Teissier du Cros, E., editors. Climate
change and forest genetic diversity: Implications for sustainable forest management in Europe. Biover-
sity International, Rome, Italy. pp. 19–30.
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with respect to the geographically vary-
ing climatic conditions. Thus, this pos-
sibility deserves attention.

In this paper, we discuss the extent of 
local genetic adaptation in trees, the 
evolutionary forces that generate this 
differentiation, and then evaluate pos-
sibilities for trees to adapt to the chang-
ing climate, in both natural populations 
and under silvicultural conditions. We 
use Scots pine as a special case study, 
but aim to make some general conclu-
sions on the adaptation of forest trees to 
climate change. We especially consider 
northern Europe. 

By definition, locally adapted popu-
lations have the highest fitness when 

compared with other populations at 
their growing site (Kawecki and Ebert 
2004). At other sites, they will have 
lower fitness than the local populations 
(Figure 1). Thus, the appropriate test of 
local adaptation is the ranking (against 
other populations) of lifetime fitness at 
the local site. This does not mean that the 
locally adapted population would not 
grow better elsewhere, just that they are 
best at home. This kind of full informa-
tion is not available for forest trees, but is 
it needed? Tree breeders are of course not 
directly interested in this evolutionary 
definition of local adaptation, because 
growth and survival in different envi-
ronments are of more immediate inter-
est. However, it can be important to also 
consider reproduction or competitive 

figure 1.	Schematic	presentation	of	local	adaptation.	Locally	adapted	populations	have	higher	
fitness	than	other	populations	at	their	site	of	origin.	Population	A	(solid	circles)	originates	from	site	1,	
population	B	(open	circles)	from	site	2.	In	Figure	1	(a),	each	population	has	highest	fitness	at	its	home	
site;	in	Figure	1	(b),	although	population	B	performs	better	at	site	1	than	in	site	2,	local	population	A	
does	even	better	at	site	1.
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ability in intra- and interspecific compe-
tition. During climate change, economi-
cally important tree populations may be 
intensively managed with silviculture to 
directions decided by humans but other, 
natural tree populations will follow the 
rules of natural evolution. Thus it will 
also be important to understand the ev-
olution of local climatic adaptation and 
to take both natural and human directed 
evolution into account.

trees have evolved through local 
adaptation: evidence from provenance 
trials and clines
Results on local adaptation in trees come 
from two sources: provenance trials and 
patterns of clinal variation. Provenance 
trials of forest trees differ from classical 
local adaptation experiments of other 
plants in many ways (Clausen et al. 
1948). Seedlings are planted as plots of 
seedlings of the same origin, in spaced 
plantings, where both intraspecific and 
interspecific competition are avoided, 
or at least reduced. Not surprisingly, 
reproductive fitness is practically never 
studied in such trials. Thus, two impor-
tant fitness components, early survival 
in competitive conditions and reproduc-
tive ability, are not included. 

Provenance trials are generally not de-
signed to test for local adaptation, but 
for finding genetic materials that could 
be used to increase productivity. Eiche 
(1966) and Eriksson et al. (1980) found 
in large Scots pine experiments that 

seedlings transferred southward [in the 
northern hemisphere] had increased 
survival. Beuker (1994) also found that 
volume production of northern prov-
enances increased upon transfer to the 
south. The results of a very large Scots 
pine provenance trial (Shutyaev and 
Giertych 1997) were used by Rehfeldt et 
al. (2002) to assess Scots pine response to 
climate change. Again, northern prove-
nances transferred south to warmer cli-
mates had higher growth than at their 
original location. Thus the northern 
populations are likely to benefit from 
the warming climate. However, this 
large-scale study also predicted that the 
southernmost populations in the north-
ern hemisphere are likely to suffer from 
the warming climate. This suggests that 
the limiting factors of Scots pine popu-
lations differ in the different parts of 
the range. Findings of increased (radi-
al) growth upon climate change in the 
expected elevated temperatures have 
also been made in experimental studies 
(Kilpeläinen et al. 2005).

Note that compared with the above def-
inition, the studies do not address the 
issue of whether forest trees are locally 
adapted. The northern populations 
transferred to the south may grow better 
than at home, but worse than the south-
ern populations at those sites. But is the 
local population best in fitness? Wu and 
Ying (2004) analyzed provenance trial 
data of Lodgepole pine (Pinus contorta). 
They used height growth as a surrogate 
for fitness, and found that, in a large 
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part of the range, the local population 
was optimal for height growth. The 
large study of Scots pine also found 
evidence of local adaptation (Shutyaev 
and Giertych 1997). Very northern and 
very southern materials in the northern 
hemisphere were not found silvicultur-
ally interesting, because they were in-
ferior in growth performance to those 
from more central latitudes, except lo-
cally. This finding of local superiority 
is evidence of local adaptation. Thus, 
even when just using height as a fitness 
surrogate, provenance trials do show 
evidence of local adaptation.

We also know that Scots pine has limits 
to its adaptation. In northern Scandina-
via, the distribution range ends with-
out any geographical barrier. While 
survival is high in areas of temperature 
sums of more than 800 day degrees, 
in colder areas (e.g. northern Sweden, 
about 67°N at low altitudes) survival 
rapidly decreases (Eiche 1966). Like-
wise, northern populations in areas 
with temperature sums less than 1000 
day degrees show poor adaptation in 
terms of seed maturation (Harju et al. 
1996). Thus, it seems the populations 
may not be able to fully adapt to the 
severe conditions. The existence of ge-
netically determined clinal variation 
in adaptive traits along environmental 
gradients is also evidence of local ad-
aptation, especially if neutral markers 
in the genome show no corresponding 
differentiation (Prout and Barker 1993; 
Merilä and Crnokrak 2001; McKay and 

Latta 2002). Evidence of such clines is 
abundant in forest trees, For instance, 
in common garden experiments in 
the northern hemisphere, Scots pines 
of northern origin set their terminal 
buds before the southern ones (Mikola 
1982; Hurme et al. 1997; García-Gil et 
al. 2003). Figure 2 shows an example 
of such a cline over the Scandinavian 
latitudinal range for timing of bud set 
of one-year-old Scots pine seedling, 
grown in common garden conditions 
(as described earlier, e.g. by García-Gil 
et al. (2003)). In the same range, the di-
vergence at neutral markers is much 
lower (Karhu et al. 1996; García-Gil et 
al. 2003). Similar variation patterns that 
are concordant with climate variation 
have been found in many forest trees, 
such as Norway spruce (Picea abies) and 
Lodgepole pine (Lagercrantz and Ry-
man 1990; Yang et al. 1996). Cold hardi-
ness also shows such patterns of varia-
tion in Scots pine (Aho 1994; Hurme et 
al. 1997) and in many North American 
conifers (as reviewed by Howe et al. 
2003). In sessile oak (Quercus petraea), 
there is a longitudinal cline in timing 
of bud flush (Kremer et al. 1997). The 
latitudinal ecotypes of other woody 
perennials, including species of wil-
lows (Salix spp.), also show photope-
riod-dependent variation in cessation 
of growth (Junttila 1982). Furthermore, 
populations of forest tree species show 
differences in adaptation to drought. 
In the Mediterranean region, summer 
drought is a major factor limiting plant 
distribution and growth. Variability in 
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ecophysiological response to drought 
is found among geographical races of 
maritime pine (Pinus pinaster) (Fernan-
dez et al. 1999). Adaptation to different 
soil water conditions may also be due 
to structural rather than physiological 
variation, as was found in Scots pine 
(Palmroth et al. 1999).

In most of these cases, there is little dif-
ferentiation at neutral markers. The 
steepness of the clines and the degree 
of differentiation depends on the bal-
ance between gene flow through seeds 
and pollen, as well as natural selection 
(Ennos 1994; Barton 1999). The low dif-
ferentiation of marker genes reflects 
high migration rates. In the oak clines, 
traces of history have been eliminated, 
as shown by Kremer et al. (2002). In 
Norway spruce, the quantitative trait 

differentiation is partly also reflected at 
marker genes, suggesting that history is 
also reflected in patterns of quantitative 
variation, in addition to selection (La-
gercrantz and Ryman 1990). 

Potential for adaptation
The genetic response to selection de-
pends on the heritability of the trait 
and on the intensity of selection. The 
familiar breeder’s equation states that 
R = h2S, where R is response, h2 is her-
itability and S the selection differential. 
Forest trees are highly variable in most 
quantitative traits. Much of this varia-
tion is genetic, giving rise to moderate 
and high heritabilities (Cornelius 1994). 
Specifically, this has also been found to 
hold true for timing of bud set in Scots 
pine, where heritabilities in two popula-
tions were 0.33 to 0.67 (Savolainen et al. 
2004). Also, cold tolerance is found to be 
heritable, with more variable results, as 
reviewed by Howe et al. (2003). The real 
potential for evolutionary response is 
measured by additive genetic variance. 
A high heritability does not guarantee 
an evolutionary response if both addi-
tive genetics variance and total pheno-
typic variance are low (Houle 1992). Se-
lection in tree populations can be strong, 
as mortality can be high. Thus, there is 
considerable capacity for high selection 
differentials. The populations are large, 
and there is much gene flow, so that 
genetic drift is expected to be a minor 
factor. The conditions for a selective re-
sponse are therefore favourable.

figure 2.	Timing	of	bud	set	in	first-year	seedlings	
of	Scots	pine	(Pinus silvestris)	in	a	common	
garden	environment	in	the	northern	hemisphere.	
Northern	populations	set	their	buds	much	before	
more	southern	ones	(T.	Knürr,	K.	Kärkkäinen	and	
O.	Savolainen,	personal	communication).	For	
methods,	see	García-Gil	et	al.	(2003).
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In simple situations that correspond to 
the model, there can be very rapid ge-
netic change. Introduced plant popula-
tions sometimes adapt rapidly to the 
local climatic conditions. Introduction 
of exotic tree species or provenances 
has quickly produced new landraces 
under the combination effect of natu-
ral and artificial selection (Eldridge et 
al. 1993; Hahl 1978). Large-scale prove-
nance transfers of Douglas fir (Pseudot-
suga menziesii) to Europe have resulted 
in locally adapted populations (Klein-
schmidt and Bastien 1992). Evolution in 
natural conditions can also be relatively 
rapid. Novel photoperiodic genotypes 
adapted to the very long days of north-
ern Scandinavia evolved in silver birch 
(Betula pendula) during colonization 
after the last glacial maximum, taking 
only a few thousand years (Viherä-
Aarnio et al. 2005). 

Gene flow influences the process of 
adaptation. When new areas are colo-
nized, seed migration is especially im-
portant (Austerlitz et al. 2000). In the 
later stages, pollen flow is especially 
effective. This is reflected in the lack of 
differentiation for most of the genome. 
Gene flow can hamper adaptation in 
marginal populations, but it also pro-
vides more genetic variability for selec-
tion to act upon. These general features 
of forest trees show that selection is 
likely to be powerful. This has led some 
authors to conclude that forest trees 
will be able to adapt to the current cli-
mate change without problems. 

Evolving in the changing climate is a 
complex process
Evolution during the current climate 
change is a more complicated situation 
than colonization and adaptation after 
the ice age. The present environmen-
tal changes are taking place rapidly. In 
northern Europe, temperature is expect-
ed to increase by at least 4° to 6°C within 
the next hundred years (Houghton et 
al. 2001). The landscape is not empty 
but filled with existing plant species. 
This will make colonization of new ar-
eas much more difficult for many trees 
(Malcolm et al. 2002). For some species, 
such as Scots pine, interspecific compe-
tition is predicted to be more intense, 
as climate change is likely favour other 
species, such as birch (Kellomäki et al. 
2001). Ecologists have thus predicted 
that Scots pine will decline, while tree 
breeders have suggested that it will do 
very well in the northern areas under 
the warming climate (Kellomäki et al. 
2001).

As the biological situation is quite com-
plex, we used simulations to evaluate 
the potential of trees to adapt genetical-
ly to a new environment, through local 
selection and through gene flow, mostly 
by pollen (Savolainen et al. 2004). The 
basic assumption is that the genetic 
composition of the population, with re-
spect to timing of growth (or cessation of 
growth), should follow the ‘climatic en-
velope’. The temperature sum at latitude 
68°N is expected to be approximately 
like the temperature sum at latitude 
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61°N currently. Thus, the population at 
68°N should evolve to have the timing 
of growth characteristics of the popula-
tion currently found at latitude 61°N. 

We simulated adaptation of 10 Scots 
pine populations equally spaced along a 
latitudinal climate gradient, all consist-
ing of 1000 individuals that reached ma-
turity at 20 years and a maximum age 
at 150 years. Vacancies left by individu-
als that reached the maximum age were 
filled by the best adapted (see below) of 
20 seedlings, the mothers of which were 
sampled at random from the population 
where the vacancy occurred, while the 
fathers were sampled from a randomly 
sampled population. This reflects that 
dispersal in Scots pine is mainly by pol-
len. Paternal populations were sampled 
from a normal distribution with zero 
mean and unit variance, which trans-
lates into pollen dispersal distances that 
make the 10 populations correspond ap-
proximately to the latitudinal range of 
Scots pine in Finland.

Contrary to adult trees, seedlings (i.e. 
individuals younger than 20 years) may 
die due to frost damage. We assumed 
that the autumn onset of frost varies lin-
early from south (late onset, long grow-
ing season) to north (early onset, short 
growing season). Seedlings must set bud 
(and become frost hardy) before the on-
set of frost, otherwise they die. Timing 
of bud set was modelled as a quantita-
tive trait with 50% heritability, governed 
by 5 additively acting loci on different 

chromosomes, with two alleles per lo-
cus. Seedlings that set bud after the onset 
of frost quickly die in the simulations. In 
contrast, seedlings that set bud too early 
remain small due to their short period of 
growth. They are therefore likely to lose 
the competition for space. We assumed 
that competition for space takes place 
dominantly during the seedling stage. 
Therefore, the ‘best’ seedling, that fills a 
vacancy, is the largest of the 20 seedlings 
that did not die due to frost damage. 
There is thus a stabilizing selection, with 
frost selecting against late bud set and 
competition against early bud set. As 
the onset of frost varies clinally, so the 
point towards which selection acts dif-
fers clinally between populations.

From random initial genotypes and age 
distribution, the populations were set 
to adapt to a stable (but clinally vary-
ing) climate for 5000 years. Then climate 
change began, with the onset of autumn 
frost changing by equal increments each 
year and in every population for a pe-
riod of a hundred years. The magnitude 
of change is such that the northernmost 
populations experience the climate of 
the southernmost after 100 years. That 
corresponds to the prediction from cli-
mate change models that, in a hundred 
years, northern Finland will have the 
climate that is currently found in south-
ern Finland. The magnitude of change 
depends in this way only on the steep-
ness of the initial cline. After 100 years 
of climate change, the response of the 
populations was monitored for another 



C l i m a t e � C h a n g e � a n d � g e n e t i C � d i v e r s i t y

26

400 years, during which no further cli-
mate change took place.

After having grown adapted to a stable, 
clinally varying climate, the simulated 
Scots pine populations are clearly local-
ly adapted, as population average bud 
set date closely follows the cline in onset 
of frost (not shown), with early bud set 
in the north and late in the south. Cli-
mate change evokes a response in the 
clinally adapted Scots pine populations. 
The change in the mean of the overall 
populations (including all age classes) 
is shown in Figure 3. Because adult trees 
do not die due to frost damage or com-
petition, the response of the populations 
to changing climate is much slower than 
the climate change itself. Thus, these 
simulations that are based on the biolo-
gy of the species, suggest that the genet-
ic change in Scots pine will be very small 

during the next 100 years. In northern 
Europe, the existing trees will survive 
for a long period under the warmer cli-
mate and there will be few sites available 
for the new, genetically more adapted 
seedlings. At the same time, the surviv-
ing trees will act as a buffer against an 
immediate population decline.

Change was achieved through new in-
dividuals that enter the population only 
when vacancies occur, which happens 
relatively rarely in a long-lived species 
like Scots pine. Under climate warm-
ing, pollen migration from the south can 
increase the rate of adaptation (within 
reasonable values). Genetic and phe-
notypic change of the pine populations 
still continues after climate change has 
ceased. Only 500 years after the onset 
of climate change, that is 400 years af-
ter the climate has stopped changing, do 

figure 3.	Response	of	clinal	Scots	pine	(Pinus silvestris)	populations	to	climate	warming.		
A.	The	relation	between	phenotypic	response	and	intensity	of	climate	change.	Climate	change	and	
response	are	measured	in	phenotypic	standard	deviations	(pht	sd).		
B.	Phenotypic	response	over	time	when	the	intensity	of	climate	change	is	-0.25.		
For	both	panels:	closed	dots	represent	average	change	over	10	populations	in	the	average	phenotype	
after	100	years	of	climate	change.	Open	dots	represent	the	subsequent	averages	after	intervals	of	100	
years.	The	straight	line	in	panel	A	is	x=y.
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phenotypic and genetic change in the 
populations cease. Interestingly, that pe-
riod does not depend on the intensity of 
climate change: if the initial cline is shal-
low, and consequently climate change 
is less intensive, the response of popu-
lations is also smaller, but it continues 
about as long. In all simulations, irre-
spective of the intensity and direction of 
climate change, it takes approximately 
500 years before genotypic and pheno-
typic response is complete.

Rehfeldt et al. (2002) considered how 
long it would take for local populations 
to evolve to a new optimum, using the 
simple models. They suggested about 13 
generations, which in Scots pine could 
be much longer than the time that we 
predict here. The difference is at least 
partly accounted for by considering 
migration. 

Evolution may be slowed down by vari-
ous factors. Etterson and Shaw (2001) 
found that negative genetic correlation 
may slow down the response. Also note 
that, in our case, migration from the 
south contributes to speeding the re-
sponse to climate change. However, the 
southern populations will not experi-
ence any migration from the south, and 
migration from populations in the north 
will have the opposite effect, preventing 
adaptation. Rehfeldt et al. (2002) pre-
dicted that some southern populations 
might become extinct if they are not able 
to evolve. Lynch (1996) reviewed the 
theoretical results of quantitative genet-

ics. Initial responses of populations with 
high genetic variability can be very large 
for many generations, accompanied by 
high mortality. However, the long-term 
sustainable response within individual 
populations per generation is only a 
few percent of the phenotypic standard 
deviation. 

Competition between species may have 
very important effects. In the southern 
part of the distribution range, the situa-
tion may be quite different due to differ-
ent selective agents (i.e. drought stress 
instead of adaptation to cold). Sabaté 
et al. (2002) studied impact of climate 
change on growth of five forest tree 
species (Quercus ilex, Pinus halepensis, 
P. pinaster, P. sylvestris, Fagus sylvatica) 
at seven Mediterranean sites represent-
ing different environmental conditions, 
with a broad range of elevation, lati-
tude, rainfall and temperature patterns. 
The simulations show that increased 
temperature and rainfall in the region, 
together with increased atmospheric 
CO2, will have positive effects on forest 
growth and wood production. Howev-
er, the response of different tree species 
may differ. 

Conclusions and recommendations
The effects of changes in interspecific 
competition and reproductive potential 
should be included when considering 
climate change effects. The adaptation 
of trees can be aided by appropriate 
moving of forest reproductive materi-
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als, taking into consideration seasonal 
adaptation. High genetic variability and 
much opportunity for selection allow 
natural selection to result in adaptation. 
Research work on short-lived model 
species can also help in understanding 
climate change consequences. The po-
tential changes in the growth rhythm of 
trees in a changing temperature environ-
ment but current photoperiodic condi-
tions need to be examined more closely. 
More detailed information on the genet-
ic basis of growth rhythm would help us 
to build more reliable models of possible 
processes.
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Introduction
Research on the possible impacts of cli-
mate change on forests in Europe and the 
development of adaptation and mitiga-
tion strategies started in the early 1990s, 
shortly after �rst concerns were raised 
about the consequences for Earth’s 
climate of anthropogenic greenhouse 
gas emissions (e.g. Kanninen and Ant-
tila 1992; Burschel et al. 1993; Kräuchi 
1993; Bugmann 1994). Since then, assess-
ments of climate change, its impacts and 
subsequent consequences to natural re-
source management have been the focus 
of continuous research efforts (Brown et 
al. 1996; Kellomäki et al. 1997; Kellomäki 
et al. 2000; Lindner 2000; Lasch et al.
2002; Lindner et al. 2002; Kellomäki and 
Sanna 2005). 

The forest sector is very sensitive to 
changes in climate because trees have 
a long life span and it takes consider-
able time for forest ecosystems to adapt 
to changing environmental conditions. 
Unlike in agriculture, adaptation meas-
ures for forestry need to be planned well 
in advance of expected changes in grow-

ing conditions because the forests regen-
erated today will have to cope with the 
climate conditions of the next 60 to 100 
years.

Despite the intensive research efforts, 
planning of adaptation measures for for-
est management, taking into account the 
anticipated climatic conditions for the 
rest of the 21st century, is a dif�cult task. 
This is because: (1) there is still consider-
able uncertainty about the future climate 
development and current climate projec-
tions are not yet trustworthy with regard 
to the projection of future climate vari-
ability and extreme events; and (2) the 
existing impact assessments vary a lot, 
depending on the simulation models ap-
plied and climate scenarios investigated. 
Consequently, decision-making needs to 
analyse ecosystem vulnerability and risks 
induced by climate change, and consider 
the associated uncertainties, while devel-
oping adaptation strategies.

This paper �rst summarizes the chal-
lenges that climate change creates for 
forest management in Europe, to build a 

Lindner, M. 2007. How to adapt forest management in response to the challenges of climate
change?  In: Koskela, J., Buck, A. and Teissier du Cros, E., editors. Climate change and forest
genetic diversity: Implications for sustainable forest management in Europe. Bioversity International,
Rome, Italy. pp. 31–42.
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basis for the following analysis of possi-
ble adaptation strategies. Opportunities 
and risks of adaptive forest management 
will be discussed, and based on this dis-
cussion, conclusions and recommenda-
tions will be drawn. 

the challenge of climate change for forest 
management
The scientific community largely agrees 
that our climate is warming due to an-
thropogenic greenhouse gas emissions 
(Houghton et al. 2001). Climate change 
is already a reality. Temperature has 
increased by 0.8°C since 1900 (Hansen 
et al. 2006) and the 12 hottest years ob-
served globally since 1880 all occurred 
between 1990 and 2005. Changes in pre-
cipitation have been more variable. Dore 
(2005) analyzed evidence of changing 
patterns of precipitation in observed 
weather data and found that variance of 
precipitation has increased everywhere. 
There was also a tendency for humid ar-
eas to become more humid, and dry and 
arid areas to become even drier. 

Projected future changes of climate for 
Europe are varying, depending on the 
different emission scenarios and global 
circulation models applied (Mitchell et 
al. 2004; Schröter et al. 2005). There is 
still considerable regional and seasonal 
variance in different model projections, 
especially with respect to projected 
changes in precipitation. But all sce-
narios are consistently showing annual 
temperature increases of more than 2°C 

by 2080 compared with average temper-
atures of 1960–1990. Moreover, all sce-
narios project decreasing precipitation 
in the Mediterranean region.

Climate change may not only result in 
warmer average climatic conditions. 
Changes in the variability of climatic 
conditions from year to year could be 
even more important. Only recently 
have studies begun to investigate pos-
sible changes in climate variability and 
extreme events (Beniston and Stephen-
son 2004; Schär et al. 2004; Salinger 
2005). Scherrer et al. (2005) analyzed 
changes in observed climate variabil-
ity in Europe from 1961 to 2004 and 
in a set of climate change scenarios. 
They found a tendency for increasing 
variability in future summers, which 
could have more drastic impacts on  
ecosystems than the changes in average 
climatic conditions. The exceptional 
drought in the summer of 2003 has al-
ready demonstrated how severely such 
extreme weather conditions can affect 
ecosystems (Ciais et al. 2005).

Different studies on the potential im-
pacts of climate change to European 
forests indicate a broad range of results, 
including both positive and negative 
growth responses (e.g. (Kellomäki et al. 
2000; Lasch et al. 2002; Nabuurs et al. 
2002; Sabaté et al. 2002; Schröter et al. 
2005). While some of the differences in 
the results can be attributed to the ap-
plication of contrasting climate change 
scenarios or to different responses 
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in the simulation models to similar 
changes in climate (see e.g. Loehle and 
LeBlanc 1996), there are also large re-
gional differences in the sensitivity of 
forests to climate change. This sensitiv-
ity depends strongly on the present en-
vironmental conditions of the forests. 
Figure 1 presents simulated growth 
response patterns for Scots pine (Pi-
nus sylvestris) at three different sites 
under boreal, temperate-continental 
and Mediterranean climates. Growth 
responses to increases in temperature 
and changes in precipitation compared 
with the current climate vary drasti-
cally between the three sites. In North-
ern Finland, temperature is currently 
the main limiting growth factor and 
consequently the production at this 
site will increase quite strongly with 
higher temperatures. According to the 
simulation model applied, water avail-
ability at this site is not influencing the 
growth within the investigated range 
of precipitation changes. In a temper-
ate-continental climate, temperature is 
less important because the main limit-
ing growth factor is water availability. 
Reduced precipitation leads to drastic 
decreases in productivity, higher pre-
cipitation in contrast increases growth. 
Small temperature increases may still 
increase growth at a given level of 
precipitation, but the positive effect 
of increasing temperature diminishes 
when increases are larger than 3°C. In 
Spain, at the southern end of the distri-
bution range of Scots pine, the growth 
response patterns are again different. 

Water availability strongly influences 
growth, and under the Mediterranean 
environmental conditions further tem-
perature increases also reduce water 
availability and consequently forest 
productivity.

The frequency and intensity of distur-
bances may also be affected by climate 
change. Whereas the forest fire risk is 
directly influenced by changes in tem-
perature and precipitation, less scientific 
evidence exists about possible increase 
in storm damage. Insects are likely to 
gain (e.g. Volney and Fleming 2000) but 
their impacts are very difficult to predict 
because of complex interactions with cli-
mate, other environmental factors, hosts 
and antagonistic species. 

Our understanding of climate change 
will remain sketchy for quite some time. 
Many uncertainties in climate projec-
tions and the associated impacts on for-
ests cannot be easily resolved. How to 
deal with uncertainties in climate change 
projections constitutes a big challenge 
for designing adaptation strategies in 
forest management.

different concepts of adaptation to climate 
change
The previous section presented many 
faces of climate change: improving 
productivity in the north, increasing 
drought in the south, increasing vari-
ability in weather conditions, and pos-
sibly more severe extreme weather 
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figure 1.	Relative	changes	in	stem	volume	growth	of	Scots	pine	(Pinus sylvestris)	in	response	
to	temperature	increases	of	up	to	5°C	and	variable	precipitation	from	minus	20%	to	plus	20%	
compared	with	present	average	climatic	conditions.	Simulation	results	for	three	different	sites	
across	the	distribution	range	of	Scots	pine:	northern	Finland;	north-eastern	Germany;	and	
north-eastern	Spain	(Kellomäki	and	Sanna	2005).
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events and disturbances all over Eu-
rope. This listing alone already sug-
gests that there cannot be only one way 
to adapt forest management. So how 
can forest management be adapted to 
cope with these challenges? Different 
adaptation strategies are needed in dif-
ferent situations.

“Adaptation refers to the actions 
that people take in response to, or 
in anticipation of, projected or ac-
tual changes in climate, to reduce 
adverse impacts or take advan-
tage of the opportunities posed 
by climate change.”  (Tompkins 
and Adger 2004). 

There is a growing literature on the sub-
ject of adaptation of forest management 
to climate change (Lindner 1999, 2000; 
Spittlehouse and Stewart 2003; Hulme 
2005; Maciver and Wheaton 2005; Spit-
tlehouse 2005). The EU-funded SILVIS-
TRAT project (Kellomäki and Leinonen 
2005) explored forest management re-
sponse strategies to climate change at 
the stand and management unit level 
(Badeck et al. 2005; Gracia et al. 2005; 
Kellomäki et al. 2005). While these stud-
ies have been clearly advancing our un-
derstanding of the needs for adaptation 
and possible ways of exploring response 
options, there is still a huge gap between 
theory and application in practical forest 
management. There is increasing aware-
ness that in addition to the general inves-
tigation of climate change impacts and 
adaptation options at the international 

level (e.g. as part of policy processes such 
as the United Nations Framework Con-
vention on Climate Change) there should 
also be a bottom-up assessment compo-
nent in the search for suitable adaptation 
strategies (Parry et al. 2005). This should 
be based on the analysis of past and cur-
rent climate vulnerability, assessment of 
existing coping strategies, and sugges-
tions on options for how these might be 
modified with climate change. Reducing 
vulnerability involves both a reduction in 
exposure to climate stress and an increase 
in adaptive capacity.

“Adaptation strategies should 
aim to increase the flexibility in 
management of vulnerable eco-
systems, enhance the inherent 
adaptability of the species and 
ecosystem processes within vul-
nerable natural systems, and re-
duce trends in environmental and 
social pressures that increase vul-
nerability to climate variability.” 
 (Hulme 2005) 

The decision-making process in forest 
management will always be influenced 
by the risk attitude of a forest manager. 
Risk aversion and risk tolerance are two 
very contrasting approaches to living 
with risks, and both are applied in eve-
ryday life. The personal risk perception 
will determine to what extent risks are 
anticipated and how strongly manage-
ment decisions will aim at reducing the 
anticipated risks. Burton et al. (1998) 
described different categories of adapta-
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tion strategies, including the acceptance 
of potential losses with the baseline re-
sponse of ‘do nothing’, mitigation meas-
ures to reduce the threat, protection 
measures to prevent adverse effects, 
and adaptive changes in management 
practices. 

Adaptive forest management can utilize 
species-specific characteristics to reduce 
risks of adverse effects of climate change 
and to mobilize potential benefits, such 
as increased production rates. Tree spe-
cies differ in growth rate, drought sensi-
tivity and susceptibility to disturbances. 
Forest management includes making 
choices about species selection and mix-
tures, using natural or artificial regen-
eration, the timing and intensity of thin-
ning and harvesting, and the application 
of fertilizers (and possibly irrigation in 
intensive plantation systems).

Different forest management options 
create opportunities and trade-offs. In 
the following, pairs of contrasting man-
agement alternatives will be used to il-
lustrate opposing orientations. 

A reduced inputs strategy to respond 
to climate change relies on natural re-
generation to maintain a wide genetic 
diversity, mixed species forests with 
varying ecological characteristics, and 
only restricted salvage logging after dis-
turbances. This strategy aims at using 
natural processes as much as possible to 
maintain or develop a high adaptation 
potential. The reduction in the risk of 

adverse effects would be achieved with 
low costs.

An increased inputs strategy to cope 
with climate change, in contrast, 
would include planting of genetically 
improved seedlings, fertilization, op-
timized and possibly intensified thin-
ning, and salvaging of deadwood after 
disturbances. This strategy aims to mo-
bilize all possible potentials. The high-
er costs associated with this strategy 
would be at least compensated through 
increased yields. 

In addition to stand-level management, 
there are also management options at 
higher hierarchical scales of manage-
ment units, which are linked to other 
land use types creating landscape pat-
terns. At this scale, the contrasting man-
agement strategies could be coined an 
integration approach versus a segrega-
tion approach. The integration approach 
favours multi-species mixtures and 
aims to achieve risk reduction in each 
individual stand. This requires compro-
mises in species selection because the 
most productive tree species would be 
mixed with species having a wider cli-
matic amplitude, but often also lower 
productivity. Thus, the applied caution-
ary principle would result in a reduced 
production capacity. The segregation 
approach, in contrast, mixes forest types 
and management regimes at the district 
level. Risk reduction would be achieved 
through diversifying forest types, but 
the opportunities for high growth po-
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tentials from productive species would 
be utilized on appropriate sites. 

The integration approach has been tradi-
tionally supported in Central European 
management systems. For example, 
Müller (1997) suggested that nature-
oriented mixed forests would be best 
adapted to a broad range of climatic con-
ditions. Conversion of even-aged Nor-
way spruce (Picea abies) monocultures to 
mixed forests has been supported in sev-
eral countries because broadleaved spe-
cies are less susceptible to disturbances 
(Spiecker et al. 2004). In other parts of the 
world, the segregation approach is more 
common. New Zealand is a well-known 
example of using intensive plantation 
forestry for wood production, while 
larger areas of natural forests are pro-
tected to enhance biodiversity. 

hypothetical examples of how German 
forests could look in 2100
Let us assume that all German forest 
managers would follow an integration 
approach with a reduced inputs strat-
egy by implementing a conversion of 
all even-aged Norway spruce forests 
into mixed uneven-aged forests. On 
the one hand, this would reduce the 
risk of some adverse impacts of climate 
change, such as bark beetle infestations 
(Lexer and Hönninger 1998), but, on the 
other hand, such a change in manage-
ment would also affect many other for-
est functions. One consequence would 
be that the forest area would become 

more uniform, with less variation be-
tween stands. 

Another possible change in management 
for the abundant even-aged Norway 
spruce forests could be to replace them 
with Douglas fir (Pseudotsuga menziesii) 
stands. This species is also very produc-
tive, but it is much more drought toler-
ant and can grow under a broad range 
of site conditions. Private forest owners 
have already considerably expanded 
the use of Douglas fir, and under con-
ditions of climate change it might offer 
the best economic prospects. The expan-
sion of Douglas fir is, however, not well 
received by conservationists, because 
it is an introduced species from North 
America. Moreover, if managed in dense 
stands, the associated species diversity 
and amenity values are very low. Several 
federal states in Germany have specified 
restricted targets for the share of Douglas 
fir in species composition, but this mainly 
affects the species choice in state-owned 
forests. Anyway, if all private forest own-
ers based their management decisions 
on economics alone, large areas of Ger-
man forest land would be dominated by 
Douglas fir by 2100. 

Whereas both of these contrasting man-
agement scenarios for Germany would 
have less favourable consequences for 
certain forest functions (e.g. biodiver-
sity or amenity values), a combination 
of both management options at the 
landscape scale would have much bet-
ter impacts. The positive aspects of both 
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management strategies could still be uti-
lized, while avoiding some of the nega-
tive side effects of the large-scale appli-
cation of the same strategy. 

discussion
This paper reviewed some of the chal-
lenges posed by climate change to for-
est management in Europe. Possible 
response options in forest management 
were also outlined. The alternative ad-
aptation strategies can be analysed in 
terms of opportunities and trade-offs. 
The contrast in management options is 
high, because there are still large un-
certainties linked to the future climate 
projections and to ecosystem responses 
to climate change. These uncertainties 
span a broad range of possible future 
conditions and as we cannot yet assign 
probabilities to the different scenarios 
there is no way of identifying one man-
agement option as the best choice. 

Although climate change scenarios 
are continuously improving, with bet-
ter representation of climate variability 
and extreme events, there is reason to 
believe that forecasts of climate change 
impacts will remain rather uncertain in 
the near to intermediate term. We know 
surprisingly little about forest growth at 
the physiological limit because competi-
tion effects usually confound the funda-
mental niche of forest species (e.g. Aus-
tin and Smith 1989; Loehle and LeBlanc; 
1996). Moreover, climate change consists 
not only of temperature and precipita-

tion changes, and the impacts of CO2 
fertilization are still very controversial 
(e.g. Körner et al. 2005).

Over the past one-and-a-half decades, 
the methods applied in climate impact 
research have improved considerably. 
While the earlier assessments were based 
largely on empirically based bio-geo-
graphical models or forest gap models, 
research on mechanistic responses to cli-
mate change revealed that some of the 
early assessments overestimated the ef-
fects of the projected changes in climate 
(Loehle and LeBlanc 1996; Schenk 1996). 
Modelling developments have enabled 
investigation of the impacts of climate 
change with process-based forest growth 
models, incorporating growth responses 
to changes in average climate conditions 
and in atmospheric CO2. But even the 
latest state-of-the-art models applied in 
climate impact research may differ a lot 
in their simulated responses to climate 
change (Kramer et al. 2002; Lindner et al. 
2005). Consequently, management rec-
ommendations should not be based on 
the outputs of single model simulations. 

It is important that uncertainties inher-
ent in the projections are explicitly in-
cluded in the decision-making process. 
There are well-established economic 
methods to incorporate risk perceptions 
in management decisions (Valsta 1992). 
One approach would be to estimate the 
opportunity costs of the alternative ad-
aptation strategies. Different climate 
change scenarios can be analyzed with 
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considerations of the associated uncer-
tainties of the climate change scenarios 
and impact assessments. Under any giv-
en climate change scenario, there will be 
one optimum management in economic 
terms. All other adaptation strategies 
will incur opportunity costs. Unfortu-
nately, we still do not know which cli-
mate change scenario has the highest 
probability of becoming reality. It would 
be possible, however, to analyze a large 
set of plausible scenarios and select the 
adaptation strategy which on average 
returns the best results. 

What complicates the problem even 
further is that in addition to econom-
ics, there are many other criteria influ-
encing management decisions today. 
Biodiversity consideration and amenity 
values, just to name two examples, will 
often not be favoured by the economi-
cally best adaptation strategy. Personal 
preferences of the forest manager and 
the societal context will therefore have a 
strong influence on management choice. 
Nevertheless, an analysis of opportunity 
costs and trade-offs with other important 
functions will be very helpful in select-
ing good strategies. If we accept the fact 
that multifunctional forest management 
does not need to be achieved in each 
individual forest stand, it is possible to 
reduce the trade-offs considerably by in-
corporating to some extent a segregation 
of functions at the management unit or 
landscape level. One guiding principle 
could be, for example, to use a reduced 
inputs strategy on low-productivity 

sites while intensifying production op-
portunities on more productive sites.

The long lifespan of forest trees creates 
another challenge for decision-mak-
ing: when is the best time for a change 
in species composition? Is it wiser to 
favour the species best adapted for 
current environmental conditions? Or 
should the species best adapted for fu-
ture climatic conditions be introduced? 
And when would be the best time for 
this? The currently productive species 
may eventually decline, but a less pro-
ductive species could perhaps prevent 
a possible die-back. Both options would 
probably result in opportunity costs, ei-
ther now or later. It is very likely that all 
adaptation strategies will result in cer-
tain compromises.

We can conclude from this analysis that 
it is not very helpful to search for one 
single adaptation strategy. Diversifying 
adaptation strategies leaves more op-
tions under uncertain future conditions. 
Parameters might involve the choice of 
species, forest types and forest manage-
ment strategies in individual stands of 
a management unit. But diversification 
goes beyond that by assigning prefer-
ences to different forest products and 
services according to bio-physical site 
conditions and location of stands with 
respect to societal demands on the for-
ests. This also means that diversification 
may include both intensification and 
extensification, as both are appropriate 
options in different places.
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The current degree of uncertainty in fu-
ture climate development makes it nec-
essary to frequently adjust management 
planning so as to adapt to unforeseeable 
developments. Responding to unex-
pected events, such as disturbances, can 
in fact also create opportunities for ad-
aptation. For example, a change in spe-
cies composition can be implemented 
faster by reconsidering the species se-
lection after larger disturbance events. 
Past management principles resulted 
in a preference for rather uniform stand 
types and the dominance of few species 
on large forest areas. Today, the demand 
has changed towards more varied prod-
ucts and services from forests. Modern 
silvicultural strategies are more flexible 
and can take advantage of smaller-scale 
variability. This is an important prereq-
uisite for the successful implementa-
tion of adaptation strategies in a climate 
change situation.
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Introduction
Changes in the environment and in soci-
ety expose forest managers to new chal-
lenges. In the environment, not only the 
climate is changing but also inputs of 
nitrogen and air pollution to a forest, for 
example. In society, not only timber is 
demanded from a forest but also a wide 
array of wood and non-wood goods and 
services. These include carbon seques-
tration and water holding capacity, bio-
diversity conservation, and recreation. 
Changes in the environment mean that 
the forest is no longer in equilibrium with 
the prevailing abiotic conditions. Conse-
quently, the genetic composition for func-
tional traits of trees needs adjustment, 
and it may even mean that the species 
composition of forests needs adjustment.

Classically, in genetic and ecological 
theories, the assumption is that the sys-
tem is in a dynamic equilibrium. For ex-
ample, in seed collection protocols it is 
generally assumed that all parent trees 
contribute alleles to a seed sample in 
proportion to the allele distribution in 
the parent population. However, a spa-

tial genetic structure may exist in the 
forest due to limited dispersal of pol-
len and seed rather than due to selec-
tion caused by local abiotic differences. 
The distribution of adaptive traits is 
therefore not yet in equilibrium with the 
distribution of abiotic gradients, such 
as moisture and nutrient availability, 
which in�uences an optimal sampling 
protocol. An ecological example of an 
implicit equilibrium assumption is suc-
cession of tree species. This is often con-
sidered a predictable sequence of events 
based on niche differentiation between 
species. Niche differentiation supposes 
that species either co-exist, because after 
a long evolutionary process they are suf-
�ciently dissimilar, so that competitive 
exclusion is eliminated; or that the better 
competitor replaces the poor competitor 
under the prevailing conditions. The im-
plicit equilibrium assumption is that the 
plant-to-plant interactions operate for a 
suf�ciently long period for competitive 
exclusion to reach its conclusion. This 
assumption is disputed by the non-equi-
librium explanation of species co-exist-
ence, discussed below.

Kramer, K. 2007. Resilience of European forests: towards a non-equilibrium view for the manage-
ment of diversity. In: Koskela, J., Buck, A. and Teissier du Cros, E., editors. Climate change and forest
genetic diversity: Implications for sustainable forest management in Europe. Bioversity International,
Rome, Italy. pp. 43–52.
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The validity of assuming equilibrium or 
non-equilibrium has been largely a rather 
abstract, academic discussion, especially 
in ecology. However, climate change re-
quires an urgent response to the question 
of how to manage forests that are not 
in equilibrium with the local climate, in 
terms of both genetic and species com-
position. This challenging situation de-
mands the rapid integration of genetic, 
ecological and silvicultural research to 
arrive at common standards for the eval-
uation of management options that aim 
to maintain genetic and ecological diver-
sity in the forest and to provide the goods 
and services required by society.

A non-equilibrium concept of resilience 
is proposed in this paper as a tool for 
such an evaluation of the effects of cli-
mate change on forests by different sci-
entific disciplines. With this concept of 
resilience, existing guidelines on forest 
management and general forest policies 
should be re-evaluated for their validity 
in the context of climate change.

The overall aim of this paper is to pro-
vide an introduction to the concepts of 
equilibrium, non-equilibrium and re-
silience in genetics and ecology, and to 
suggest guidelines for the management 
of forests in the face of climate change 
and varying societal demands.

Equilibrium and non-equilibrium concepts 
in ecology and genetics
Equilibrium or non-equilibrium is as-
sumed in many theories in genetics and 

ecology, either implicitly or explicitly. 
The purpose of this section is, firstly, 
to present a general introduction on 
equilibrium versus non-equilibrium in 
ecology considering the co-existence of 
species and species distribution, and to 
discuss some of the underlying genetic 
and evolutionary assumptions. Second-
ly, this section aims to present a concise 
introduction to the concept of resilience 
from both equilibrium and non-equilib-
rium points of view.

species co-existence
Many alternative hypotheses on co-ex-
istence of plant species exist in the liter-
ature. Without going into the details of 
each of these, only the broad categories 
are considered here. One hypothesis as-
suming equilibrium between the species 
and the abiotic environment is based on 
the principle of the balance of nature, 
and another assumes non-equilibrium 
between the species and the abiotic en-
vironment due to variation in space and 
time in the species’ environment. The 
equilibrium and the non-equilibrium 
approaches are often considered to be 
so fundamentally different that they are 
referred to as different paradigms (Hen-
geveld and Walter 1999).

The ‘balance of nature’ paradigm as-
sumes that tree species living together in 
an area have a long history of joint evo-
lution, which has resulted in each spe-
cies becoming adapted to a specific set 
of biotic and abiotic conditions, which 
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together represent its niche. It is thus as-
sumed that the climate is stationary rela-
tive to the rate of adaptation, although 
it is recognized that the climate and the 
abiotic environment are variable during 
that time-span. Abiotic conditions form 
boundary conditions to which a spe-
cies must adapt so that it survives and 
reproduces in the first place. Neverthe-
less, differentiation between species is 
ultimately explained by biotic causes. 
This species differentiation results in 
prevention of competitive exclusion 
leading to sustainable coexistence and 
thereby species communities. Increasing 
specialization leads to increasing spe-
cies diversity and increasing communi-
ty complexity. Population dynamics are 
thus assumed to be mainly controlled 
by density-dependent factors leading 
to numerical equilibria between species. 
Research should focus on demographic 
behaviour of species, which is why the 
equilibrium paradigm is also termed 
the demographic paradigm in ecology 
(Hengeveld and Walter 1999).

The non-equilibrium paradigm, in con-
trast, recognizes that nature is variable 
in space and in time at all scales, and that 
stochastically occurring disturbances 
drive that variability. Hence, the adap-
tive response of species ever lags behind 
trends in both the climate and abiotic 
factors. Co-existence between tree spe-
cies that share limiting resources is then 
explained by the fact that competitive 
exclusion is slow relative to ongoing 
disturbances that make these resources 

available again, such as nutrients, water 
and space. A tree species must there-
fore ‘track’ the availability of suitable 
sites to regenerate, establish, grow and 
reproduce for its sustainable existence. 
This tracking of suitable sites can be 
either through dispersal of seeds and 
vegetative propagules to find those suit-
able sites at other locations, or by using 
a ‘wait-and-see’ strategy by establishing 
dormant seeds in a seed bank at the loca-
tion where the adult plant is eventually 
replaced. In the non-equilibrium para-
digm, evolution shapes a plant species 
with life history traits so that it uniquely 
responds to competitors, climatic factors 
and the availability of regeneration sites 
created by disturbances. The non-equi-
librium paradigm thus focuses on the 
individualistic behaviour of tree species, 
which is why this paradigm is also called 
the autecological paradigm (Hengeveld 
and Walter 1999).

Geographic range of tree species
Much of the assessments of the impact 
of climate change on species distribu-
tion are based on modelling studies that 
ignore genetic processes. Species distri-
bution models can be grouped into two 
general classes: climatic envelope mod-
els, and dynamic models.

Climatic envelope models assume, first-
ly, that climate exerts a dominant control 
over the natural distribution of species 
(Pearson and Dawson 2003), and, sec-
ondly, that the current species range is 
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in equilibrium with its climatic potential 
area. If valid, statistical correlations be-
tween climate variables at the limits of 
the species’ geographical distribution 
can be used to describe current ranges. 
Critical macroclimatic factors include 
minimum frost temperature, duration 
of the growing season, and indicators of 
water stress during the growing season. 
Implicitly it is thus assumed in these 
models that physiological mechanisms 
have evolved, such as (1) frost hardiness 
of vulnerable tissues to tolerate frosts; 
(2) perception of cues from the environ-
ment, such as photoperiod or chilling, 
and forcing requirements to break dor-
mancy for the synchronization of the 
climatic seasonality of the site with the 
active growing phase of the tree; and 
(3) stomatal mechanisms or a hydrologi-
cal architecture to avoid or tolerate wa-
ter stress.

Dynamic models for the range of tree 
species can again be broadly divided into 
two classes. One class of models dynam-
ically considers physiological limiting 
mechanisms for winter cold tolerance, 
drought tolerance, and either photope-
riod or forcing and chilling requirements 
to break dormancy and start the growing 
season (Sykes et al. 1996). These limiting 
mechanisms are often also represented 
by bioclimatic variables, hence with es-
sentially the same genetic assumptions 
on tolerance as the envelope models. The 
second class considers forest succession 
models that include not only descriptions 
of the physiological limiting factors, but 

also biotic interaction, including compe-
tition for limiting shared resources such 
as light, water and nutrients (Prentice 
et al. 1991), and dispersal of propagules 
and the occurrence of stochastic distur-
bance events (Kramer et al. 2003). In ad-
dition to implicit genetic assumptions 
on adaptation to abiotic factors, forest 
succession models assume adaptation 
to biotic interactions too. These models 
are therefore explanatory tools for tran-
sient dynamics following environmental 
changes, as well as for eventual equilib-
rium states.

Both the climatic envelope models and 
the dynamic models based on bioclimat-
ic variables thus follow the equilibrium 
paradigm, whereas the forest succession 
models based on gap-phase replacement 
assume the non-equilibrium hypothesis. 
In the face of climate change, land use 
change, nutrient deposition and pollu-
tion, equilibrium models cannot pro-
duce a reliable future projection of even 
the potential distribution of plant spe-
cies or biomes, and we therefore need to 
apply non-equilibrium approaches. 

resilience
The concept of resilience differs funda-
mentally between the equilibrium and 
non-equilibrium paradigms. In equilibri-
um theory, resilience is the time required 
to return to a stable state (Pimm 1991). 
The quicker the return time, the larger 
the resilience, and therefore the system 
is more predictable. In genetics and ecol-
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ogy, much of the theory is developed to 
determine equilibrium conditions, and 
therefore the return rate to a stable state. 
In ecology, examples of equilibrium ap-
proaches include the widely-used Lot-
ka-Volterra equations and refinements 
thereof, and the resource-ratio equations 
of Tilman (1985) to assess the possible 
co-existence of plant species. In genetics, 
stable states are described by the Hardy-
Weinberg equilibrium of allele frequen-
cies, and assessments of the effects of 
selection pressure thereon. The time to 
return to pre-disturbed equilibria can be 
calculated based on first-order deriva-
tives. A technical but crucial point of this 
theory is that it applies only to small de-
viations from the stable state. 

This notion of resilience is equivalent 
to stability, or, more precisely, to neigh-
bourhood stability (Lewontin 1969). 
Neighbourhood stability needs to be 
distinguished from temporal stabil-
ity, which refers to constancy or lack of 
variability.

In non-equilibrium theory, resilience re-
fers to the conditions that allow a system 
to absorb changes in the environment 
and still persist (Holling 1973). This no-
tion of resilience recognizes that random 
events, spatial heterogeneity and chang-
es in external drivers can bring a system 
to a state far from equilibrium. Changes 
in climate, land use, nutrient deposi-
tion and pollution may very well push 
the system so far from equilibrium that 
stability analysis is no longer applicable. 

Therefore, an alternative approach is 
needed to the classical theory on return 
time to a pre-disturbed stable state.

In ecology, much research is done on 
the importance of spatial processes, in-
cluding disturbances (Tilman and Ka-
reiva 1997) and dispersal limitation in 
fragmented landscapes, as exemplified 
by many studies on metapopulation dy-
namics (Hanski and Gilpin 1997). A gen-
eral condition for a resilient metapopu-
lation is that there should be sufficient 
connectivity between habitat islands to 
allow a metapopulation to persist de-
spite recurring local extinction.

In forest genetics, an example of this 
notion of resilience is the often-stressed 
importance of having sufficient genetic 
variation in a forest as a general condi-
tion to allow adaptation. However, rela-
tively new is the insight that populations 
are not in Hardy-Weinberg equilibrium 
for adaptive traits, nor for genetic mark-
ers. Indeed, spatial genetic structure in 
both adaptive traits and genetic markers 
(see case study below) is often found, 
violating the elementary assumption of 
the Hardy-Weinberg equilibrium. This 
urges us to study gene flow through pol-
len and seeds, which is now possible as 
a result of techniques using the highly 
polymorphic genetic markers that are 
available for many tree species.

Hence, in both genetics and ecology, 
the scientific approaches move from 
the demographic, population-genetic, 
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equilibrium point of view towards the 
individualistic, autecological and non-
equilibrium point of view. However, 
scientific insight has not yet resulted in 
refined forest management strategies to 
maximize adaptive potential of tree spe-
cies. An example of a study that aimed 
to provide the first steps in that direction 
is outlined below.

Case study on the management of 
European beech
The DynaBeech project was aimed to 
bridge genetics and ecology to provide 
management recommendations for 
sustainable management of European 
beech (Fagus sylvatica) (Kramer 2004). 
The interactions between selection for 
adaptive traits, gene flow and manage-
ment practice were studied to evaluate 
the impacts of forest management on 
the dynamics of genetic and ecological 
diversity of European beech. The overall 
aim was to assess the adaptive potential 
of beech, as a model tree species, to envi-
ronmental changes based on its genetic 
and ecophysiological characteristics. 
Three sub-aims were formulated: (1) the 
development of a coupled genetic–eco-
logical individual-tree model and its 
parameterization for beech, either based 
on field studies performed within the 
DynaBeech project or obtained from lit-
erature sources; (2) the evaluation of the 
adaptive response of a beech stand to en-
vironmental changes (through sensitivi-
ty analyses of (a) initial genetic diversity, 
(b) pollen dispersal distance, (c) herita-

bility of selected phenotypic traits, and 
(d) forest management, ranging from the 
least intensive system without manage-
ment to the most intensive system repre-
sented by so-called sheltercut manage-
ment); and (3) the evaluation, by model 
simulation, of the responses of selected 
phenotypic traits and their genetic di-
versity to a range of management sys-
tems applied at the study plots. 

In summary, the main results of the 
DynaBeech project were:

Gene flow: a substantial proportion of 
pollen was coming in from outside the 
stands (44.6% and 71.8% for the Sainte-
Baume and Ventoux sites, respectively 
(G.G. Vendramin, personal communi-
cation). The results of the sensitivity 
analyses showed that, with a short pol-
len dispersal distance, the genetic diver-
sity decreases over time, and more so in 
the sheltercut system compared with a 
no-management system. Thus, long-
distance gene flow can be an important 
mechanism to counteract the loss in ge-
netic diversity caused by selection and 
drift (Hamrick 2004). 

Heritability of phenotypic traits: selec-
tive responses are low if the heritability 
is low, and vice versa. The results of the 
sensitivity analysis show that genetic di-
versity indeed declines with increasing 
heritability of a functional trait under 
the sheltercut system. In that system, 
selection on emerging recruitment is al-
lowed to operate about every 120 years, 
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thereby removing poorly adapted sap-
lings and thus reducing genetic diver-
sity. Such a trend is much less apparent 
in the no-management system because 
effective selection moments are deter-
mined by the longevity of beech, i.e. 
about 250 years.

Selection pressure on a trait: a given 
environmental change will not affect all 
traits similarly. In DynaBeech, we evalu-
ated four types of trait: (1) a neutral 
trait, which is selected neither for nor 
against, and changes due to genetic drift 
only; (2) bud burst day, which changes 
due to natural selection only; (3) spiral 
grain, which changes due to artificial se-
lection only; and (4) height growth rate, 
changing due to both natural and artifi-
cial selection. Based on the simulated re-
sponses, the selection pressure imposed 
on the selected traits increases in this or-
der and genetic diversity decreases pro-
portionally to the selection pressure. Of 
the adaptive traits, bud burst day shows 
a small response, and height growth rate 
shows a strong one, even though the 
heritabilities were set to the same value 
in the model.

Recruitment interval: the rate of adap-
tation of trees to environmental changes 
depends not so much on the longevity 
of individual trees, but on successful re-
cruitment events during the lifetime of 
a tree. Recruitment interval is in most 
forests determined by the management 
practice rather than through natural for-
est dynamics. Our modelling analysis 

on the effects of forest management at 
10 study sites showed that the loss of ge-
netic diversity is directly related to man-
agement activity, which increases from 
the no–management system to the shel-
tercut system (with several management 
regimes of intermediate intensity). The 
results indicated that selection mainly 
operates during recruitment events. 
Hence, the duration of the interval be-
tween the recruitment events is an im-
portant factor determining the adaptive 
response of the forest.

Overall, the modelling results indicated 
that the highest level of genetic variation 
is maintained in a forest by applying no 
forest management. However, the no-
management regime also led to a spatial 
genetic structure for some traits, hence 
inbreeding circles. If environmental con-
ditions change, this system is the least 
suitable, as there are few moments in 
time where adaptation most effectively 
operates, i.e. the recruitment stage. These 
adaptive moments occur more frequent-
ly with increasing management intensity, 
thereby increasing the selective response 
of adaptive traits. This takes place with a 
minor loss of both genetic diversity and 
potentially adaptive alleles. 

Hence, by spatial-explicit modelling of 
competitive interactions between in-
dividual trees, dispersal of seeds and 
pollen, and including a simple genetic 
model to allow adaptive responses of 
functional traits, the non-equilibrium ap-
proach to the dynamics of a beech forest 
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is applied, while allowing equilibria in 
frequencies of alleles for adaptive traits. 
The modelling tool, named FORGEM, 
can be used to assess transient respons-
es of tree populations and tree species 
composition to climate change and to 
determine optimal forest management 
to meet multiple goals.

An interesting observational result was 
that in the virgin forest site of Dobra, 
indications existed of a spatial structure 
for bud burst phenology. This suggests 
that so-called ‘inbreeding circles’ of 
closely related adults occur in a group 
rather than throughout the forest. In the 
half-sib experiments of DynaBeech, phe-
nology was found to have a relatively 
high narrow-sense heritability (Teissier 
du Cros et al. 2004), and in the full-sib 
trial, indications of quantitative trait loci 
were found for bud burst (Scalfi et al. 
2004). This makes bud burst phenology a 
good candidate to assess phenotypically 
whether a spatial genetic structure exists 
in a forest, without extensive laboratory 
tests. It is still under debate whether bud 
burst phenology of beech is also a good 
candidate for the evaluation of climate 
change effects because the experimental 
findings on a control by either photope-
riod or temperature or both are conflict-
ing (Falusi and Calamassi 1990, 1996; 
Heide 1993a, b).

Conclusions and recommendations
Society demands today from forest 
managers not only a reliable supply of 

timber in sufficient quality and amount, 
but also a wide array of goods and serv-
ices, ranging from carbon sequestration, 
biodiversity conservation, water reten-
tion and purification to aesthetic values. 
Guidelines for forest management to 
optimize the genetic diversity in a stand 
for a sustainable yield must therefore be 
embedded in guidelines for the manage-
ment of other forest functions.

Changes in climate, land use, nitrogen 
deposition and air pollution occur si-
multaneously, resulting in a situation 
where stands, forests and species dis-
tributions are no longer in equilibrium 
with the prevailing abiotic conditions. 
This situation demands that forests be 
managed in a way that enables adapta-
tion (in a genetic sense) and adjustment 
(in an ecological sense) to such changes. 
Genetic diversity, structural diversity 
and species diversity are, in general 
terms, conditions that allow the forest to 
adapt and adjust.

From a research point of view, more in-
tegration between genetic, ecological 
and silvicultural disciplines for the man-
agement of diversity is required. This 
should include studies on stand produc-
tivity, tree species composition of forests, 
biogeochemical cycling at the landscape 
scale, and changes in geographic distri-
butions of tree species. It is essential that 
both field studies, e.g. provenance trials, 
and modelling studies, should be used 
simultaneously to complement each 
other. Additionally, common quantifia-
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ble concepts should be developed. Here 
the concept of resilience, defined as the 
conditions that allow a system to absorb 
disturbances and environmental stress, 
should be made operational and quanti-
fied for both genetic and ecological as-
pects of diversity at the stand, landscape 
and regional scales. From a genetic point 
of view, the resilience concept is already 
quite well developed at the stand scale 
with the importance of maintaining ge-
netic diversity, whilst taking a spatial 
genetic structure and limitations of gene 
flow into account. Matching ecological 
concepts may, however, need further 
attention.

From a forest policy point of view, the 
current situation is that international 
policies on biodiversity, such as the 
Convention on Biological Diversity 
(CBD), recognize that humans have 
caused a dramatic loss in biodiversity. 
This has led to the development of 
policies and management guidelines 
aiming to prevent ongoing loss and to 
restore biodiversity. Such guidelines, 
protocols and (inter-)national poli-
cies on forest genetics should reflect 
the realization that classical equilib-
rium concepts may no longer be valid 
for systems that are now essentially in 
non-equilibrium due to climate change. 
Implementation of policies aiming at 
returning to a pre-disturbed reference 
situation may therefore not be feasible 
and the resilience of forests to ongoing 
environmental change becomes of cen-
tral importance.
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Introduction: the forestry perspective of 
climate and vegetation shift
In view of the current concern over cli-
mate change, the fundamental question 
is how forest cover and tree populations 
will react, and what the chances are to 
maintain and enhance their adaptability. 
Modelling of vegetation shifts according 
to various climate change scenarios has 
been widely applied in the temperate 
zone. For Europe, it has been forecast 
that the Mediterranean scrub will in-
vade the British Isles, broadleaved for-
ests might grow in the High Alps instead 
of conifers, and that treeless grasslands 
could conquer not only the Carpathian 
Basin, but also the central part of eastern 
Germany and Poland. 

Apart from the great uncertainty in 
forecast scenarios (especially regarding 
the amount of rainfall), the preparation 
for expected changes of this magnitude 
presents tasks not encountered before 
in forestry. The large-scale prepara-
tion and conversion of forests to future 
climatic conditions will present grave 

economic and technological challenges. 
However, it would be a very biased ap-
proach to treat this problem solely as 
an economic and ecological question, 
since forests bear also important cul-
tural, aesthetic and emotional values. 
The existence of forests is an important 
element of life quality in the European 
tradition.

Predicted climate change demands 
that a high priority be assigned to the 
study of the climatic requirements of 
forest tree species and zonal forest 
types (i.e. vegetation types determined 
primarily by macroclimate), especially 
of their xeric or lower limits, which 
are determined by tolerance to water 
stress and high temperatures. The cli-
matic (zonal) limit of greatest concern 
is the lower limit of closed temperate 
forests and its dominant species to-
wards continental grasslands or Medi-
terranean scrub, because the shift of 
this limit has dramatic consequences 
for forestry and ecology, as well as for 
life quality in general.

Mátyás, C. 2007. What do �eld trials tell about the future use of forest reproductive material? In: Koskela,
J., Buck, A. and Teissier du Cros, E., editors. Climate change and forest genetic diversity: Implications for
sustainable forest management in Europe. Bioversity International, Rome, Italy. pp. 53–69
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the neglected synthesis of ecology and 
genetics in climate change studies
Any prediction about the effects of fu-
ture climate change scenarios on stability 
and yield of forests requires information 
on the tolerance and adaptability of tree 
species. The maintenance of adaptive 
and evolutionary capacity has to be con-
sidered as a precondition for stability of 
forest ecosystems (Ledig and Kitzmiller 
1992; Eriksson et al. 1993; Mátyás 1997). 
It is strange to observe that, although the 
mentioned requirement is hard to inter-
pret without genetic background, there 
are practically no ecological or conser-
vation biology studies dealing with 
climate change effects that incorporate 
the aspect of genetic regulation of the re-
sponse. Applied ecology papers dealing 
with the responses of species to climate 
change (reviewed by Hulme 2005) cover 
limited geographical areas and short 
periods, and usually concentrate on re-
sponses in abundance with time or spa-
tial distribution. Practically none of the 
papers reviewed by Hulme (2005) deals 
with the genetics of adaptation.

Nor have quantitative response to 
change and limits of tolerance—seem-
ingly trivial questions—been among 
the priority themes of current genetic 
research. One of the reasons for this ne-
glect lies in the limited scientific repu-
tation of research in quantitative trait 
variation. In addition, such studies are 
time-consuming and expensive. It also 
has to be conceded that until recent dec-
ades, behaviour of populations under 

changed or extreme conditions had little 
practical relevance. 

Current forest genetics research con-
centrates on molecular genetic analysis 
because this approach promises a faster 
elucidation of genetic regulation of sta-
bility and tolerance, although ecologi-
cal interpretation of molecular markers 
with adaptive value has remained dubi-
ous in most cases. Out of genetic forces 
shaping variability, the random effects of 
migration, mutation and drift have been 
studied most, while adaptive response 
to selection has received significantly 
less attention. 

options of genetic adaptation on 
population and individual level
The genetic system and adaptability of 
trees have been shaped by eons of evo-
lution. On an evolutionary scale, most 
species are ephemeral creatures on 
Earth. Forest trees, especially the evolu-
tionarily more ancient conifers, certainly 
belong to the more persisting class of 
species. Tree species have not only suc-
cessfully survived changing geological 
periods, but also endure during an in-
dividual’s lifetime considerable fluctua-
tions of environment without the chance 
of escaping to more favourable habitats. 
Environmental instability, evolutionary 
history and genetic forces have shaped 
the natural adaptive strategy of trees; a 
life form with extremely long generation 
times, incomparably high within-popu-
lation genetic diversity and heterozy-
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gosity, and immense population sizes, 
both areally and numerically.

There are various genetic and non-genet-
ic mechanisms operating on the individ-
ual, population, species and ecosystem 
levels, balancing changes in environ-
mental conditions. On species and eco-
system or landscape levels, a possibility 
of responding to large-scale changes in 
the environment is migration through 
seed (and pollen) dispersal. Palaeoeco-
logical evidence of migration during 
the epochs of glacials and interglacials 
is abundant—and this is the response 
mechanism expected and described by 
most ecologically-oriented future sce-
narios as well. On the level of popula-
tions, natural selection adjusts the aver-
age fitness of a population to changing 
conditions. The directed genetic change 
of the population’s gene pool towards 
an optimum state is genetic adaptation 
in the strict sense. It is a well-accepted 
concept that the basic precondition for 
fast and effective genetic adaptation lies 
in sufficiently large variation, i.e. in ge-
netic diversity. Long-term genetic adapt-
ability is therefore directly depending on 
the conservation or even reconstruction 
of adaptive genetic variance.

On the individual genotype level, en-
vironmentally influenced phenotypic 
plasticity provides the ability to survive 
in a wide range of environments, with-
out genetic change in the classic sense. 
Plasticity means that the phenotypic 
expression of genes is influenced by the 

environment, thus the organism may 
modify its responses within genetically 
set limits. Phenotypic plasticity will set 
the limits of environmental heterogene-
ity in which a genotype or population 
can endure within its lifetime. 

Environmental signals might also trigger 
genetic carryover effects. Genetic carry-
over effects (imprinting, ‘after-effects’) 
are lasting changes in genetic regulation, 
which can be inherited (Jablonka et al. 
1995; for a review, see Martienssen and 
Colot 2001). First proofs of existence of 
such effects in certain forest trees were 
detected in boreal populations of Nor-
way spruce (Picea abies) (Skrøppa and 
Johnsen 2000) and some other conifers. 
The significance of genetic carryover in 
adaptation is so far unclear and should 
be treated with caution.

When preparing to meet the challenges 
of changing climate, it is important to 
realize which of the described mecha-
nisms will gain importance in adapta-
tion, what their action time frame is, 
and which mechanisms might be even 
negligible.

Processes of adjustment in the extant (currently 
growing) generat ion
Natural selection is eliminating the 
genotypes of low fitness and tolerance 
in the lifetime of a population, and this 
leads to better adaptation. Although 
some studies on adaptation deal with 
selection processes and with changes 
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in the genetic composition, few studies 
have in practice been implemented un-
der conditions of severe change where 
populations are reaching their tolerance 
limits. In such margin situations, the 
effectiveness of adjustment through se-
lection ceases and mass mortality may 
follow.

A much less observed mechanism, phe-
notypic plasticity, provides the ability 
of individual adjustment without any 
change in the inherited genetic resourc-
es of the population. Mainly for reasons 
of difficulty of experimental analysis, re-
action norms and limits of adaptability 
set by phenotypic plasticity are rarely 
considered in connection with adapta-
tion. Compared with plasticity, spon-
taneous natural selection will play a 
smaller role than presumed, due to the 
speed of expected changes, as explained 
below. Plasticity should gain therefore 
an increasing role as a preferred trait for 
forest reproductive material in artificial 
regeneration, nature conservation and 
restoration ecology.

Processes of adjustment in the fol lowing 
generat ions
Studies on long-distance gene flow 
through pollen have shed light on this 
very effective mechanism of constant re-
plenishment of genetic resources, which 
probably contributes to the unexpect-
edly high diversity of boreal tree popu-
lations. A possibility for responding to 
large-scale changes in the environment 

is also migration through seed dispersal. 
Preconditions for effective adjustment 
in both cases are landscape connectivity 
(availability of pollen or seed) and suit-
able speed, matching the pace of change. 
The constraints for both are discussed 
below.

Constraints to spontaneous adaptation 
and why human interference is needed
A basic question of mitigation strategy 
is how much natural genetic processes, 
such as migration, gene flow and natu-
ral selection, will spontaneously com-
pensate for the effects of climate change. 
Migration and genetic adaptation are 
investigated here as they are usually 
taken for granted in climate change 
modelling.

Is forest community change by spontaneous 
migration automatic?
It could be argued that, as in the past, 
species and communities will keep pace 
with changes and counterbalance these 
changing scenarios by colonizing new 
habitats. Authoritative studies on the 
effects of climate change on vegetation 
cover take the automatic adjustment of 
distribution areas of species (i.e. adapta-
tion through migration) for granted, ir-
respective of the migration possibilities 
and potentials. Analogies could be taken 
from observation of spontaneous chang-
es in the insect fauna. However, there 
are fundamental differences between 
the migration potential of insects and 



57

f i e l d � t r i a l s � a n d � f u t u r e � u s e

of forest trees. It should be emphasized 
that changes in distribution areas and 
vegetation cover are predicted to be of 
such a magnitude that they could never 
happen through natural succession and 
migration of forest trees. There are two 
obvious reasons for this.

Firstly, the natural migration ability of 
forest trees is slower than the forecast 
scenario change. Effective species migra-
tion has to match, inter alia, the pace of 
expected change. For Central European 
conditions it can be shown that, based 
on a scenario of an average temperature 
increase of 2°C in 35 years, isotherms 
would move north at an average speed 
of 3 km per year, and vertically 12 m per 
year in altitude (see Box 1). This has to 
be compared with the natural migration 
speed of tree species. It is known from 
palaeobotanical studies that tree popu-
lations migrate—depending on migra-
tion abilities—at rates of 0.1 to 0.4 km 
per year (Davis and Shaw 2001). The 
difference between the expected and the 
potential value is roughly one magni-
tude for horizontal migration (vertical 

migration seems to be possible if geo-
morphologic and distribution patterns 
are favourable). 

Secondly, insurmountable obstacles to 
migration are the intensely managed 
and fragmented landscapes of temper-
ate Europe. Even if tree migration could 
catch up with the speed of climate shift, 
and if migration routes were available, 
spontaneous changes would be impeded 
due to the nearly total human domina-
tion of forest ecosystems through forest 
management, which has regulated re-
generation and species composition for 
centuries. As much as it is an obstacle, 
this situation also offers a serious op-
portunity for human support to natural 
processes. 

Another constraint to migration into 
new habitats is the limited availability of 
such new habitats, due to unfavourable 
geomorphological and distributional 
conditions. Typical examples are popu-
lations restricted to mountain tops, such 
as Spanish fir (Abies pinsapo) in north-
ern Africa (Eriksson and Ekberg 2001) 

box 1.  Comparison of migration and isotherm shift  velocit ies

Natural	migration	velocities	through	seed	dispersal	(from	palaeobotanical	data):
Quercus,	Fagus:	100	to	250	m/year
Betula, Pinus:	200	to	400	m/year

Velocity	of	isotherm	shift	(scenario:	2.0˚C	in	35	years)

•
•

direction Gradient velocity

S	⇒	N	horizontal 50	km/	̊C 3000	m/year

Vertical	(altitudinal) 200	m/	̊C 11.5	m	altitude/year
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or Scots pine (Pinus sylvestris) in Spain, 
which simply have nowhere to migrate. 
In general, any tree species settled in a 
habitat that does not provide a spatially 
contiguous escape route will be affected. 
In addition to high-altitude tree species, 
coastal Mediterranean species may also 
be exposed to this threat.

are genetic adaptation mechanisms sufficient?
Regarding the genetic component of 
climatic adaptation, there is no general 
agreement, even among geneticists, on 
the urgency and modes of mitigation 
measures. Some scientists (e.g. Hamrick 
2004) argue that in the temperate zone, 
no silvicultural measures will be needed 
to mitigate the effects of changing condi-
tions because:

there is enough genetic variability in 
the populations, which might be fur-
ther replenished by migration;
regeneration is secured through 
the persistence, phenotypic plastic-
ity and long life cycle of forest tree 
populations;
palaeoecological data indicate that 
enough variation accumulates and 
is saved in refugia, and the selection 
pressure of recent climatic fluctua-
tions was without effect; and
genetic adaptation may happen in 
relatively short periods, within two 
or three generations.

These arguments may be valid, but pri-
marily in boreal regions with predomi-
nantly nature-close conditions, where 
human land use has yet had no seri-

•

•

•

•

ous impact. In certain nature conser-
vation areas or national parks, cyclical 
changes of vegetation do not pose seri-
ous problems as long as the dynamism 
of vegetation and fauna is accepted 
(Westphal and Millar 2004). However, 
in landscapes and regions transformed 
by humans, there is no room left for 
such fluctuations, especially when ap-
proaching the lower distribution limits 
of a vegetation type or a species. This 
approach does not consider genetically 
set tolerance limits, and assumes practi-
cally limitless adaptation. And last but 
not least, ecological and economic con-
sequences for forestry and human life 
quality are omitted completely from 
these arguments.

A support for accelerated adaptation of 
populations is the flux of pollen from 
distant sources. Depending on random 
wind trajectories, this long-distance 
migration probably plays a certain role 
in adaptation (Lindgren et al. 1995). 
The speed of adaptation of a gene pool 
through pollen flow can be assumed to 
be higher than that deriving from migra-
tion by dispersed seed. It is the central 
and northern part of distribution ranges 
in the northern hemisphere where influx 
of pollen might contribute to adjustment 
to change. Relatively continuous distri-
bution of a species, populations close to 
the natural state and general application 
of natural regeneration techniques are, 
however, general preconditions for ef-
fective gene flow. Neither of these can 
be taken for granted. In addition, the 
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adaptability-improving role of gene 
flow comes into effect only in subse-
quent generations. 

Common gardens: sources of valuable 
information on limits of tolerance and 
plasticity
From the point of view of selection ef-
fects of climatic extremes, studies on tol-
erance and plasticity traits are essential. 
Tolerance can be defined as the ability 
of a genotype to maintain its fitness de-
spite damage. Tolerance is presumably 
genetically correlated with phenotypic 
plasticity, i.e. with growth vigour across 
environments (Weis et al. 2000; Mátyás 
and Nagy 2005). Limits of tolerance are 
genetically set and will determine the 
presence or absence of species (Figure 1). 
Even under zonal conditions, the limit 
cannot be described properly in terms 
of average climate, as limiting condi-
tions are bound to irregularly appearing 
extremes, usually triggering damage by 
diseases and pests. The effects of climate 
parameter shifts are frequently mod-
elled but seldom studied; observations 
on tolerance limits are scarce, as forest 
management strives to operate well 
above the tolerance limits to secure eco-
nomic returns. 

The study of the effect of natural selec-
tion and the phenotypic response of 
forest trees presents serious methodical 
challenges in the field (Berki and Rasz-
tovics 2004). Such effects are much easi-
er to follow in common-garden tests, i.e. 

in provenance trials. Provenance tests 
established since the second half of the 
19th century are probably among the 
most important contributions of forest-
ers to the science of biology. They are 
unique because they have been estab-
lished with natural-state populations, 
adapted to specific conditions. They are 
unique also because these tests have 
been established across continents, at 
many sites and maintained over decades. 
Nonetheless, these tests have remained 
unnoticed by evolutionary ecologists. 

When testing a set of populations at a 
given site, a characteristic response pat-
tern can be observed, where growth and 
vigour of populations originating from 
the area of the test site tend to be the best 
and the performance of less adapted pop-
ulations decreases with the ecological dis-
tance from the location of origin (Mátyás 
and Yeatman 1992). Equations describing 
these phenomena have been developed by 
a large number of authors, and response 
functions have been broadly utilized to 
define seed transfer rules and to delimit 
seed zones. Most of these models rely on 
describing genetic variation patterns on a 
geographical basis using latitude, longi-
tude and elevation as independent vari-
ables to describe variation patterns for a 
given area. The ecological relevance of 
these variables is ambiguous.

The idea of transfer analysis, i.e. model-
ling of responses and forecasting respons-
es to scenarios based on provenance data, 
was proposed originally by Mátyás and 



C l i m a t e � C h a n g e � a n d � g e n e t i C � d i v e r s i t y

60

Yeatman (1987) and Mátyás (1994). The 
principle of this approach is the use of 
ecological variables to express the change 
of environment through transfer to the 
test site. Adaptive responses to changes 
can be interpreted, generalized and com-
pared more easily if expressed as ecologi-
cal distances. To observe tolerance and 
plasticity, populations (provenances) 
are assessed in different environmental 
conditions. Regression analysis can be 
applied to describe the change in fitness. 
The slope of the function represents the 
sensitivity to change and the possible 
limits of tolerance. Taking growth and 
health condition as proxy for fitness, the 
function is interpreted as the species’ re-
action norm of fitness to the variable in-

vestigated (precipitation, drought). Thus, 
growth and survival of natural popula-
tions adapted to a given site, transferred 
and tested in other environments as part 
of common-garden tests, can be interpret-
ed as a simulation of ambient changes at 
the original location. The transfer analy-
sis facilitates the forecasting of adaptive 
response and of effects of environmental 
change (Mátyás and Nagy 2005; Rehfeldt 
et al. 2003). 

quantitative response to change 
The quantitative assessments of com-
mon-garden tests have yielded some 
generally valid results, which are sum-
marized below. 
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figure 1. Approaching	the	genetically	set	limits	of	tolerance:	average	moisture	stress	climate	(E	index)	
of	leaf	damage	classes	of	beech	in	permanent	monitoring	plots	in	Hungary.	The	graph	shows	the	
change	in	health	status	from	healthy	(class	0)	to	dead	(class	10)	along	a	climate	gradient	of	sites	with	
increasing	summer	moisture	stress	(screened	data	averaged	for	1991	to	2001;	analysis	by	G.	Veperdi).
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Width of adaptability: phenotypic plasticity
Analysis of field tests shows remark-
able width of adaptability and persist-
ence (and, in consequence, the extended 
width of ‘local’ adaptation) in the face of 
even dramatic changes in thermal condi-
tions and, to a lesser extent, in moisture 
supply. This phenomenon indicates the 
substantial conservatism in the climatic 
adaptation of numerous tested tree spe-
cies, which has an inherent genetic basis 
and may have been enhanced by evolu-
tion (Mátyás and Nagy 2005). 

value of autochthonous, local source 
The superiority of locally adapted, autoch-
thonous populations is an unchallenged 
axiom in silviculture. The evaluation of 
provenance tests shows a more differenti-
ated picture. It seems that the fitness of lo-
cal sources expressed in (height) growth 
is clearest at locations with extreme con-
ditions. Under more favourable condi-
tions, locally adapted provenances show 
less superiority (Mátyás 2002).

asymmetry of response
An important outcome of analysis results 
is the asymmetry of response. The effect 
of environmental change on populations 
in different parts of the distribution range 
is divergent as different climatic factors 
exert their selection pressure. It should be 
noted that a species is not responding as 
a monolithic unit, due to within-species 
genetic structure. The boreal limit of tree 
distribution is temperature dependent. In 

provenance tests, populations originating 
from the upper limit of a species distribu-
tion show their maximum performance 
in much milder conditions. The effect 
diminishes with increasing temperature 
sum of the location of origin. 

At the southern limit of distribution, 
drought stress is the main controlling 
factor. Transfer of populations towards 
a cooler climate (and better moisture 
supply) results in accelerated growth. 
Transfer distance to optimum diminishes 
with decreasing temperature sum of the 
location of origin. Accordingly, the reac-
tion of indigenous tree populations to 
changing conditions will differ according 
to climatic zones (Figure 2). In the ther-
mally-limited northern-boreal zone, the 
expected rise in temperature will lead 
to strong growth acceleration with no 
significant genetic change. At lower al-
titudes, in the temperate-maritime zone, 
growth will accelerate too, along with 
higher temperatures and increasing or 
at least unchanged rainfall. In the semi-
arid temperate-continental and semi-arid 
Mediterranean zones, however, even 
relatively minor temperature increases, 
coupled with growing drought stress, 
will trigger loss of compatibility, higher 
susceptibility to diseases, and increased 
mortality. As a result, temperature in-
crease leads to relatively fast growth and 
productivity loss, and selective mortality 
(Berki and Rasztovics 2004; Mátyás 2005). 
It should be noted that the described phe-
nomena are generalizations. Substantial 
deviations may be caused by the genetic 
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system of the species, the evolutionary-
migratory past, and regional or local site 
effects. For example, there are indications 
that in certain regions of the boreal zone, 
where moisture stress is already present 
due to low precipitation, higher tempera-
tures and increased drought stress may 
also lead to incremental decline (Lapenis 
et al. 2005).

Changes in genetic diversity following climatic 
stress
Expectable genetic changes will be mi-
nor in the northern part of the distribu-

tion range despite the speed of predicted 
change. Improved growing conditions 
can be utilized through the plasticity 
potential of tree populations, without 
much selection. As inherited plasticity 
will determine the response to change, 
there is little room left for genetic adap-
tation. In the temperate-Atlantic Europe 
zone, where moisture stress is predicted 
to stay low, populations will also be well 
buffered by their adaptability.

The situation is completely different 
along the xeric limit of main tree species, 
and at the limit of closed temperate for-
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figure 2.	Schematic	characterization	of	response	to	an	‘annual	temperature	rise	of	+200	degree-
days’	climate	scenario	along	a	N–S	transect	of	differently	adapted	populations	of	Scots	pine	(Pinus 
sylvestris)	in	eastern	Europe.	The	horizontal	axis	is	the	local	sum	of	degree-days.	The	shaded	area	
indicates	direction	of	growth	response:	positive	in	the	North	and	negative	in	the	South	(source:	
Mátyás	and	Nagy	2005).
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ests. Here, natural selection becomes ef-
fective in the form of irregularly appear-
ing health decline and mortality waves 
following weather extremes. The symp-
toms of pests (gradations) and diseases 
might be mistaken for primary causes 
(this was the case in many countries in 
recent decades). High mortality rates will 
certainly exert a strong effect on the ge-
netic resources of exposed populations, 
and if stress situations aggravate, it may 
lead to local population extinction, even 
for once well-distributed, dominant spe-
cies. This underlines the importance of 
management and conservation of forest 
genetic resources.

response of communities
Studies on quantitative genetic variation 
patterns and adaptive response indicate 
significant differences between species’ 
reactions—a result of differences in their 
genetic systems and evolutionary his-
tory. Therefore, potential distribution 
areas of different species will not shift 
uniformly. A corollary is that changing 
climatic conditions will generate com-
munities not identical with the present 
ones. The coupled grave effect of chang-
es in fauna and flora of forest ecosystems 
are not discussed here as this question 
is well covered by literature on species 
biodiversity change and conservation. 

Effect on ecosystem carbon balance 
Expected warming also affects the 
functioning of the forest ecosystem as 

a carbon sink. Increased drought fre-
quency leads to growth decline and the 
quantity of sequestered carbon decreas-
es. Simultaneously, the decomposition 
rate of dead organic matter accelerates, 
causing additional carbon release into 
the atmosphere. In areas favourably af-
fected by temperature increase, growth 
acceleration leads to higher yields, as 
observed already across Western Eu-
rope (Kramer and Mohren 2001). Closer 
to the boreal limit, however, the carbon 
balance might turn strongly negative 
because of accelerated decomposition 
rates.

Consequences for forest management
In drought stress climates, incremental 
loss and higher incidence of diseases 
and pests will challenge the econom-
ics of forest operations, and will move 
emphasis more towards maintenance of 
ecological functions and conservation of 
stability and of genetic resources.

Thus, considering the long regeneration 
cycle of trees, the pace of the predicted 
climate change will be too swift to per-
mit sufficient time for proper genetic 
adaptation of tree populations. A tem-
perature shift will in any case negatively 
affect a large part of the area of a spe-
cies’ distribution. At low elevations and 
in the southern outliers of distribution 
areas, close to the lower (xeric) limit of 
the species, temperature increase will 
certainly lead to the thinning out and lo-
cal extinction of the species. 
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At the northern limits, temperature in-
crease will bring an improvement in site 
conditions. This offers the theoretical 
possibility of a migration advance for 
the species, as often modelled in climate 
scenarios. However, even in the long 
term, the utilization of climatically im-
proved zones outside the present forest 
limits will be constrained by soil condi-
tions. The development of soil profiles 
takes millennia, and the usually shallow, 
less developed soils of high altitudes 
and high latitudes will not change fast 
enough. Consequently, contrary to gen-
eral belief, high altitude and high lati-
tude site potential will not immediately 
follow the improvement in climate. 

It can be concluded that mitigation 
policy cannot rely on natural self-regu-
lation and acclimation of ecosystems. 
Tasks are imminent both in forest man-
agement and in conservation of genetic 
resources. The two areas are closely 
linked by our knowledge of the genet-
ics of forest trees, which provides the 

basis for action. As a consequence, hu-
man interference will be essential for 
the maintenance of adaptability under 
changing conditions, not only in the 
present distribution range of the spe-
cies, but also to extend the ranges of 
species at the northern peripheries of 
their distribution. This will be espe-
cially the case in the boreal zone, where 
possible temperature increases might 
be considerably higher than at medium 
latitudes (See Box 2).

Conclusions: tasks for mitigation
In general, in the core distribution area 
of widely dispersed tree species with ef-
fective gene flow, there is still no emer-
gency for preparatory measures if the 
stands have been properly managed and 
regenerated. Active preparatory meas-
ures should have priority in the case of 
rare, fragmented tree species with limit-
ed or impeded dispersal ability. Species 
occupying extreme habitats should also 
receive special attention (see Box 2.).

box 2.  urgency of preventive action: species characterist ics to be considered
low urgency high urgency

Continuous	distribution	 Fragmented,	isolated	distribution

High	density Small	populations

Naturally	regenerated Artificially	regenerated

Effective	gene	flow Limited	replenishment	of	gene	pool

Spontaneously	spreading Low	dispersal	capacity

Extensive,	zonal	habitats Extreme	sites	as	habitats

Reproduction	unaffected Disturbances	in	flowering	and	seeding	
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However, even major, widely distrib-
uted tree species need special considera-
tion in the following situations:

where there are isolated populations 
on the southern or continental fring-
es of the distribution area;
where there are isolated mountain 
populations with no ‘reserve altitude’;
in locations where conditions in 
the potential colonization area are 
unsuitable (high alpine or boreal 
conditions);
where the areas were regenerated 
with reproductive material of obvi-
ously low adaptability; and
where there are populations with 
high phenotypic plasticity.

Populations at the southern or continen-
tal distribution limits are threatened in 
particular due to strong productivity 
loss, i.e. weakened competitive ability 
and hindered sexual reproduction (Má-
tyás 2000). Investigations have shown 
that changes in climatic conditions may 
affect reproduction processes, which 
may influence regeneration and disper-
sal ability of the species. In addition to 
decline in fructification and higher mor-
tality of mature trees, low regeneration 
success and high interspecific competi-
tion (especially with shrubs and weeds) 
demand additional efforts to maintain 
genetic diversity and adaptive poten-
tial. In the case of seriously threatened 
minor tree species and valuable popula-
tions, active gene conservation measures 
will be necessary through evacuation or 
transfer to gene banks. At the same time, 
the maintenance or reconstruction of 

•

•

•

•

•

non-adaptive, random allelic frequency 
patterns is less pressing. A typical exam-
ple of this would be the maintenance of 
random, non-adaptive geographic vari-
ation patterns due to colonization, such 
as detected for European white oaks 
(Petit et al. 2002).

mitigation priorities
When deciding on priorities in conserv-
ing and utilizing climatically threatened 
genetic resources of tree populations, 
genetic information on adaptability 
should be used, if available. There is a 
generally accepted approach to judging 
adaptability, based on genetic diversity 
at biochemical or molecular level. Much 
of recent evidence indicates, however, 
that inference based on quantitative ge-
netic characteristics, such as phenotypic 
plasticity and adaptedness on the basis 
of molecular genetic parameters, is at 
present unreliable. Therefore, adaptive-
ly important, quantitative traits should 
receive at least as much attention as mo-
lecular genetic diversity. For the quan-
titative assessment of these traits, field 
experiments are indispensable and will 
remain so for the coming decades.

Forest management
Climate change mitigation is a newly 
emerging aspect of regulating the use of 
forest reproductive material. The present 
guidelines usually leave this aspect un-
considered in most countries. Rules and 
guidelines should be reconsidered in the 
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light of recent research findings. The gen-
eral need to reconsider regulations should 
be utilized as an opportunity to reach 
flexible, effective, genetically sound, con-
tinent-wide guidelines that derive from 
generally accepted principles. To reach 
consensus on these questions should be 
an eminent task for the coming years.

Artificial support for migration, i.e. 
guided transfer of identified provenanc-
es and preferring populations exhibiting 
plasticity, offer probably the most effi-
cient possibilities for mitigation through 
proper use of forest reproductive mate-
rial. Among the possible silvicultural 
management options, the most efficient 
interference is the proper selection of 
tending measures in threatened regions 
by regulating species mixture, canopy 
closure and stem density in order to im-
prove stability. Genetically, supporting 
effective gene flow by selecting proper 
natural regeneration techniques might 
be sufficient in the mildest cases of cli-
matic threat. When planning silvicultur-
al mitigating strategies, tasks in natural 
and anthropogenic forests have to be 
considered separately.

Conservation of forest genetic resources
There is a strong need to put into prac-
tice the principles and guidelines of gene 
conservation that have been formulated 
as a Europe-wide common effort under 
the auspices of EUFORGEN. This calls 
for cooperative action irrespective of na-
tional boundaries.

Research 
The challenge of environmental instabil-
ity introduces new dimensions for forest 
genetic research and demands a review 
of current research priorities. It points 
towards more efforts to elucidate natu-
ral selection processes and regulation of 
phenotypic responses. Both continent-
wide international collaboration and 
trade opportunities for forest reproduc-
tive material have developed enormous-
ly following the political and economic 
changes in Europe in recent years. For 
the use of forest reproductive material, 
this means new challenges, both positive 
and negative. Scientific collaboration 
through international research networks 
must deal with these changing challeng-
es and find proper answers. In parallel, 
there is a need to review results of com-
mon-garden tests established during the 
last century and to identify gaps in our 
knowledge, with the aim of agreeing 
on new, complementary test networks 
to provide a solid foundation for future 
use of reproductive material.

Need for a common plan of act ion
The fundamental basis of adaptabil-
ity is the genetic variability inherent 
in natural tree populations. Climate 
change research results indicate that, 
because of the conservative nature of 
the genetic adaptation process, and the 
relative speed of expected change, even 
agricultural crops will demand a strat-
egy to facilitate adaptation. Long-lived, 
immobile organisms, such as trees, will 



67

f i e l d � t r i a l s � a n d � f u t u r e � u s e

especially need human interference, in 
spite of an impressive adaptation capac-
ity. To counteract genetic erosion and ex-
tinction, populations and outliers along 
the southern (or low-elevation) limits of 
species’ distribution areas will need spe-
cial attention. 

Through international cooperation, 
guidelines for adaptive silviculture and 
for the use and transfer of forest repro-
ductive material have to be adjusted in 
the face of climate change. The tasks and 
principles described have to be incorpo-
rated into the agenda of national forest 
programmes. To elaborate genetically 
sound guidelines, strengthening of field 
experimentation should be promoted. In 
a period of scarce financial support for 
this, efforts should be joint and based on 
international cooperation and sharing of 
responsibilities. 

references
Berki, I. & Rasztovics, E. 2004. [Research in 

drought tolerance of zonal tree species, with 
special regard to sessile oak.] (Hungarian 
with English summary) pp. 209–220, in: Cs. 
Mátyás and P. Vig, (editors). Erdö és klima 
– Forest and Climate IV. Sopron, Hungary.

Davis, M.B. & Shaw R.G. 2001. Range shifts and 
adaptive responses to quaternary climate 
change. Science, 292: 673–679.

Eriksson, G. & Ekberg, I. 2001. Introduction to For-
est Genetics. SLU Press, Uppsala, Sweden.

Eriksson, G., Namkoong, G. & Roberds, J.H. 1993. 
Dynamic gene conservation for uncertain 
futures. Forest Ecology and Management, 
62: 15–37.

Hamrick, J.L. 2004. Response of forest trees to 
global environmental changes. Forest Ecology 
and Management, 197: 1–3, 323–336.

Hulme, P.E. 2005. Adapting to climate change: is 
there scope for ecological management in 

the face of a global threat? Journal of Applied 
Ecology, 42: 784–794.

Jablonka, E., Oborny, B., Molnár, I., Kisdi, É., 
Hofbauer, J. & Czárán, T. 1995. The adaptive 
advantage of phenotypic memory in chang-
ing environments. Philosophical Transactions of 
the Royal Society London, Series B, 350: 133–141.

Kramer, K. & Mohren, G. 2001. Long-term effects 
of climate change on carbon budgets of for-
ests in Europe. Alterra Report, No. 194.

Lapenis, A., Shvidenko, A., Shepaschenko, D., 
Nilsson, S. & Aiyyer, A. 2005. Acclimation 
of Russian forests to recent changes. Global 
Change Biology, 11: 2090–2102.

Ledig, F.T. & Kitzmiller, J.H. 1992. Genetic strate-
gies for reforestation in the face of global 
climate change. Forest Ecology and Manage-
ment, 50: 153–169.

Lindgren, D., Paule, L., Xihuan, S., Yazdani, R., 
Segerström, U., Wallin, J.E. & Lejdebro, M.L. 
1995. Can viable pollen carry Scots pine 
genes over long distances? Grana, 34: 64–69.

Martienssen, R.A. & Colot, V. 2001. DNA methyla-
tion and epigenetic inheritance in plants and 
filamentous fungi. Science, 293: 1070–1074.

Mátyás, Cs. 1994. Modelling climate change ef-
fects with provenance test data. Tree Physiol-
ogy, 14: 797–804.

Mátyás, Cs. (editor). 1997. Perspectives of forest 
genetics and tree breeding in a changing 
world. IUFRO World Series Vol. 6. IUFRO, 
Vienna, Austria. 160 p.

Mátyás Cs. 2000. Riding on a wave of anxious 
concern: genetic implications of expected cli-
mate instability at the southern forest limits. 
pp. 44–47, in: J. Turok and Th. Geburek (edi-
tors). International collaboration on forest genetic 
resources: the role of Europe. Proceedings of the 
2nd EUFORGEN Steering Committee Meet-
ing, 26–29 November 1998, Vienna, Austria. 
IPGRI, Rome, Italy. 

Mátyás, Cs. 2002. Can advantages of natural 
regeneration be challenged by genetics? 
pp. 51–63, in: A. Meier-Dinkel and W. Steiner 
(editors). Forest tree breeding in an ecologi-
cally oriented forest management system. 
Sauerlaenders Verl., Frankfurt, Germany. 
(Schriften aus der Forstlichen Fakultät der 
Universitaet Göttingen und der Niedersäch-
sischen Forstlichen Versuchsanstalt). 134 p. 

Mátyás, Cs. 2005. Expected climate instability and 
its consequences for conservation of forest 
genetic resources. pp. 465–476, in: T. Geburek 
and J. Turok (editors). Conservation and Man-
agement of Forest Genetic Resources in Europe, 
Arbora Publ., Zvolen, Slovakia.



68

Mátyás, Cs. & Nagy, L. 2005. Genetic potential of 
plastic response to climate change. pp. 55–69,
in: M. Konnert (editor). Results of genetic 
�eld trials and laboratory studies and their 
applications in practical forestry. Tagungs-
bericht 11, Forum Genetik und Wald, 
Teisendorf, Germany, 20–22 September 2004. 
Bavarian Of�ce for Forest Seed and Nurser-
ies, Teisendorf, Germany. 354 p.

Mátyás, Cs. &Yeatman, C.W. 1987. [Adaptive 
variation of height growth of Pinus banksiana
populations] (in Hungarian with English 
summary). EFE Tudományos  Közleményei 
(Proceedings of Sopron University) 
1–2: 191–197.

Mátyás, Cs. & Yeatman, C.W. 1992. Effect of geo-
graphical transfer on growth and survival of 
jack pine (Pinus banksiana Lamb.) popula-
tions. Silvae Genetica, 43: 6, 370–376.

Petit, R.J., Brewer, S., Bordacs, S., Burg, K., Ched-
dadi, R., Coart, E. & 22 co-authors. 2002. 
Identi�cation of refugia and postglacial 
colonisation routes of European white oaks 
based on chloroplast DNA and fossil pollen 
evidence. Forest Ecology and Management
156(1–3)(Special issue): 49–74.

Rehfeldt, G.E., Tchebakova, N.M., Milyutin, L.I., 
Parfenova, E.I., Wykoff, W.R. & Kouzmina, 
N.A. 2003. Assessing population responses 
to climate in Pinus silvestris and Larix spp. of 
Eurasia with climate transfer models. Eura-
sian Journal of Forestry Research, 6(2): 83–98.

Skrøppa, T. & Johnsen, G. 2000. Pattern of adap-
tive variation in forest tree species: the repro-
ductive element as an evolutionary force in 
Picea abies. pp. 49–58, in: Cs. Mátyás (editor). 
Forest genetics and sustainability. Kluwer Aca-
demic, Dordecht, The Netherlands. 

Weis, A.E., Simms, E.L. & Hochberg, M.E. 2000. 
Will plant vigor and tolerance be genetically 
correlated? Evolution Ecology, 14: 331–352.

Westphal, R.D. & Millar, C.I. 2004. Genetic 
consequences of forest population dynamics 
in�uenced by historic climate variability in 
the western USA. Forest Ecology and Manage-
ment, 197 (Special issue): 159–170.

C L I M A T E C H A N G E A N D G E N E T I C D I V E R S I T Y



69

E C O N O M I C C O N S I D E R A T I O N S

FOREST GENETIC DIVERSITY AND CLIMATE CHANGE: ECONOMIC CONSIDERATIONS

Bo Jellesmark Thorsen1 and Erik Dahl Kjær2

1. Forest and Landscape, Royal Veterinary and Agricultural University, Frederiksberg C, 

Denmark

2. Forest and Landscape, Royal Veterinary and Agricultural University, Hørsholm, 

Denmark

Introduction
In the face of climate change and the in-
herent uncertainty it implies, there is a 
need for reconsidering the way we evalu-
ate and undertake different decision alter-
natives. While this could be said to be true 
for so many things in everyday life liable 
to be affected by climate change, it is like-
ly to be particularly true and important 
for decisions with a long time horizon. 
Such decisions abound in many aspects 
of forest management and, among them, 
perhaps the most long-ranging decisions 
are those concerned with forest genetic 
resources and their diversity at various 
spatial scales. In this paper, we will brie�y 
point out how decisions concerning for-
est genetic diversity may affect the state 
and �ow of values of our future forests. 
We provide some practical considerations 
and recommendations on ways such deci-
sions could better incorporate the aspects 
of uncertainty related to climate change.

Throughout this paper, forest genetic 
diversity is taken to concern the genetic 

variation within the tree component of 
forests, e.g. tree species, provenances or 
individual trees or clones. In line with 
Namkoong et al (1996), we also include 
the concern for genetic processes that 
can ensure continued adaptability. We 
realize that forest genetic diversity in 
this narrow de�nition (‘tree genetic re-
sources’) constitutes only part of forest 
biodiversity in general, but it should be 
noted that it constitutes a very impor-
tant component. Trees are keystone spe-
cies in the forest ecosystem and forest 
genetic diversity may prove crucial for 
maintaining various forest habitats at all 
scales, which support forest biodiver-
sity at large and hence also the values 
derived from biodiversity in a broader 
perspective.

The point of departure here is that large 
values may be at stake. Many of the 
commercially planted trees have natu-
ral distribution areas covering several 
ecogeographical regions. A century of 
provenance research in many countries 

Thorsen, B.J. and Kjær, E.D. 2007. Forest genetic diversity and climate change: economic considera-
tions. In: Koskela, J., Buck, A. and Teissier du Cros, E., editors. Climate change and forest genetic
diversity: Implications for sustainable forest management in Europe. Bioversity International, Rome,
Italy. pp. 69–84.
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worldwide has shown that for many 
species provenances are strongly dif-
ferentiated, and it is therefore impor-
tant to choose seed sources that are 
adapted to the growing conditions at 
a given site. In Denmark, for example, 
we have accumulated knowledge from 
a large number of provenance studies, 
and for many tree species (e.g. Douglas 
fir (Pseudotsuga menziesii)), selecting the 
wrong provenance can lead to total fail-
ure of the plantings. As a consequence, 
detailed recommendations for selecting 
seed sources exist in Denmark, as well as 
in many other countries, including seed 
transfer guidelines limiting the trans-
fer of seed across strong environmen-
tal gradients (see e.g. Lillesø et al. 2001; 
Ledig 1996; Sorensen 1992; O’Neil and 
Yanchuk 2005a). Many large-scale tree 
improvement programmes cope with 
this genotype × environment interaction 
(i.e. the fact that the relative superiority 
of genetic material depends on the site 
(Matheson and Cotterill 1990)) by breed-
ing in multiple zones (cf. Namkoong et 
al. 1980) with the objective to develop 
separate gene pools for different zones. 
In Sweden, this concept has been refined 
to cover a range of environments, includ-
ing some that may develop as a result of 
climate change. All this work reflects the 
important finding that one must expect 
regional adaptation to be common. The 
implication is that climate change will be 
a challenge to the local genetic resources 
everywhere, and that the effects in terms 
of reduced health, growth and stability, 
could be substantial. 

Our paper is structured in the following 
manner. We begin with a brief overview 
of the economic benefits that could be 
dependent on or affected, directly or in-
directly, by our decisions on forest genetic 
resources, with climate change or not. Fol-
lowing that, we focus on the uncertainty 
concerning the implications of climate 
change for the health and vitality of for-
ests, notably tree species, and point out 
key economic aspects of this uncertainty. 
We highlight the possible role of forest ge-
netic diversity in trying to control the eco-
nomic implications. Because decisions of 
the type considered here have such a long 
time horizon and tend to be irreversible, 
there is a lot to be said for flexible man-
agement strategies when facing the un-
certainty of climate change. We devote a 
section to discussing and illustrating the 
economic value of flexibility in forest man-
agement, i.e. the embedded value of real 
options, and we provide simple examples 
of how forest genetic diversity might play 
an important role in preserving flexible 
management options in the face of climate 
change. We conclude with a brief section 
pointing out some recommendations, or 
perhaps more precisely some considera-
tions, for policy-makers, decision-makers 
and forest managers to bear in mind when 
making decisions on the future status of 
forest genetic resources and diversity.

the economic values in question—
concepts and examples
It is almost trivial to point out that we 
derive a large variety of goods and eco-
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nomic value from forests as such. Most 
prominent is, of course, the wood pro-
duced for a number of possible uses; im-
provement in the production of wood, 
either volume or quality, has been and 
remains a primary aim of forest genet-
ic research. A number of other goods, 
however, also show considerable value 
in the market place. In Denmark, hunt-
ing leases is one such prominent good; 
in other places, berry and mushroom 
picking produce significant marketable 
values.

These values are all easily identified be-
cause they are traded in the marketplace. 
However, as pointed out by so many 
others before us (Elsasser 2005; Caparrós 
et al. 2003; Hultkrantz 1992), large parts 
of the value societies derive from forests 
are not in the form of marketed prod-
ucts. They are instead non-market goods 
or services, and their value is more dif-
ficult to assess, but in many cases easily 
observed and identified. This is because 
the non-marketed goods also comprise a 
number of so-called use-values, i.e. val-
ues we derive from continuously using 
forests or forest products, or both. An 
important such non-market use is the 
recreational use of forest areas for hik-
ing, picnicking, etc. Other uses are more 
indirect, but sometimes equally impor-
tant in terms of economic value. These 
include soil preservation and erosion 
control, flood and avalanche control, 
and filtration and protection of water 
resources. The value of the indirect uses 
represented by many environmental 

services can be very significant, and are 
part of the reason for the large value es-
timates found in studies trying to assess 
the total value of ecosystems, or even the 
global ecosystem (Costanza et al. 1997).

Apart from the distinction between mar-
keted and non-marketed goods, we have 
already started to use the widespread 
distinction between use (including indi-
rect use) and non-use values. The non-
use values are usually divided into two 
groups: option values, and existence (or 
intrinsic) values. We will spend more 
time below on the option values, and 
only note here that option values arise 
when uncertainty exists about the future 
value of a resource, coupled with deci-
sions which imply irreversible shifts in 
the state of the resource. 

An example close to the topic of this paper 
is the much discussed potential of discov-
ering new important pharmaceuticals in 
the biodiversity hotspots of tropical for-
ests (Mendelsohn and Balick 1995; Simp-
son et al. 1996). The potential application 
of a given genetic resource for planting in 
different countries or new environments 
is another option value that should be 
considered in the face of climate change. 
As an example, Kjær et al. (1998) mention 
gum acacia (Acacia senegal), a very impor-
tant species in the Sahel region producing 
many goods, including gum arabic. Trees 
adapted to areas with low precipitation 
are important, because such trees are po-
tential seed sources for future plantings 
on similar dry sites in the Sahel region. 
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However, such gene pools are already be-
ing lost due to ongoing desertification in 
the region (SYGGA III 1989 passim). The 
lost potential of using such adapted seed 
sources will represent lost options for all 
people who would like to grow this spe-
cies in the future. With ongoing climate 
change in the region, this loss of options 
is serious, because many areas are likely 
to become increasingly dry in the future.

The genetic resources of many rare, high 
value tropical species is another exam-
ple of a resource that potentially has an 
important option value (Kjær 2004). The 
value of the species in terms of timber 
trade will typically be small (because 
they are rare and therefore seldom har-
vested), but the potential economic ben-
efit of growing such high value timber 
species in plantations may be enormous, 
given that appropriate silvicultural or 
horticultural regimes and marketing 
are implemented. Many such tree spe-
cies are at present endangered, and their 
genetic resources quickly erode even 
if the option value may be very large 
(Leakey and Newton 1994). Kjær et al. 
(2004) mention Thailand rosewood (Dal-
bergia cochinchinensis) as an example. 
It is a very valuable rosewood species 
that apparently can grow well in plan-
tations. Annual increment is estimated 
to be 10 m3 ha–1, worth of thousands of 
US dollars, but the species is not planted 
at present, and the gene pool of the spe-
cies is endangered. There are many such 
‘valuable under-utilized species’ where 
the option value must be considered 

to be much larger than the value of the 
present timber occasionally harvested 
from natural forests. Loss of such spe-
cies will be a loss of options.

The existence value, or intrinsic value, i.e. 
beyond the potential future use of trees, is 
also a widely acknowledged component of 
the value of many natural resources. This 
part is the hardest to grasp and measure 
(Dasgupta 2000; see Haab and McConnel 
2002 for an excellent introduction to tech-
nical and applied aspects of environmen-
tal valuation techniques). We may think 
of it, for example, as the value people ap-
ply to the simple existence of forest spe-
cies or entire forest habitats—even if they 
know they are never going to derive any 
direct use from them. An example from 
Denmark is a recent study of the willing-
ness-to-pay for increased efforts to pre-
serve the remaining Danish heath lands 
(J.B. Jacobsen, personal communication). 
It revealed a significant willingness-to-
pay for the preservation of 25 threatened 
species, approximately € 1.5 per year per 
household for each species. The point be-
ing that most of the species in question 
are small and insignificant insects, lichens 
and mosses, which most people would 
never experience themselves. Yet, the re-
spondents identified them as having a 
value in their own right. 

forest genetic diversity—sustaining the values of 
breeding and continued adaptation
Forest genetic research has primarily 
had as its aim to improve the use value 
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of forests related to wood production. 
Examples include breeding and prov-
enance trials for improved productivity 
in terms of wood volume, wood quality, 
frost hardiness and the like (see e.g. Bur-
ley et al. 2004; Hansen and Kjær 1999). 
The theoretical value of such gains has 
been explored to some degree (Löf-
gren 1988, 1990, 1992), and estimates of 
‘likely gain’ based on different scenarios 
have been calculated (see e.g. Foster et 
al. 1995). Applied, empirical economic 
evaluations of genetic gains are not 
abundant, although examples exist (see 
e.g. Ahtikoski and Pulkkinen 2003; Li et 
al. 1999; SkogForsk 1995). More holistic 
analysis of the economics of ‘tree gene 
management programmes’ are rare, 
even if these are underpinned by legis-
lation in EU and many OECD countries 
and considered to be an important pub-
lic obligation in many countries world-
wide (see, e.g. Graudal and Kjær 2001). 

Economic analysis of tree improvement 
programmes as such is fairly straightfor-
ward as it needs primarily to deal with 
marketed goods, and the techniques for 
partial analysis using cost-benefit analy-
sis are well developed. However, the 
actual quantification of the actual real-
ized gain is less easy to achieve, because 
of the time span from the initiation of a 
breeding programme to harvest of the 
improved trees at the end of rotation. 
The amount of empirical data on real-
ized gains is therefore limited, even from 
the improvement programmes initiated 
in the 1960s and 1970s. Nevertheless, 

one could expect more ex ante or simu-
lation studies to exist in the literature. 
Economic analyses of genetic gains in 
agriculture are easier to perform and so 
more common, but still not as common 
as one would expect—given the many 
activities and costs associated with ge-
netic improvement strategies (Drucker 
et al. 2005). 

The value of forest genetic diversity as 
such is broader and difficult to handle. 
Examples of option values from genetic 
resources were given above, but they 
are difficult to assess in economic terms. 
Conservation of forest genetic resources 
for keeping ‘options open’ seems to be 
an important strategy, but as there are 
thousands of tree species with poten-
tially endangered genetic resources and 
conservation is costly, choices must be—
or inevitably are—made as to which ones 
to conserve, but it is difficult to assess if 
those conserved are the more valuable. 
This is not new, and some guidelines are 
provided by Graudal et al. (1997).

It is important to realize that the pres-
ence of genetic diversity is a prerequisite 
for future adaptation of any species be-
cause natural selection only works when 
genetic diversity is present. This is well 
known, through the Darwin-Wallace 
‘Survival of the fittest’ theory (cf. Dar-
win 1902) and is even more clearly pic-
tured in Van Valen’s (1973) ‘Red Queen 
Theory’ that sees all species as being ex-
posed to constant competition from oth-
er species. Species compete and interact 
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continuously, and co-adaptation and de-
velopment is therefore necessary for any 
species in order to avoid extinction over 
time. In the face of rapid climate change, 
the need for genetic diversity becomes 
evident because of the likely speed of 
the changes. The response to natural 
selection is proportional to the level of 
genetic diversity (Fisher 1958), so less 
diversity will cause slower response. 
Maintaining genetic diversity within 
and between populations of trees in that 
sense becomes a parameter for the future 
stability of tree populations and hence 
forest ecosystems. Therefore, forest ge-
netic diversity may prove crucial for the 
maintenance of various forest habitats 
at all scales, and consequently also the 
values, goods and services derived from 
forest ecosystems. Thus, because deci-
sions concerning forest genetic diversity 
may influence the long-term ecosystem 
stability and health, these decisions may 
influence the future flow of indirect use 
values derived from the environmen-
tal goods and services. In general, we 
would worry if lack of genetic diversity 
would put this flow under risk.

The existence or intrinsic value of bio-
diversity is a much analyzed and dis-
cussed issue. The question here is ‘Does 
forest genetic diversity in itself possess 
such a value?’ Elsasser (2005) points out 
that the concept makes little sense at 
the genetic level, but this will depend 
on how ‘genetic level’ is defined. At the 
species level, it is quite obvious that in-
trinsic values also exist for forests and 

trees. For example, the national tree of 
Brazil, Brazilwood (Caesalpinia echinata) 
is known to many Brazilians because it 
gave name to the country. Harvesting 
and reduction of the Atlantic Coastal 
Forest have reduced the distribution of 
this species dramatically, and exploita-
tion probably still continues because of 
the highly valued timber. The potential 
loss of Brazilwood implies much more 
than loss of (present and future) timber 
production value, because the species 
is also the symbol for the country. The 
UNEP-Flora and Faunas ‘Global Tree 
Campaign’ highlights Brazilwood as one 
of thousands of endangered tree spe-
cies (See http://www.globaltrees.org/
reso_tree.asp), and that kind of focus is 
probably due to the extra intrinsic value 
affiliated to this particular species. 

One can argue that intrinsic values make 
sense only when discussing the protec-
tion values of rare species or significant 
habitats—not for specific genetic vari-
ations in DNA base-pair sequences. At 
the same time, intrinsic values are also 
affiliated to genetic diversity lower 
than the species level. This is the case 
when preserving the ‘native Danish ses-
sile oak’ (Quercus petraea) or even ‘lo-
cal sessile oak’, although these species 
are by no means endemic to Denmark. 
The long life time of forests means that 
they often ‘tell history’, and the crooked 
stem form of sessile oak in western Den-
mark, believed partly to be due to dys-
genic human selection and deforestation 
over centuries (and disqualifying them 
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from production of high value timber) 
can therefore be of intrinsic value. The 
Danish Forest and Nature Agency thus 
recommends plantings ‘of conservation 
value’ in Danish shrub oak forests to be 
limited to seedlings of local origin, to 
support the shrub forests in maintaining 
their bended and twisted phenotypes. 
Surely, some people also attach intrinsic 
value to preserving ‘local populations of 
species’ even if the species as such is not 
endangered. The same can probably be 
the case for unique trees and their prog-
enies. Planting of a small grafting from 
Denmark’s oldest tree (‘Kongegen’—ex-
pected to be 1500 years old and with 
declining health) was for example an 
event that was broadcast by the national 
television service (DR) in 2005. 

Actually, all genetic variation—both 
between species and within species—is 
due to DNA base-pair differences. For-
est gene conservation programmes tar-
get species and populations as well as 
the genetic processes ensuring future 
evolution (Guldager 1975; Erikson et al. 
1993). Because forest genetic diversity 
may play a big role in sustaining the ex-
istence, health and stability of many for-
est habitats, it also sustains the existence 
of a much wider array of species in the 
ecosystems—and their existence value. 

Returning from the more abstract values 
to ones more mundane, we should note 
that for a decision-maker such as a forest 
manager, diversity is not always an obvi-
ous good. From a traditional production 

point of view, a critical trade-off may ex-
ist between diversity and wood produc-
tion potential. In a deterministic world, 
optimized production of wood in plan-
tation forestry may imply the use of the 
best tree species, provenances or clones 
on all suitable sites, as evident from the 
fact that monocultures with only very 
few clones (genotypes) have been con-
sidered to be an optimal way to run 
plantation forestry when dealing with 
well tested planting material (Lindgren 
1992). Deviating from the single species, 
provenance or clone perceived to be best 
is generally seen as a costly alternative, 
especially when highly improved mate-
rial is available, due to values ‘forgone’ 
from not harvesting the added gain from 
genetic improvement. This, however, 
requires planting material that is care-
fully tested, and can be deployed by the 
forester according to the specific results, 
at least in cases where genotype × envi-
ronment variation is substantial. Such 
detailed, fine tuned knowledge is rarely 
available—neither in terms of specific 
site × genotype matching nor in terms 
of knowledge on which type of product 
will obtain best prices in future markets. 
The strategy can therefore change if we 
bring uncertainty into the picture, and in 
the face of climate change, uncertainty is 
perhaps the dominant feature.

the uncertainty aspect 
For decades, the threat of human-in-
duced climate change has been climbing 
ever higher on the agenda of scientists 
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and interest groups initially, followed by 
the general public, politicians, and now 
even decision-makers in private indus-
try. Consequently, scientists have debat-
ed the likely effects of climate change on 
trees and, more broadly, on forest eco-
systems (Mohren et al. 1998). Much has 
been accomplished and revealed about 
various climate-tree interactions, and 
yet much remains to be discovered and 
elucidated. In particular, the exact direc-
tions climate change will take in various 
regions around the world simply remain 
to be seen. The predicted climate change 
may occur quite swiftly compared to 
the length of a tree generation, not to 
mention the adaptive mechanisms of 
long-lived ecosystems like forests, and 
the overall changes within a single tree 
generation can be substantial (O’Neill 
and Yanchuk 2005; see also http://ge-
netics.forestry.ubc.ca/cfgc/projects.
html#climatechange). Nevertheless, it 
will appear too slow for decision-mak-
ers to have any clear idea of its direction 
and the consequences for forests they 
manage. Hence, decisions must inevita-
bly be made in the face of great uncer-
tainty. In economics, the issue of deci-
sion-making under risk and uncertainty 
has been of great interest. We will draw 
forward two aspects from the economics 
research, which can be used to illumi-
nate important economic aspects of the 
management of forest genetic diversity.

The first aspect is that of risk and the dis-
utility associated with risk for most indi-
viduals. Since the seminal work by von 

Morgenstern and Morgenstern (1953), it 
has been recognized that because people 
tend to be risk averse, risky returns are 
less desirable than certain returns, ceteris 
paribus. Climate change implies a great-
er uncertainty concerning the future re-
turns to any forest investments, because 
it is unknown how climate change will 
affect the growth, health and stability of 
forest stands.

Forest owners have the option to diversify 
against risk in their forest management, 
and a forest’s genetic diversity could be 
one vehicle to secure such diversifica-
tion—also with respect to climate change. 
If we expect different species, provenanc-
es or clones to react differently, at least to 
some extent, to climate changes, then we 
can reduce the risk by increasing our use 
of species, provenances or clones, as ap-
propriate and relevant. An example from 
Denmark is Norway spruce (Picea abies) 
which is an exotic species in the Danish 
forestry sector and which is expected to 
suffer impaired health if winters become 
milder. Current thinking is that such im-
pairment in health can be expected and 
would probably be quite serious for the 
long-term health of the species under 
Danish conditions, and therefore under-
mine any economic justification for the 
species. In contrast, Douglas fir is an ex-
otic species that at present often suffers 
from climatic damage. One can therefore 
expect this species to gain from milder 
climates, whereas colder climates could 
be quite problematic. The future devel-
opment of the climate in Denmark is 
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unknown, although we currently expect 
the climate to warm. By having more tree 
species with varying climatic preferences 
in the forests, we reduce risk. The same 
situation applies in choosing provenanc-
es. Field trials in Denmark have shown 
that it is not the same provenances of 
pedunculate oak (Quercus robur) that are 
expected to be the best performers on 
protected sites compared with more ex-
posed sites. The forest owner must there-
fore choose a provenance depending on 
the growing conditions as they anticipate 
them to be for the next 100 years. For im-
proved clones of Sitka spruce (Picea sitch-
ensis) or other highly selected clones, the 
same will be the case. At the time of es-
tablishment, the forest owner can choose 
clones that perform well on milder sites, 
or clones that perform best at more ex-
posed sites. Without knowing what cli-
mate change will bring, picking different 
clones with different preferences will re-
duce the risk.

In most economic decisions, diversify-
ing to reduce risk in returns comes at a 
cost in terms of lower expected returns. 
This may also be the case for the for-
est owner, but since the risk in this case 
may not be well defined or known for 
the various choices available, it is per-
haps impossible to say which choice of 
species is likely to reduce the expected 
returns. Apparently, diversification 
against climate-change-related risk may 
not differ much, in principle, from diver-
sifying against roundwood price vari-
ations through mixed-species forestry, 

except that the risk is better described 
and known in the case of roundwood 
prices. The forest owner may be able to 
achieve the risk reduction by having, 
say, n species (or provenances or geno-
types) growing in n different homog-
enous stands in his forest. Some stands 
will cope and provide the forest owner 
with economic returns, whereas other 
stands may be less fortunate, develop 
poorly and perhaps even collapse. On 
average, the forest owner will in princi-
ple be just as well off with n pure stands 
as they would have been had they used 
n species in, say, 3n stands—i.e. smaller 
stands, but still monocultures. In fact, 
if there are returns to scale in establish-
ing the stands, they might favour larger 
stands and hence the n-stand version.

For society, however, this choice of how 
to implement risk diversification may 
not be trivial, even if society as such is 
less concerned with the risk in returns of 
the single forest owner than they them-
self might be. The problem for society 
is that if climate change implies the risk 
of severe stability and health problems, 
and potential collapse of larger forest ar-
eas, then these areas may also stop pro-
ducing a number of the non-marketed 
environmental services of great value 
to society. An example from Denmark 
is the problem of serious nutrient leach-
ing following large scale windthrows of 
Norway spruce. The larger the area in 
question, the more likely negative im-
pacts will be. Hence, society may prefer 
the forest owner to implement diversi-
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fication in a much more elaborate way 
than might be considered optimal by the 
forest owner. The reason is that the so-
cial value function of forests includes a 
number of elements likely to be of much 
less importance to the forest owner than 
to society.

An elaborated kind of risk diversification 
in plantation forestry could be random 
planting of several species in each refor-
estation site—resulting in a high degree 
of inter-specific forest genetic diversity 
in the stand. This kind of mixed-species 
forestry, however, is often impossible 
for silvicultural reasons. Very different 
species tend to develop very differently 
in their early stages, and often such ini-
tially diverse stands quickly grow into 
more or less monocultural ones through 
inter-species competition in the young 
stand—in which case little or nothing 
has been achieved by the high cost in 
terms of management and production 
lost. A different approach would be to 
plant stands of one species per stand 
while ensuring large levels of genetic di-
versity in each stand. Kjær et al. (1995) 
suggested deploying seed sources for 
long rotation species that maintain an 
effective population number of 20 or 
above. Assuming that different geno-
types fit in different climates (genotype 
× environmental interaction), such an 
approach will reduce risk in returns, 
compared with selecting a more narrow 
genetic basis for the planting material, 
and would ensure that sufficient ge-
netic variation is present for selection to 

have an effect. A low-risk strategy could 
further be supported by selecting geno-
types that perform well over a suite of 
different sites (little genotype × environ-
ment interaction). Use of genetically di-
verse, unimproved provenances might 
be an easier alternative, but if improved 
planting material is available, such a 
strategy will imply a cost penalty, i.e. 
‘values forgone’ in terms of productivity 
by not using sources based on selected 
trees. Different species can be planted at 
different sites matching soil conditions 
and diversifying the species grown. 

In continuous-cover forestry, where 
natural regeneration is the norm, the 
handling of climate change risk through 
decisions concerning forest genetic di-
versity could imply the introduction of 
exogenous genetic material to the forest. 
In that case, the considerations will be 
much as described above.

What we have discussed so far is the po-
tential for forest genetic diversity to re-
duce risk in a traditional portfolio selec-
tion way (Markowitz 1952). This way of 
coping with climate change risk is likely 
to be important at the individual or firm 
level. In this specific case, we argue that 
the way diversification is undertaken in 
forest management is likely to also have 
great influence on the expected societal 
value of forests. 

It is implicitly assumed above that once 
we have decided upon some specific 
forest genetic diversity in or between 
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our new forest stands, we will wait for 
climate change to unfold itself and see 
which stands fail and which stands suc-
ceed. The planning mode is best de-
scribed as anticipatory. The forest owner 
would make a loss with the stands that 
fail (as would society), relative to those 
that succeed. With this approach, the 
next decision point for the forest owner 
would be to salvage the poorly perform-
ing stands (to reduce the loss of alterna-
tive production forgone) once they can 
recognize them, and replace them with 
new trees of different and perhaps better 
genotypes. The initial decision on forest 
genetic diversity is an irreversible deci-
sion in an economic sense because the 
initial costs of establishing the forest and 
the production lost because of poorly 
performing types cannot be recovered. 

When decisions are irreversible and there 
is uncertainty about the future value of 
some decision alternatives, delaying the 
irreversible decision includes an option 
value. This is the second important eco-
nomic aspect we wish to discuss in rela-
tion to forest genetic diversity. Having 
the option to delay important irrevers-
ible decisions requires that we are able 
to design and implement flexible forest 
management strategies. Flexible strat-
egies ‘buy time’. We will discuss these 
possibilities in the next section.

the value of flexible strategies
As we briefly pointed out in the second 
section, one component of the value of 

any natural resource is the option value. 
This value arises when there is uncer-
tainty about the future (use-)value of a 
natural resource and decisions concern-
ing its use are irreversible. The option 
value was first identified by Arrow and 
Fisher (1974) and Henry (1974) in the 
cases of irreversible development of a 
nature reserve, whose future value is 
known to be uncertain. They showed 
that conserving the nature reserve for 
some time period implies an option val-
ue in addition to the current (use-)value 
of the reserve. This option value arises 
because conservation over a period em-
beds the option to see if the value of the 
nature reserve increases or decreases, 
and then make a new decision based 
on this information. If it increases fur-
ther, conservation may still be optimal, 
but if it decreases too much, it may be 
optimal to develop the nature reserve. 
This does not imply that conservation 
is always optimal but it does imply that 
for development to be optimal the value 
should exceed not only the use value of 
conservation but also the option value 
of developing the reserve later, should 
it prove optimal at that stage. This kind 
of adaptive decision-making was later 
also described in managerial economics 
as the ‘value of waiting’ (McDonald and 
Siegel 1986) and it has been developed 
into the field of real options analysis 
(Dixit and Pindyck 1994).

We will briefly discuss how flexible for-
est management strategies with respect 
to forest genetic diversity may incorpo-
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rate such option values related to the 
uncertainty caused by climate change. 
For example, if we can defer the decision 
of which species, provenance or clone 
we want to use as a dominating and pri-
mary wood producer on a piece of land, 
we may learn more about the evolution 
of climate change and the effects on the 
various kinds of tree. The simplest and 
crudest way of doing that is, of course, 
to simply plant a new stand. This, how-
ever, may be impossible in the case of 
reforestation of forest land, and is cer-
tainly likely to be too costly if the land 
cannot be used for other purposes while 
waiting. In the case of afforestation of 
agricultural land, it may be a reasonable 
option (Thorsen 1999).

Another approach to introduce flexibil-
ity into the forest management plan is to 
establish a stand with two or more spe-
cies, provenances, clones or whatever is 
relevant, and then observe their evolu-
tion as they grow and climate change 
evolves and affects their growth. Next, 
the forest manager may enter the young 
or medium-aged stand and through se-
lective thinning remove the trees, prov-
enances or species that turn out to be 
ill-fitted to the climate change and allow 
the better fitted to make use of the space 
liberated. Of course, such an approach 
requires rotations of some extended 
time span or climate changes of some 
speed and magnitude to result in sig-
nificant option values. See Jacobsen and 
Thorsen (2003) for a deeper analysis of 
such a case. It would probably be right 

to argue that such species or genotype 
mixes will sometimes be impossible for 
silvicultural reasons, or because they are 
costly in terms of higher establishment 
and management costs. The gains in op-
tion values should exceed these addi-
tional costs—otherwise the approach is 
not advisable. Note, however, that what 
has been described here is in fact simi-
lar behaviour to that exhibited in many 
forest management plans in which for-
est stands are established with a stem 
number much larger than that aimed 
for in the final mature stand. The super-
fluous trees are subsequently removed 
through selective thinning, at a time 
when the forest manager is able to take 
advantage of new knowledge (i.e. which 
trees turned out to have the better genet-
ic material or to be planted at the better 
microsite).

Climate change effects will occur only 
after some time. Societies must there-
fore support strategies that allow for an 
adaptive strategy over such long time 
horizons. For plantation forestry, it is 
important that forest genetic diversity 
is not reduced through widespread de-
ployment of genetically narrow seed 
sources. Because we have imperfect 
knowledge of which species, provenanc-
es or genotypes will do well in the future, 
we need to have a variety of these grow-
ing under a variety of conditions to gain 
new knowledge on which to base future 
decisions. In continuous-cover forestry, 
where natural regeneration is dominat-
ing, other challenges may appear: what 
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if the genetic material in these forests is 
already quite narrow? Will they be able 
to adapt swiftly enough to survive under 
the future pressure of climate change? 
Or should forest management also seek 
to introduce increased variation through 
genetic enrichment plantings? Close-to-
nature forestry increases the role of the 
forest owner in terms of genetic manage-
ment because trees are in general based 
on natural seed fall and less often plant-
ed from seed sources outside the forest. 
In Denmark, large-scale planting of ash 
trees (Fraxinus excelsior) from a 2-clonal 
seed orchard has taken place during the 
last four decades. Genetic studies of the 
consequences of this are in progress, but 
it may be that, at least in some close-to-
nature-driven forests, there is a need to 
consider introducing planting material 
from more diverse seed sources in order 
to mitigate any effect of inbreeding and 
to speed up adaptation. Naturally re-
generated forest also presents challeng-
es from a genetic perspective (see e.g. 
Namkoong 1999) and these must also 
be considered when planning for sound 
genetic management of forests. In any 
case, forest genetic research on species 
with long rotation cycles should prob-
ably not focus only on bringing about 
increasingly specialized clones to be 
deployed at very specific planting sites. 
Rather, tree improvement and deploy-
ment strategies for long-rotation species 
should ensure that genetic variation is 
mobilized and maintained in forests not 
only to facilitate response and adapta-
tion, but also to buy time and flexibility 

for the forest owner. This is not about 
abandoning forest genetic research and 
doing nothing in the field—to the con-
trary, it requires development and im-
plementation of genetically sound forest 
management. 

recommendations
With little interdisciplinary research in 
the field of forest genetics and econom-
ics, and inadequate knowledge on the 
future effects of climate change, we have 
relied on general economic principles to 
address some of the issues in this paper. 
Several recommendations follow from 
the above discussion:

We know too little about the socio-eco-
nomic value of forest genetic improve-
ment and genetic management pro-
grammes in a wider perspective than 
simple increase in wood production. It 
is recommendable that policy-makers 
close this knowledge gap by requiring 
more applied societal cost-benefit analy-
ses to be undertaken. 

As a consequence of little knowledge on 
the global socio-economic value of for-
est genetic improvement, we also know 
too little about the value of forest genetic 
diversity. It is therefore recommended 
to develop economic theory and tools 
to assess this. This research would need 
to address the aspects of uncertainty, as 
well as potential gains and losses, from 
increasing genetic diversity. Such analy-
sis can draw on available knowledge on 
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genotype × environment interaction as  
can be observed in international species, 
provenance, progeny and clonal trials. 
International cooperation in this field 
should therefore be encouraged.

It is advisable to take risk considerations 
into account before pursuing forest ge-
netic management strategies that are 
vulnerable to failures of specific geno-
types. Diversification through increased 
forest genetic diversity could be a  
recommendable risk-reduction strategy 
for the forest owner.

The social value of forests might be 
better protected by risk-diversification 
strategies, including strategies based on 
the proactive use of genetic diversity in 
forest plantings. It is therefore recom-
mended—on a case-by-case basis—to 
examine to what extent private and so-
cial values of forests are optimized at 
the same or different levels of genetic 
diversity. 

It is recommended to develop different 
policy instruments designed to provide 
incentives for private forest owners to 
choose optimal diversification strategies 
from the point of view of society in situ-
ations where this differs from the pri-
vate optimum.

Option values are potentially very big for 
forest genetic resources, especially in the 
face of climate change. Forest manage-
ment strategies and decisions on forest 
genetic diversity that provide flexibility 

with respect to adaptation strategies for 
climate change should be encouraged as 
they may increase expected both societal 
and private value of the forest. 
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Introduction
Finland’s National Strategy for Adapta-
tion to Climate Change was prepared 
by an inter-ministerial task force coor-
dinated by the Ministry of Agriculture 
and Forestry, in response to a request by 
the Parliament. The strategy gives a de-
tailed account of the impacts of climate 
change in different sectors and presents 
measures to be taken until 2080. The ob-
jective of the Adaptation Strategy is to 
reinforce and increase the capacity of so-
ciety to adapt to climate change.

Management of natural resources, and 
forestry in particular, is one of the key 
sectors to be in�uenced by climate 
change. Genetic diversity ensures the 
success of species in environments that 
are subject to change. Ultimately, the ge-
netic diversity of trees forms the basis 
of forestry and related forest industries. 
Therefore, genetic aspects should be in-
tegrated in the forest policy through the 
National Forest Programme.

In this article we summarize the con-
tents and the preparation process of 

the National Strategy for Adaptation to 
Climate Change, with emphasis on the 
links to forest genetic diversity. In addi-
tion, the National Programme for Forest 
Genetic Resource Management is brie�y 
described.

Preparation of the National Adaptation 
Strategy
The �rst National Climate Strategy, in 
2001, emphasized mitigation of the neg-
ative effects of climate change. However, 
it soon became obvious that in addition 
to mitigation there was also a clear need 
to identify possible ways to adapt to the 
change. The current climate scenarios 
show no signi�cant downturn in the 
global warming trend for decades into 
the future, regardless of the mitigation 
measures taken in different scenarios. 
The need to identify adaptation meas-
ures to climate change was identi�ed 
in the Parliament and the preparation 
of the National Strategy for Adaptation 
to Climate Change began at the end of 
2003, through a broad-based working 
group (Anonymous 2005). 

Rusanen, M. and Granholm, H. 2007. Finland’s National Strategy for Adaptation to Climate Change.  
In: Koskela, J., Buck, A. and Teissier du Cros, E., editors. Climate change and forest genetic diver-
sity: Implications for sustainable forest management in Europe. Bioversity International, Rome, Italy.
pp. 85–93.
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The objective of the Adaptation Strategy 
is to reinforce and increase the capacity 
of society to adapt to climate change. 
Adaptation to climate change refers to 
the capacity of nature and humans to 
adjust to the environmental changes, 
either through minimizing the adverse 
impacts or by taking advantage of the 
benefits.

The Ministry of Agriculture and Forest-
ry coordinated the actual work, while 
representatives from the Ministry of 
Transport and Communications, Min-
istry of Trade and Industry, Ministry of 
Social Affairs and Health, Ministry of 
the Environment, Ministry for Foreign 
Affairs, Finnish Meteorological Institute 
and Finnish Environment Institute took 
part in the preparation process. The 
work used as its reference a set of exist-
ing scenarios for future climate in Fin-
land, and the Government Institute for 
Economic Research prepared long-term 
economic scenarios. Several top Finnish 
scientists in the field of climate change 
and its impacts, other experts and rep-
resentatives of various sectors were also 
involved in the work. The draft strategy 
was circulated widely for comments, 
and Finnish stakeholders and citizens 
had the opportunity to offer their com-
ments on the Internet. The comments 
were duly taken into account in finaliz-
ing the strategy.

The strategy includes all the key sectors 
of society, namely natural resources (ag-
riculture and food production, forestry, 

fisheries, reindeer husbandry, game 
management and water resources), bio-
logical diversity, industry, energy, trans-
portation and communication, land use 
and construction, health, tourism and 
insurance. 

Predicted climate change in finland and its 
impacts
The third assessment report of the Inter-
governmental Panel on Climate Change 
(IPCC) states that Earth’s average tem-
perature is expected to rise by 1.4 to 5.8°C 
between 1990 and 2100, and the increase 
in Finland will be at least the same rate. 
Globally, sea level is estimated to rise by 
0.09-0.88 m, but in Finland the expected 
rise is less because land uplift relative to 
mean sea level still continues. Globally, 
precipitation is expected to increase, 
but there will be considerable variation 
in the magnitude of the change between 
different regions. Over Finland, pre-
cipitation is expected to increase, espe-
cially during winter. Climate change is 
expected to increase the occurrence of 
extreme weather events. Estimates con-
cerning increased storminess in Finland 
involve a great deal of uncertainty, but 
winter storms and thunderstorms may 
occur more frequently. All in all, the in-
creases in the frequency or magnitude 
of extreme weather events can be ex-
pected to have more significant nega-
tive impacts on different sectors of the 
Finnish economy and the functioning of 
society in comparison with gradual and 
sometimes beneficial average changes.



87

f i n l a n d ' s � n a t i o n a l � s t r a t e g y

The Adaptation Strategy gives a de-
tailed account of the impacts of climate 
change in different sectors and presents 
measures to be taken until 2080. The 
main elements of the strategy are also 
included in the National Energy and 
Climate Strategy, which focuses on 
measures to be launched during the 
next 5 to 10 years. Priorities identified 
for increasing adaptation capacities 
include: 

mainstreaming climate change im-
pacts and adaptation into sectoral 
policies;
addressing long-term investments;
coping with extreme weather 
events; 
improving observation systems;
strengthening the research and de-
velopment base; and
enhancing international cooperation.

The main negative impacts on the for-
est sector will probably be connected 
with reduction in ground frost and an 
increase in various pathogens, whereas 
the most important advantages will be 
the increased growth and better seed 
yields of forest trees. Climate change 
will also change the relative propor-
tions of species, as broadleaves—main-
ly birch (Betula spp.)—will benefit from 
the change. However, the develop-
ment of stand composition will also 
be steered by forest management, and 
Scots pine (Pinus sylvestris) and Nor-
way spruce (Picea abies) will continue to 
thrive in southern Finland. A summary 
of the possible impacts is presented in 
Table 1.

•

•
•

•
•

•

Cross-sectoral adaptation measures in 
2005–2015
A major target of the Adaptation Strat-
egy is that a detailed assessment of the 
impacts of climate change be incorpo-
rated into the regular planning, imple-
mentation and monitoring processes of 
the different sectors. All sectors should 
enhance their use of research results and 
increase cooperation and coordination 
with different administrative sectors, in-
stitutes and other actors. In its first stage, 
the mainstreaming of climate change 
impacts and adaptation calls for the de-
velopment of research and assessment 
methods. At the same time, relevant as-
pects of climate change may be incorpo-
rated into environmental planning, en-
vironmental impact assessment and risk 
management. There is an obvious need 
to strengthen policy-relevant research 
and development. In addition to general 
research on future climate, processes of 
climate change adaptation and the costs 
of impacts and adaptation, sector-spe-
cific studies are also needed. A five-year 
research programme on adaptation was 
launched in Finland in 2006. It aims to 
reinforce adaptive capacity and help 
build a sufficient knowledge base to 
support practical adaptation measures. 
The programme was prepared jointly 
by different ministries during 2005, and 
its main objective is to produce informa-
tion and methods that can be applied 
in practice. The information obtained 
by the new research programme will be 
used to further specify necessary adap-
tation measures in different sectors. The 
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information will also be used for the re-
vision of the Adaptation Strategy.

specific adaptation measures in forestry in 
2005–2015
The National Adaptation Strategy iden-
tified the following sector-specific adap-
tation measures as important priorities 
for the forest sector:

Incorporation of climate change 
into the planning of national forest 
policy.
Development of forest management, 
wood harvesting and prevention of 

•

•

forest damages adapted to the cli-
mate change.
Incorporation of the assessment and 
monitoring of the impacts of climate 
change into projects and programmes 
concerning the protection and man-
agement of biological diversity.
Evaluation of the coverage of nature 
conservation in changing climate 
conditions.
Development of the management 
of economic risks and mitigat-
ing the economic risk to insurance 
institutions through bonds and 
derivatives.

•

•

•

table 1.	Main	impacts	of	climate	change	on	the	forest	sector	in	Finland.

disadvantages direction unclear or both advantageous

Nutrient	leaching The	proportions	of	tree	
species	will	change

Increases	in	carbon	dioxide	
concentration,	temperature	
and	precipitation	will	add	to	the	
productivity	of	the	boreal	beltWind	damage	and	weakened	

anchoring	of	trees	to	the	soil	as	
ground	frost	declines

The	tree	line	will	move	farther	
north

The	combined	impacts	of	air	
pollutants	(ozone)	and	UV	
radiation	on	ecosystems	will	be	
intensified

Felling	opportunities	will	increase

Pests	and	forest	pathogens Plants	will	have	access	to	more	
nutrients

Potentially	reduced	ground	frost	
will	make	forest	harvesting	more	
difficult

The	seed	yield	of	trees	will	
improve	and	natural	regeneration	
in	poor	site	types	in	Northern	
Finland	will	become	easier

Longer	thaw	period	in	spring	
will	impose	additional	demands	
on	machine	capacity	and	wood	
storage

The	wood	quality	of	conifers	may	
suffer
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Development of insurance systems 
against damage caused by extreme 
weather events.
Clarification of the division of tasks 
and responsibilities between public 
and private insurance.

Among other measures, the use of for-
est genetic resources for adaptation to 
climate change has been mentioned in 
the strategy, stating that genetic diver-
sity in the common tree species is ex-
tensive enough to make adaptation pos-
sible. Forest management methods can 
be used to shorten the time needed for 
nature’s own adaptation measures. In 
forest regeneration, it is important to use 
suitable tree species of appropriate origin 
that can adapt to the changing climatic 
conditions. Preference in artificial regen-
eration should be given to provenances 
originating somewhat south of the place 
of cultivation. However, forest reproduc-
tive material should be moved carefully, 
with proper attention to tree survival 
through the seedling stage, during which 
the climate might not yet have warmed 
as much as in the subsequent stages of 
growth. Scots pine of Central European 
origin cannot be successfully moved to 
Finland because the provenances have 
adapted to different photoperiods. Trees 
of southern origin will also be vulnerable 
to Scleroderris canker caused by the fun-
gus Gremmeniella abietina because they 
are in a susceptible phenological state 
when they become exposed. 

The testing of tree species’ origins must 
be carried out across the boundaries of 

•

•

the current breeding zones, and differ-
ent targets for improvement can be es-
tablished within the breeding zones. 
Properties to be improved in the future 
include, among others, adaptation to 
increased mean temperature and an 
extended growing season, as well as 
resistance to pests and diseases. The 
most significant method of utilizing the 
results of tree improvement in practi-
cal forestry is to establish seed orchards 
and promote them as preferred sources 
of seed. In order to prepare for climate 
change, it is important to know as pre-
cisely as possible the genetic origin of 
the artificial regeneration material. This 
will make it possible to determine the 
potential use area for a certain batch of 
seed, taking into consideration climate 
change. In this respect, seed from seed 
orchards is much better and safer than 
seed collected from forests. 

Implementation, monitoring and revision
The National Strategy for Adaptation 
to Climate Change is being implement-
ed between 2005 and 2015, primarily 
through sector-specific programmes 
and actions. Citizens are also likely to 
respond to the changes through their 
own voluntary actions. The implemen-
tation of the Adaptation Strategy will be 
evaluated within 6 to 8 years, by which 
time research and dissemination ac-
tivities in different sectors should have 
produced new and more detailed infor-
mation and views on climate change, 
its impacts, and the need and means for 
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adaptation. It is also likely that there 
will be more information available on 
mitigation of greenhouse gas emissions 
at a global scale, as well as a clearer idea 
of the pace at which climate change is 
progressing.

management of genetic resources of forest 
trees
The management of genetic diversity 
has been given high priority in Finland. 
A National Plant Genetic Resources 
Programme, covering plant genetic re-
sources in agriculture, horticulture and 
forestry, was launched by the Ministry 
of Agriculture and Forestry to promote 
the conservation and sustainable use of 
genetic resources (Anonymous 2001). 
The implementation of the programme 
for agriculture and forestry is monitored 
by an advisory board, which acts as a 
link between various ministries, par-
ticipates in the preparation of legislation 
concerning plant genetic resources and 
deals with the Nordic and international 
issues related to plant genetic resources. 
The Finnish Forest Research Institute, 
which is responsible for all forest tree 
breeding in Finland, is also responsible 
for the conservation of forest genetic 
resources. 

The purpose of conserving forest genetic 
resources is to maintain hereditary vari-
ation in species and local populations 
far into the future so that their viability 
and adaptability would be sufficient to 
cope with changing environmental con-

ditions. The appropriate methods for 
genetic conservation depend on ecologi-
cal and biological variables, the most 
important ones being reproductive biol-
ogy, colonization habits and competitive 
ability of a given species. In the strategy 
for forest genetic resource management, 
indigenous tree species have been clas-
sified roughly into two groups. The first 
group includes wind-pollinated species 
bearing light seed and having more-
or-less continuous distribution, and 
the second group contains rare species 
that have limited gene flow because of 
fragmented distribution, requirement 
for insect pollination or short-distance 
seed dispersal. The main conservation 
method for the first group is in situ gene 
reserve forests, whereas for the second 
group, ex situ collections are the pre-
dominant gene conservation method. 
The strategy is described in detail in Ru-
sanen et al. (2004).

In situ conservation normally requires 
that a representative area of undis-
turbed natural forest or a naturally re-
generated commercial forest is set aside 
as a gene reserve forest. Currently (late 
2006) there are altogether 42 gene re-
serve forests in Finland, and their com-
bined area is about 7000 ha. As these 
forest stands are spread over different 
climatic zones, they include a large 
range of adaptive traits. Gene reserves 
are mostly selected for conservation of 
Scots pine, Norway spruce, silver birch 
(Betula pendula) and pubescent birch 
(Betula pubescens). 
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The basic requirements for a gene re-
serve forest are that it is of local ori-
gin and preferably has been naturally 
regenerated. Normally, a stand is se-
lected as a reserve for a certain tree 
species, but a mix of other species is al-
lowed. The area should also comprise 
several age classes of the target tree 
species. Gene reserve forests of wind-
pollinated tree species should be large 
enough for sufficient pollination to be 
secured within the forest. The general 
objective is that a gene reserve forest 
should cover an area of at least 100 ha, 
but initially the area can be smaller if 
it can be expanded later using a seed 
source from the same stand. Since pure 
birch or Norway spruce forests are sel-
dom large enough in southern Finland, 
suitable mixed stands consisting of two 
or three tree species have also been se-
lected as joint gene reserves. For noble 
hardwoods, which are rare and only 
grow in small patches, strips or mixed 
stands in Finland, smaller areas cover-
ing only a few hectares are accepted as 
gene reserve forests. 

Protected areas and habitats that are 
mentioned in the Nature Conservation 
Act may support genetic conservation 
in certain areas for some species. How-
ever, the principal objective of national 
parks and nature reserves is to preserve 
forest ecosystems and they have limita-
tions for genetic conservation purpos-
es. In many cases, the protection pre-
vents forest management that would be 
needed to promote regeneration, and 

often the regulations of the protected 
areas also restrict the utilization of ge-
netic resources. The objectives of eco-
system and gene conservation are more 
consistent in the natural forests rich in 
noble hardwoods or black alder (Alnus 
glutinosa) and juniper (Juniperus com-
munis) meadows. For these protected 
habitats, the Nature Conservation Act 
allows treatment that does not endan-
ger the special features (e.g. noble hard-
woods) of the areas. 

Ex situ conservation is appropriate when 
the tree species is rare and grows only 
in small patches, when the site is threat-
ened or when regeneration is uncertain. 
The principal method for the ex situ 
conservation of forest tree species is the 
establishment of tree collections. The in-
dividual trees are either propagated by 
grafting and the grafts moved to clone 
collections, or seed is collected from the 
original trees and so-called family col-
lections are established with seedlings. 
In the family collections, several seed-
lings of one family are planted near each 
other, and thinning is carried out so that 
only one tree, representing the family is 
finally left growing. The families repre-
senting the same forest are distributed 
within the collection so that they can 
also be used for seed production after 
thinning. One of the benefits of the tree 
collections is that some selection takes 
place within them. They produce well-
adapted and genetically variable seed 
that can be used in forest regeneration 
or in landscaping. 
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The ex situ collections have been estab-
lished mainly for noble hardwoods, 
namely Norway maple (Acer plata-
noides), common ash (Fraxinus excelsior), 
pedunculate oak (Quercus robur), small-
leaved lime (Tilia cordata), mountain 
elm (Ulmus glabra) and European white 
elm (Ulmus laevis). Material for the col-
lections has been gathered from several 
(20 to 90) forest stands, usually from 5 to 
10 trees in each stand, so that the whole 
distribution area of the tree species is 
covered. The number of stands and trees 
per stand varies among species because 
the availability of seeds has directed the 
practical work. The trees selected for 
genetic resource collections are not nec-
essarily the best trees from the point of 
view of forestry and the economy as the 
aim has been to collect a random sample 
of the existing genetic variation. 

Conclusions
The National Strategy for Adaptation 
to Climate Change is quite compre-
hensive and covers all the key sectors 
of society. This was possible because 
the Parliament gave a clear political 
mandate and requested an adaptation 
strategy to complement the earlier mit-
igation strategy. Scientific information 
together with expert assessments and 
judgements formed the basis for identi-
fying key actors and priority measures. 
Broad participation and transparency 
were ensured not only through various 
working groups and political meetings 
but also by making it possible for the 

public to provide feedback through the 
Internet.

Although the strategy has been drafted 
with a long-term perspective, it identi-
fies several key activities, the implemen-
tation of which can start immediately. 
However, further research is needed, 
and when more information becomes 
available, the actions and priorities will 
be reviewed accordingly. The sectoral 
strategies will be monitored through 
a follow-up process and the complete 
Adaptation Strategy will be reviewed 
within 6 to 8 years.

The linkage between the Forest Genetic 
Resource Management Programme and 
the objectives of the Adaptation Strate-
gy is obvious, but since the latter covers 
broad societal needs, there is very little 
emphasis on genetic aspects. A natural 
instrument to connect management of 
forest genetic resources with adaptation 
to climate change would be the National 
Forest Programme. The National Forest 
Programme 2010 defines the objectives 
of forest policy for the next few years. 
The aim of the Programme is to guaran-
tee work and livelihood based on forests, 
the biodiversity and vitality of forests, 
as well as the recreational and cultural 
values provided by forests for the entire 
population. The Programme was evalu-
ated in 2005 and is currently under re-
vision. This provides an opportunity to 
address the role of genetic resources in 
the adaptation of the Finnish forest sec-
tor to climate change. 
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Introduction
Forest gene conservation programmes 
aim at preserving genetic diversity in 
the long term to maintain the capacity of 
forests to respond to societal demands 
in the context of environmental change. 
National conservation strategies for 
forest genetic resources contribute to 
the collective effort towards sustain-
able management of European forests. 
Since 1994, international coordination of 
these efforts has been strengthened by 
the European Forest Genetic Resources 
Programme (EUFORGEN) as part of the 
Ministerial Conference on the Protection 
of Forests in Europe (MCPFE) process. 
These conservation strategies are gen-
erally developed at species level and 
combine ex situ and in situ approaches 
in a complementary way. The ex situ
approach (germplasm collections) can 
be used for any species that is vegeta-
tively or generatively propagated, but 
it becomes time consuming and costly 
when the objective is to achieve dynamic 
gene conservation. The in situ approach 
is a dynamic gene conservation strategy 
based on natural regeneration, but it is 

classically limited to those species that 
form large populations in a reasonably 
manageable area, and suitable 
methodologies for scattered or pioneer 
species have not yet been developed. 
Beside speci�c conservation networks, 
other activities such as silvicultural 
practices and natural reserves also have 
a signi�cant impact on long-term evolu-
tion of genetic resources.

In this perspective, climate change is a 
challenge because of the magnitude and 
time scale of the environmental shift, 
which was not expected when conserva-
tion programmes were initiated in the 
1980s. Will the current forests withstand 
the change that is occurring within one 
or two generations of trees? Will the for-
ests have time to evolve and adapt ge-
netically to new conditions? Will the tree 
species have the capacity to migrate in 
latitude or elevation and follow the shift 
of their potential distribution range?

In this paper, the French forest genetic 
resources conservation programme is 
used as a case study. Its aims, principles 

Lefèvre, F. 2007. Conservation of forest genetic resources under climate change: the case of France.
In: Koskela, J., Buck, A. and Teissier du Cros, E., editors. Climate change and forest genetic diver-
sity: Implications for sustainable forest management in Europe. Bioversity International, Rome, Italy.
pp. 95–101
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and achievements are reviewed with a 
focus on each decision step. Then, ba-
sic principles for gene conservation are 
re-considered in the context of rapid 
climate change. Finally, recommenda-
tions are made in terms of the definition 
of the objectives for genetic resources 
conservation, as well as for conservation 
methodologies.

aims, principles and achievements of 
the current forest genetic resources 
conservation programme in france
The French forest genetic resources 
conservation programme is 20 years 
old (Teissier du Cros et al. 2001). A first 
working group on forest genetic resourc-
es (FGR) was initiated by scientists (M. 
Arbez and G. Steinmetz) in 1985. Four 
years later, in 1989, the National Com-
mission of Forest Genetic Resources was 
created by the Ministry in charge of ag-
riculture, with the objective of maintain-
ing a large resource of genetic diversity 
for priority species in the long term, by 
implementing specific conservation net-
works at national level, to preserve the 
adaptive capacity of the resources. Five 
pilot species were selected to develop a 
conservation strategy based on conser-
vation networks (beech (Fagus sylvatica), 
silver fir (Abies alba), wild cherry (Pru-
nus avium), elm (Ulmus laevis) and black 
poplar (Populus nigra)). In 1991, the first 
in situ conservation networks for beech 
and silver fir were officially established 
by the Ministry. In 1997, a charter for the 
conservation of FGR was prepared by 

the Commission, and signed by all part-
ners of the ‘FGR chain’: the public forest 
service, representatives of the private 
sector, research and development organ-
izations, and forestry schools. Today (in 
2006), 11 specific conservation networks 
are operational (the five initial pilot spe-
cies plus sessile oak (Quercus petraea), 
maritime pine (Pinus pinaster), Norway 
spruce (Picea abies), service tree (Sorbus 
domestica), wild service tree (S. tormina-
lis) and walnut (Juglans regia)) (Balsemin 
and Collin 2004). Priority is given to in 
situ conservation as a dynamic strategy 
that allows the evolution of genetic di-
versity in response to environmental 
changes. Ex situ conservation is reserved 
for the most threatened species or when 
an in situ approach is not applicable. 

Besides the conservation networks, the 
Commission has two plenary meetings 
each year, and four working groups 
have been established: (1) definition of 
criteria and indicators for in situ conser-
vation networks (chairs: B. Fady and A. 
Valadon); (2) dissemination and use of 
FGR maintained in the national ex situ 
collection (chairs: E. Collin and M. Vil-
lar); (3) development of new approaches 
for the dynamic conservation of scat-
tered tree species (chairs: N. Frascaria-
Lacoste and B. Musch); and (4) coordina-
tion among network managers (chairs: 
A. Ducousso and A. Valadon). 

The national strategy developed by the 
Commission includes the following de-
cision-making steps:
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selection of a range of pilot tree spe-
cies for which conservation strate-
gies are specifically adapted (in situ 
or ex situ or both) and strategies that 
can be extended further to any other 
species having the same biological or 
ecological characteristics;
establishment and management of in 
situ conservation networks: 

selection of the conservation 
units that will contribute to the 
network,
definition of the management plan 
for each conservation unit, and
definition of criteria and indica-
tors for monitoring the conserva-
tion units and the network;

establishment and management of ex 
situ collections:

definition of a sampling strategy 
to establish and regularly update 
the collection, and
definition of the conservation 
methodology (in vivo or in vitro) 
and procedures;

definition of a strategy for the valua-
tion of conserved genetic resources; 
and
public awareness.

As an illustration, I will briefly review the 
decision steps for in situ conservation. 

It is considered that a network of 30 
gene conservation units offers a good 
compromise with sufficient diversity 
in a still manageable organization. The 
objective assigned by the French Com-
mission to the network of in situ conser-
vation units is to represent the adaptive 

•

•

›

›

›

•

›

›

•

•

diversity existing in the main distribu-
tion range of the species, including some 
marginal populations, all material being 
autochthonous. Of course, the informa-
tion available for the establishment of 
the network varies among species. The 
first conservation networks for beech 
and silver fir have been extended several 
years after their initial establishment, to 
account for the most recent results on the 
structure of genetic diversity, whereas, 
by contrast, much more detailed infor-
mation was initially available when es-
tablishing the conservation network for 
sessile oak. Legal status and ownership 
of the land is also important information 
for the selection of conservation units. In 
the case of silver fir, we are facing a situa-
tion where a potentially original resource 
in the western part of the country only 
occurs on private land, and the question 
is how to ensure long-term conservation 
of such conservation units. 

Each conservation unit has a common 
structure with a core area, where the tar-
get species must be autochthonous and be 
represented by more than 500 seed trees, 
with a minimum density of 60 trees/ha, 
and a peripheral zone where no alien ori-
gin of the target species is allowed. Man-
agement plans of the conservation units 
allow any silvicultural treatment, but the 
following three objectives should be met: 
(1) natural regeneration is sufficient in 
quantity (it can be assisted by using lo-
cal seed from the core); (2) good genetic 
quality of the regenerated seedlings is 
ensured (enough diversity and reduced 
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consanguinity); and (3) local phenotypic 
identity is maintained (mainly adapta-
tion to local conditions). In particular, in 
even-aged silviculture, regeneration of 
the core must be conducted prior to the 
peripheral area, applying given critical 
values for the number and density of seed 
trees. Natural regeneration is preferred, 
but assisted regeneration from local seed 
sources is an alternative when the three 
previous requirements can not be met. 

As previously mentioned, this species-
based approach cannot be applied to all 
forest tree species. Moreover, classical in 
situ methodology is not readily applica-
ble to highly scattered species that do 
not form obvious populations or stands, 
nor to strictly pioneer species in which 
regeneration dynamics is governed by 
extinction versus colonization processes 
not related to silvicultural management 
(e.g. in riparian forests). Ex situ strate-
gies are preferable in such cases. This 
also emphasizes the need to develop 
criteria and indicators for monitoring 
the evolution of genetic resources un-
der ‘normal silviculture’ outside specific 
conservation networks, and the need for 
enhanced coordination between genetic 
resources conservation and habitat con-
servation programmes.

how does climate change influence 
forest genetic resources conservation 
programmes?
Various climate change scenarios have 
been predicted on a regional basis (see 

http://www.ipcc.ch). Although the 
predictions still vary from one scenario 
to another, it is likely that once changes 
start occurring, they will be rapid (within 
a time scale of one tree generation) and 
differ among geographical zones. For 
example, in Europe, the Mediterranean 
area will experience a decrease in annual 
rainfall, whereas northern areas might 
rather experience seasonal fluctuations 
within each year, not necessarily accom-
panied with total annual deficit. Climate 
change might also result in higher fre-
quency of exceptional weather events, 
beyond biological thresholds, leading 
to catastrophic damage to the present 
forests. In practice, climatic events have 
already affected our forest genetic re-
sources: the big storm of 1999 destroyed 
large parts of in situ conservation units of 
beech in north-east France and the severe 
drought of 2003 led to die-back of silver 
fir in south-eastern parts of the country, 
and the mortality of silver fir in 2006 was 
still increasing as an after effect. Experi-
mentally, these situations also provide 
an excellent opportunity to evaluate the 
robustness of our genetic resources con-
servation networks, but this evaluation 
has not yet been done.

Theoretically, climate change can influ-
ence each of the decision steps listed 
above. Firstly, it should be incorporated 
within risk assessment more explicitly 
than before: what are the areas of high-
er risk due to climate change (drought, 
temperature, catastrophes)? What are 
the species or habitats most susceptible 
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to climate change? These considerations 
will affect the choice of priority species 
and priority areas for gene conservation. 
One problem is that the real impact of 
climate change on forest genetic resourc-
es results from complex processes and is 
not yet predictable. Therefore, we must 
reconsider our objectives and make them 
evolve from the preservation of existing 
genetic diversity to the conservation of 
the capacity of forest genetic resources 
to ‘keep on running’. It is clear that we 
have to manage adaptive capacity in the 
long term. Genetic resources must be 
considered from a dynamic perspective 
and exposed to constant evolution. The 
current values of diversity parameter 
estimates should not be simply consid-
ered as an objective for management, 
but rather as indicators of evolutionary 
processes. For sustainable management 
of forests in the context of rapid envi-
ronmental change, three conditions are 
required: (1) existing resources do not 
completely disappear; (2) remaining 
trees are able to regenerate and produce 
a new generation better adapted to the 
new conditions (examples of transplan-
tations have shown that genetic changes 
in adaptive potential can occur in just 
one generation (Skrøppa and Kohmann 
1997; Rehfeldt et al. 2001)); and (3) the 
migration process allows trees to follow 
a geographical shift in their potential 
distributional range. 

Rather than just genetic diversity, gene 
conservation strategies should fo-
cus more directly on adaptive capac-

ity, which includes three components: 
(1) plasticity, i.e. the capacity of existing 
trees to respond differently to different 
environmental conditions; (2) adapta-
tion, which includes adaptive genetic 
diversity and the occurrence of natural 
selection in a dynamic management sys-
tem; and (3) migration potential through 
natural dissemination of seeds or ar-
tificial seed transfer, or both. In other 
words, forest genetic resources conser-
vation programmes must evolve from a 
perspective with a focus on population 
management, to the management of 
evolutionary trajectories. This must be 
seen as an adjustment of our objectives, 
not a complete shift. 

From a scientific point of view, informa-
tion on climate change scenarios, as well 
as on the biological processes underly-
ing adaptive capacity, is rapidly increas-
ing. However, the knowledge of biologi-
cal processes has increased for so-called 
model species, but little effort has been 
made to transfer this knowledge to 
non-model species, which represent the 
vast majority of the genetic resources 
of interest. Therefore, the challenge is 
to develop dynamic forest genetic re-
sources conservation programmes and 
permanently integrate the most recent 
research results into these programmes 
to improve their effectiveness.

Conclusions and recommendations
We have to improve the conservation 
programmes of forest genetic resourc-
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es in a context of rapid environmental 
change, i.e. conservation plans will 
probably need to be evaluated in a con-
text that differs from when these were 
initially elaborated. More than ever, it 
is clear that we must develop process-
based conservation strategies rather 
than just diversity-based strategies, i.e. 
move from the management of genetic 
diversity to the management of the ev-
olutionary processes that shape the di-
versity. Research priorities should be to 
study plasticity, adaptation and migra-
tion processes. Applied conservation 
strategies should benefit from the most 
recent research developments in biol-
ogy and modelling. This requires spe-
cific efforts by the scientific community 
towards vertical integration (from the 
molecular to the ecosystem scale) and 
horizontal transfer (from model species 
to broader biodiversity) of biological 
knowledge. 

The development of genetic criteria 
and indicators for in situ management 
is an urgent need. Some lists have re-
cently been proposed at the level of 
the population, but they are still rarely 
used (Namkoong et al. 1996; Brown et 
al. 1997; Koski et al. 1997; Lefèvre et al. 
2001; Eriksson et al. 1993). However, the 
context of climate change has not really 
been taken into account yet. This work is 
favoured by the emergence of new proc-
ess-oriented rather than species-oriented 
working groups as part of Phase III of 
EUFORGEN. Furthermore, effective co-
ordination among all programmes and 

activities that directly or indirectly con-
tribute to the conservation of genetic re-
sources is urgently needed, including in 
situ and ex situ conservation networks, 
nature reserves and protected habitats. 
This could require the development of 
new criteria and indicators for the man-
agement of genetic resources at ecosys-
tem level, although the proposed frame-
works for genetic criteria and indicators 
are probably acceptable. The problem 
lies in their practical implementation. 
Furthermore, MCPFE has adopted a de-
cision that the ecosystem approach and 
sustainable forest management are con-
sistent one with the other.

Since climate change scenarios vary  
geographically, international coordina-
tion for monitoring the impact of climate 
change on forest health at regional scale 
is also needed for prioritizing areas, 
habitats and species for conservation.

Scientific knowledge should be continu-
ously assimilated into FGR conserva-
tion strategies. However, a common 
trend in research is to increase scientific 
knowledge vertically, based on a lim-
ited range of biological models, with 
little horizontal transfer across species. 
It will become a challenge to apply re-
search results from a large diversity of 
organisms in a diversity of local con-
texts. Therefore, two priorities emerge 
for research: (1) the integration of the 
various disciplines and approaches that 
address the questions of plasticity, adap-
tation and migration, such as integrative 



101

f g r � C o n s e r v a t i o n � i n � f r a n C e

biology, demo-genetic modelling or the 
study of biotic interactions at ecosystem 
level; and (2) the transfer of scientific 
knowledge based on model species to 
a broader biodiversity. The Network of 
Excellence EVOLTREE (http://www.
evoltree.org) should provide a major 
contribution to these efforts.

Finally, we can conclude that existing 
conservation networks in France were 
based on objectives and principles that 
remain valid in the context of climate 
change. However, they need to be ex-
tended, as follows:

the objective should be extended 
from genetic diversity alone to plas-
ticity, adaptation and migration 
potential;
process-based rather than diversity-
based criteria and indicators should 
be developed, which consider proc-
esses at all scales;
there is a need for coordination be-
tween habitat and FGR conservation 
programmes;
priority areas, priority ecosystems 
and priority species should be iden-
tified in relation to climate change 
scenarios;
European forest genetic resources 
conservation programmes should 
pay attention to the situation outside 
Europe, in particular in the Mediter-
ranean and boreal zones; and
robustness of existing networks re-
garding climatic hazard should be 
monitored whenever singular cli-
matic events occur. 

•

•

•

•

•

•
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Conservation and use of forest genetic diversity are cornerstones of 

sustainable forest management. Genetic diversity ensures that forest trees 

can survive, adapt and evolve under changing environmental conditions.
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the effects of climate change and in maintaining sustainable forest 
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