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Abstract We present a historical overview of forest
concepts and definitions, linking these changes with
distinct perspectives and management objectives. Policies
dealing with a broad range of forest issues are often based
on definitions created for the purpose of assessing global
forest stocks, which do not distinguish between natural and
planted forests or reforests, and which have not proved
useful in assessing national and global rates of forest
regrowth and restoration. Implementing and monitoring
forest and landscape restoration requires additional
approaches to defining and assessing forests that reveal
the qualities and trajectories of forest patches in a spatially
and temporally dynamic landscape matrix. New
technologies and participatory assessment of forest states
and trajectories offer the potential to operationalize such
definitions. Purpose-built and contextualized definitions are
needed to support policies that successfully protect, sustain,
and regrow forests at national and global scales. We provide
a framework to illustrate how different management
objectives drive the relative importance of different
aspects of forest state, dynamics, and landscape context.
Keywords Deforestation  Forest assessment 
Forest management  Landscape  Plantation 
Reforestation  Restoration

INTRODUCTION
We live in an era of unprecedented environmental change,
motivating equally unprecedented global actions to protect
Electronic supplementary material The online version of this
article (doi:10.1007/s13280-016-0772-y) contains supplementary
material, which is available to authorized users.
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and restore forest ecosystems (Aronson and Alexander
2013). These efforts could fail to achieve their ambitious
goals if they are not informed by clear and appropriate
concepts and definitions of forests. Forest definitions provide the conceptual, institutional, legal, and operational
basis for the policies and monitoring systems that drive or
enable deforestation, forest degradation, reforestation, and
forest restoration (van Noordwijk and Minang 2009).
Forest concepts and definitions influence how we assess
and interpret forest transitions—the change over time in the
balance between forest loss and forest gain within a geographic region—where both loss and gain are defined in
terms of tree canopy cover. Forest gain is not the mirrorimage opposite of forest loss. In most cases, forest loss is
concentrated and abrupt, and can be clearly documented
with a sequence of satellite imagery or aerial photos. Forest
gain, in contrast, is a highly variable, dispersed, and protracted process that is challenging to document and monitor
with commonly used forest definitions and technology
(Chazdon 2014). The functional, structural, and compositional properties of new tree cover differ substantially from
those of the forest or non-forest ecosystems they replace
(Brown and Zarin 2013; Tropek et al. 2014). New tree
cover can take many forms, from spontaneous natural
regeneration to single-species plantations of non-native
trees. Local forest disturbance and ingrowth that accompany tree harvesting and silvicultural management are also
challenging to detect and monitor. Differentiating among
these different forms of tree cover gain poses a far greater
challenge than identifying areas where forest cover has
been removed. Widely used forest definitions that perform
well for assessing rates of deforestation—as measured by
rates of transformation of forest to non-forest land uses—
have not proved useful in assessing forest restoration and
regeneration.
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Forests are viewed, defined, assessed, and valued
through different lenses. From different vantage points,
forests can be seen as a source of timber products, an
ecosystem composed of trees along with myriad forms of
biological diversity, a home for indigenous people, a
repository for carbon storage, a source of multiple ecosystem services, and as social-ecological systems, or as all of
the above (Fig. 1). In addition, a fundamental and commonly misunderstood distinction exists between the actual
features of land and its legal designation. From the ‘‘land
cover’’ perspective, forests are viewed as ecosystems or
vegetation types supporting unique assemblages of plants
and animals. But from the ‘‘land use’’ perspective, forests

are landholdings that are legally designated as forest,
regardless of their current vegetation. Within this construct,
a legally designated ‘‘forest’’ can actually be devoid of
trees, at least temporarily. No single operational forest
definition can, or should, embody all of these dimensions.
The world is entering a new era of ecosystem restoration
motivated by the Aichi Targets; the Bonn Challenge to
restore 150 million hectares of degraded and deforested
land by 2020; and the New York Declaration on Forests,
launched at the UN Climate Summit 2014. Article 5 of the
Paris Agreement produced by the 2015 UN Climate Change
Conference places forest conservation, enhancement, and
sustainable management in the forefront of climate

Fig. 1 Different management objectives form the basis from which a forest is conceptualized and definitions are created. The inner circle shows
how a forest can be viewed through different lenses, emanating from the different management objectives shown in the middle circle. Each
objective provides a perspective from which specific definitions are created. The outermost circle describes institutions whose mission is
associated with each management objective and forest definition
Ó The Author(s) 2016. This article is published with open access at Springerlink.com
www.kva.se/en
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mitigation policies. To meet ambitious global restoration
targets, policy makers, governments, scientists, and agencies need to adopt a richer concept of a forest than the
dominant FAO definition that has governed forest policy to
date (Box 1). A diverse set of forest definitions is needed to
capture this forest concept in all its dimensions.
In this Perspective, we propose that forest definitions be
applied more carefully and deliberately to achieve specific
management objectives, rethinking how new forms of tree
cover are classified and evaluated within different management and policy contexts. First, we present a historical
overview of forest concepts and definitions and link them
with distinct perspectives and objectives for forest use. We
discuss forest concepts and frameworks that have motivated different forest definitions globally over the past
three centuries, noting that commonly used definitions
created to measure changes in forest stocks have limited
utility for assessing and monitoring new and diverse forms

of forest cover, which we refer to as ‘‘reforests.’’ ‘‘Reforests’’ collectively constitute forest gain, and are increasing
dramatically in global importance (Chazdon 2014). We
then illustrate how the use of a particular forest definition
can influence policy-making, monitoring, and reporting
regarding forests, through documented case studies. We
emphasize the need to distinguish different types of ‘‘reforests’’ based on their origins, dynamic properties, and
landscape settings. Building on these fundamental properties of forest types, we present a framework to illustrate
how definitions applied to specific purposes vary in the
importance of seven criteria: (1) value for timber; (2) value
for carbon storage; (3) improving livelihoods of forestdependent people (4) whether forests are natural or planted;
(5) whether forests are pre-existing or newly established;
(6) whether forest are continuous or fragmented; and (7)
whether forests are composed of native or non-native
species (Table 1). We conclude with a call for a more

Table 1 A preliminary framework of criteria for forest definitions that vary in importance for specific forest management objectives. The
framework focuses on ecological and production criteria, but it is also important to include social and cultural criteria for defining and assessing
forests. Criteria for definitions are not static, as forest management objectives will need to adapt to changing circumstances imposed by climate
change, government policies, or international markets
Criteria for definition Forest management objective
Conservation of natural
ecosystem

Timber management

Increase carbon stocks

Landscape restoration

Key properties for
forest definition

Ecological properties, native Legal designation, areal Areal extent, size and
biodiversity, and dominance
extent, size and
density of trees, land
of native trees
density of trees
use history

Uses of trees, multiple ecosystem
services, livelihoods,
biodiversity conservation status

Value for timber
production

Not important

Very important, as main Important in terms of
objective of
value for carbon
management
stocks

Important for local livelihoods and
smallholders

Value for carbon
storage

Important for ecosystem
functioning and climate
mitigation

Important for
management and
climate mitigation

Very important as main
objective

Important for ecosystem
functioning and climate
mitigation

Livelihoods of forest- Important in the context of
dependent people
indigenous/community
reserves

Important only within
forestry sector

Not important

Very important as they are major
stakeholders

Distinction between Very important, because of
planted and natural
ecological properties and
forest
native biodiversity

Important, because of
differences in tree
properties and
sensitivity in some
markets

Not important, because Important, because of differential
the origin of carbon
cost and benefits, effects on
stock does not matter
multiple ecosystem services, and
forest-based livelihoods

Distinction between
pre-existing and
newly established
forests (reforests)

Very important because
successional stages vary in
ecological properties and
native biodiversity

Important because of
forest management,
tree properties and
timber yield

Very important because
of differences in
carbon stocks and
additionality
constraints

Distinction between
continuous and
fragmented forest

Very important because of
Important because of
impacts on ecological
sensitivity in some
properties, connectivity and
markets to origins of
biodiversity conservation
timber sources

Distinction between
native and nonnative trees in
forest

Very important because of
impacts on ecological
properties and native
biodiversity
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Very important because of different
ecological and economic
properties and additionality

Not important because
Very important because of effects
the origin of carbon
on ecosystem services,
stock does not matter
connectivity, and biodiversity
conservation

Important because of effects on
Important because of
Not important because
the origin of carbon
ecosystem services and
differences in tree and
stock does not matter
biodiversity conservation
wood properties
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nuanced and diversified approach to defining forests and
‘‘reforests’’ that can distinguish natural from planted forests
and forests damaged by logging from second-growth forests, and can be used to track the dynamics of regrowing
forest patches within agricultural landscapes.

FOREST DEFINITIONS REFLECT FOREST
MANAGEMENT OBJECTIVES
Approaches to forest management are embedded within
political ecology. As forest management objectives respond to
changing societal needs and values, so should definitions.
Over time, new management objectives have been added to
preexisting ones in a cumulative process (Fig. 2; Supplementary Material S1). Although people have been managing
forests for millennia for diverse uses, we begin our historical
overview in the 1700s in Germany, as this period marked the
development of theory-based forest management to sustain a
high timber yield, and the concept of forests as timber
(Schmithüsen 2013). Earlier historical concepts and definitions of forest are discussed by Putz and Redford (2010). This

objective required that forest be defined for the purpose of
managing yield-related characteristics over large spaces
(many stands of timber) and long time periods (more than one
rotation) in order to assess the amount of wood that could be
harvested (Puettmann et al. 2009). Within this historical and
geographical context, the distinction between natural and
planted forest was not important.
Concern about shortages in forest products following
World War II motivated the United Nations Food and
Agricultural Organization (FAO) to conduct the world’s
first global forest inventory (Holmgren and Persson 2002).
In 1948, the FAO adopted a forest definition suitable for
assessing wood harvesting potential (Box 1). FAO’s definition, agreed on by all its members, is the first to be used
by all countries for harmonized reporting; the definition
adopted by FAO remains the most widely used forest
definition today (Grainger 2008).
Environmental movements arising in the 1960s generated new forest management objectives based on the ecological concept of forest as natural ecosystems (Figs. 1, 2),
mobilizing individuals and newly formed national and
international organizations to conserve nature and halt

Fig. 2 Forest definitions emerge from prevailing objectives of use and management. Since the mid-twentieth century, forest management
objectives and definitions have diversified, with new ones being added to earlier more entrenched and legitimized ones. Similarly, forest
management policies have broadened their objectives, focusing not only on sustainable timber production, but gradually incorporating nontimber forest products, biodiversity conservation values, ecosystem services delivery, human well-being, landscape approaches, adaptive
management, and socio-ecological resilience
Ó The Author(s) 2016. This article is published with open access at Springerlink.com
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Box 1 Forest definitions adopted by major international environmental and forestry organizations
United Nations Food and Agriculture Organization (FAO; 2000) Land with tree crown cover (or equivalent stocking level) of more than
10 % and area of more than 0.5 ha. The trees should be able to reach a minimum height of 5 m at maturity in situ. May consist either of
closed forest formations where trees of various storeys and undergrowth cover a high proportion of the ground; or open forest
formations with a continuous vegetation cover in which tree crown cover exceeds 10 %. Young natural stands and all plantations
established for forestry purposes which have yet to reach a crown density of 10 % or tree height of 5 m are included under forest, as are
areas normally forming part of the forest area which are temporarily unstocked as a result of human intervention or natural causes but
which are expected to revert to forest
United Nations Framework Convention on Climate Change (UNFCCC; 2002) A minimum area of land of 0.05–1.0 ha with tree crown
cover (or equivalent stocking level) of more than 10–30 % with trees with the potential to reach a minimum height of 2–5 m at maturity
in situ. A forest may consist either of closed forest formations where trees of various storeys and undergrowth cover a high proportion
of the ground or open forest. Young natural stands and all plantations which have yet to reach a crown cover of 10–30 % or tree height
of 2–5 m are included under forest, as are areas normally forming part of the forest area which are temporarily unstocked as a result of
human intervention such as harvesting or natural causes but which are expected to revert to forest
United Nations Convention on Biological Diversity (UN-CBD; 2010) A land area of more than 0.5 ha, with a tree canopy cover of more
than 10 %, which is not primarily under agriculture or other specific non-forest land use. In the case of young forest or regions where
tree growth is climatically suppressed, the trees should be capable of reaching a height of 5 m in situ, and of meeting the canopy cover
requirement
United Nations Convention to Combat Desertification (UN-CCD; 2000) Dense canopy with multi-layered structure including large trees
in the upper story;
International Union of Forest Research Organizations (IUFRO; 2002) A land area with a minimum 10 % tree crown coverage (or
equivalent stocking level), or formerly having such tree cover and that is being naturally or artificially regenerated or that is being
afforested

habitat loss, environmental degradation, and biodiversity
decline (Supplementary Material S1). These organizations
used forest definitions emphasizing forest ecosystems features, and their distribution across terrestrial ecoregions.
Over time, conservation became increasingly incorporated
into forest management objectives, as evidenced internationally by the creation of the Convention on Biological
Diversity and the adoption of the Forest Principles (1992),
the Forest Stewardship Council (1993), and comprehensive
regional monitoring and reporting frameworks including
the Helsinki Process (initiated in 1990) and the Montreal
Process (1994; Supplementary Material S1).
In the 1980s, concerns about climate change led to the
establishment of the Intergovernmental Panel on Climate
Change (1988) and the creation of the UN Framework
Convention on Climate Change (1992), initiating a new
forest management objective: forests as carbon stocks
(Figs. 1, 2). The Kyoto Protocol contains the terms reforestation and afforestation which subsequently had to be
defined and operationalized in this context (Box 1). The
adoption of the Bali Action Plan in 2007 gave rise to the
Forest Carbon Partnership Facility and the UN-REDD
Programme. Biomass and carbon density became the
metrics of forest monitoring and assessment (Saatchi et al.
2011). Attempts to quantify and monetize carbon sequestration and other ecosystem services were expanded to
incentivize forest protection and reforestation through
payments for ecosystem services (Wunder 2007), and the
creation of the Intergovernmental Panel on Biodiversity
and Ecosystem Services (2012) formally expanded this
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perspective of forests as providers of multiple ecosystem
services linked to their biodiversity.
We are on the cusp of a new perspective of forests (and
other ecosystems) based on the concepts of resilience, earth
stewardship, and integrated landscape planning (Fig. 2; Chapin et al. 2011; Sayer et al. 2013). Forests and their surrounding landscapes are viewed as complex adaptive systems,
whose properties arise through self-organization and interactions among internal and external components, including
human societies (Messier et al. 2015). A key component of
this integrated approach is managing forests at the landscape
level, which requires balancing multiple types of ecosystems
with the needs of multiple sets of actors who use them.
Forests are not defined as isolated entities, but as integral
components of dynamic, multi-functional landscapes. In
contrast to the forest concepts previously discussed, the
landscape approach requires a broader concept of forest that
blurs the boundaries of definitions applied by existing forestry, agriculture, and conservation institutions.
Multiple concepts and definitions of forest now coexist, as
they should. Yet, aligning their objectives and roles in policymaking and governance remains a major challenge. More
than ever we need clear forest definitions that are applied to
achieve specific objectives for managing forests and reforests
in the world’s rapidly changing landscapes. Perverse and
unintended consequences can and do arise when definitions
and inventory methods developed to demarcate and assess
timber stock and growth are used beyond their scope of useful
relevance, e.g., for making policy relating to biodiversity,
ecosystem services, and non-timber forest products.

Ó The Author(s) 2016. This article is published with open access at Springerlink.com
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FOREST DEFINITIONS AND POLICY
Forest definitions shape environmental policies in multiple
ways at global, national, and regional scales. The conceptual frameworks that emerge from contemporary social and
political movements influence the policies and decisions
that ultimately determine the fate of forests and the people
near and far that rely on them for sustenance, services, and
products. But forest definitions are also constrained by
feasibility considerations emanating from available data
collection technology, human capacity, and budgetary
allocations, as well as by purpose. Definitions used for
surveying the status and change in forest growing stock at
national scale, for example, tend to contain thresholds
determined by technically conditioned cost-benefit considerations, such as a minimum patch size (e.g., 0.5 ha) and
a minimum tree size (e.g., 5 cm diameter at breast height or
5 m height, a threshold that is more relevant to groundbased inventories than remote sensing surveys).
FAO’s Forest Resources Assessment (FRA) defines
forest as land with certain characteristics that determine its
demarcation (Box 1). Under this definition, harvesting or
clearing of all trees from a tract of land does not constitute
deforestation in cases ‘‘where the forest is expected to
regenerate naturally or with the aid of silvicultural measures within the long-term’’ (FAO 2001, p. 25). ‘‘Deforestation’’ requires a change in land use from forest to nonforest, consistent with the objective of tracking and maintaining land to be used for timber production. The FRA
definition is not appropriate for assessing and monitoring
forest degradation (Sasaki and Putz 2009; Putz and Redford
2010). For example, forests in Tanzania would remain
classified as forests with no measurable deforestation even
if 88 % of the trees were removed and up to 87 % of forest
carbon was lost (van Noordwijk et al. 2009). Moreover,
new forests, including restored forests and early stages of
spontaneous natural regeneration, go unnoticed if they fail
to satisfy the FAO definition.
Forest definitions have a similar effect on approaches to
afforestation, defined by FRA as ‘‘establishment of forest
through planting and/or deliberate seeding on land that,
until then, was not classified as forest’’ (FAO 2010, p. 13).
The consequences of applying this forest definition extend
beyond forest ecosystems. Tree plantations on lands that lie
within natural grassland biomes are considered forests by
the FRA definition, although they are also distinguished by
FAO as planted forests (FAO 2004). The FRA forest definition does not distinguish tropical dry forests from mesic
savannas, which differ in qualitative rather than structural
aspects of the vegetation. If planted or naturally regenerating trees can grow in savannas under conditions of fire
suppression, then the FRA definition will consider the treecovered portions of the savanna as being forest.

Use of different definitions leads to vastly different
estimates of national and global forest cover (Grainger
2008) and observed rates of forest gain and loss (Keenan
et al. 2015; Box 1). For example, the estimate of global
forest area increased by 300 million ha (approximately
10 %) between 1990 and 2000 simply because the FRA
changed its global definition of forest, reducing the minimum height from 7 to 5 m, reducing the minimum area
from 1.0 to 0.5 hectares (ha) and reducing minimum crown
cover from 20 to 10 % (FAO 2000). In Australia, where
trees often occur in open vegetation formations, this
reclassification led to the acquisition of an additional 118
million ha of forest (Matthews 2001).
In many cases, forest assessments do not distinguish
between land covered by natural and planted forests
(Sasaki and Putz 2009). Thus, if natural forests are cleared
and replaced with plantations, no net loss of forest cover is
reported (Brown and Zarin 2013). Furthermore, tree harvesting from managed plantations is not distinguished from
clearance from natural forest (Petersen et al. 2016). High
rates of natural forest conversion have persisted in some
tropical countries, in part because their operational forest
definitions do not distinguish between monoculture plantations and natural forests (Zhai et al. 2014; Box 1). Using
widely adopted structural forest definitions based solely on
tree height, minimum area, and crown cover (Box 1)
without complementary analysis based on additional definitions, countries can show zero net deforestation or even a
gain in forest extent, even while having converted considerable areas of natural forest within the same time
interval (Tropek et al. 2014). In mapping global tree cover,
Hansen et al. (2014) included plantations of oil palm,
rubber, and tree monocultures in their definition of forest
cover. The definition used for the 2015 Forest Resources
Assessment (FRA) excludes fruit tree plantations, oil palm
plantations, olive orchards, and agroforestry systems with
crops grown under tree cover, but includes rubber, cork
oak, and Christmas tree plantations (FAO 2012). According to the FRA, replacing a rubber plantation with an oil
palm plantation results in a loss of both forest cover and
forest plantation area (Keenan et al. 2015). Because bamboo stands meet the structural criteria for forest defined by
FRA, bamboo harvesting and trade must adhere to many
standards developed for timber (Buckingham et al. 2013).
Inconsistently applied definitions also lead to unclear forest
policy: the government of Peru does not necessarily define
plantations as forests, but oil palm is considered a highly
suitable tree species for ‘‘reforestation’’ in degraded areas
(Bennett-Curry, personal communication).
Although economic forces are the proximate drivers of
deforestation (Geist and Lambin 2002), defining tree
plantations as forests can compromise the quality of
information available to support and enforce protection and
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governance of natural forests at national and subnational
scales. From 1988 to 2005, while the area of natural forests
of Hainan Island, China decreased by 22 %, the area of
rubber and pulp plantations increased more than 400 % and
the total forest cover remained unchanged (Zhai et al.
2012). Rubber plantations have replaced nearly all of the
natural forest in Xishuangbanna, China (Li et al. 2007).
Similar trends in replacement of native old-growth and
second-growth forest by exotic tree plantations have been
documented in southern Chile (Zamorano-Elgueta et al.
2015), Thailand (Leblond and Pham 2014), and India
(Puyravaud et al. 2010). Across SE Asia, nearly 2500 km2
of land previously classified as natural vegetation with tree
cover was converted to rubber plantations between 2005
and 2010 (Ahrends et al. 2015).
Depending on the policy environment, forest definitions
can have major consequences for the fate of small forest
fragments and areas with sparse tree cover, which constitute substantial amounts of the remaining areas of natural
forest in many regions. Uganda, Ghana, the Democratic
Republic of Congo, Thailand, India, and Peru increased the
threshold of tree canopy cover in their national legal definitions of forest to increase the area available for international financing of afforestation and reforestation projects
associated with the Clean Development Mechanism of the
United Nations Framework Convention on Climate Change
(Zomer et al. 2008; Romijn et al. 2013). Consequently,
areas with sparse forest cover (agroforests, small woodlots)
or small, isolated natural forest fragments are no longer
classified as forest and can be considered areas suitable for
afforestation and reforestation (van Noordwijk et al. 2009).
Few afforestation and reforestation projects have actually
been carried out under the CDM mechanism due to
financial, administrative, and governance issues (Thomas
et al. 2010); however, leaving these newly designated
‘‘non-forest’’ areas susceptible to conversion to non-forest
land uses. When areas in Indonesia were prioritized for the
CDM Mechanism, the forestry department realized that
70 % of the land classified as forest in 1989 was not eligible because it was still defined as forest, regardless of
tree cover (van Noordwijk et al. 2008).
A consequence of the minimum tree cover and area
thresholds in many national and international forest definitions is that small, isolated forest patches, riparian forest
strips, live fences, agroforests, and remnant trees standing
within a matrix of non-forest land uses remain unrecorded
(Box 1). Areas classified as ‘‘non-forests’’ are as important
to forest definitions as are forests. More than 43 % of
agricultural land globally is in agroforestry systems with
[10 % tree cover (Zomer et al. 2014). In Rwanda and
Brazil, forest inventories using a 0.5-ha threshold ignore
substantial areas of small forest fragments, agroforests, and
woodlots, leading to underestimates of actual tree cover
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(Nduwamungu et al. 2014; Ribeiro et al. 2009). Small
patches of trees and even isolated remnant trees can hold
high ecological and conservation value (Solar et al. 2015),
and can play an important role in enhancing landscape
connectivity, local biodiversity (Manning et al. 2006), and
local livelihoods (Ndayambaje et al. 2013).
Another major policy consequence of using forest definitions based solely on forest structure is the failure to
differentiate forests disturbed by logging operations from
forests regrowing spontaneously on former agricultural
land (Chazdon 2014). Estimates of the area of ‘‘secondary
forest’’ in the tropics vary widely depending on whether
forests recovering from logging are included in the definition (Pan et al. 2011; Achard et al. 2014). Implementation of carbon mitigation forest policies that rely heavily on
the potential for carbon storage during forest regrowth will
be compromised if secondary forests are not properly
accounted for in national assessments. Assessing rates of
spontaneous forest regrowth also provides critical information for implementing large-scale forest restoration, yet
this information is lacking at regional and national scales.
Intentional or not, it is clear that the choice of forest
definition has had a pervasive impact on monitoring,
assessing, and interpreting forest change (Lund 2014).
Clearly, forest definitions should not be used for purposes
for which they are not appropriate. Definitions should
instead be tailored to achieve specific policy objectives.

REFORESTATION, AFFORESTATION,
RESTORATION, OR REHABILITATION?
Multiple coexisting forest concepts and definitions have led
to a confusing array of terms for ‘‘reforests.’’ According to
the FAO’s Forest Resource Assessment (FAO 2012),
forested land area can increase through two processes: afforestation (planting or seeding of trees on land that was
not previously forested) or natural expansion (expansion of
forest on land previously not classified as forest). But
neither of these processes is considered reforestation. As
defined by the FRA, reforestation (re-establishment of
forest through planting trees or deliberate seeding on land
already classified as forest) does not increase forest area, as
it occurs on lands already defined as forest. These definitions are consistent with the FRA concept of forest as landuse (Fig. 1). Forest definitions required by the Kyoto Protocol emerged from FRA forest definitions, which do not
include a concept of restoration (Ma et al. 2014).
A distinct set of concepts and definitions related to the
reestablishment of forest cover has emerged from the field
of ecology. Operational definitions for a family of ‘‘Re-’’
terms—restoration, recuperation, rehabilitation, etc.—
originated from the wilderness preservation movement in
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Fig. 3 Superficially similar forest states in forests and reforests can be distinguished by their dynamic trajectories over time. a Forest trajectories
in terms of structural complexity over time. b Forest states in terms of structural complexity and biological diversity. States can vary (indicated
by the size of the circles and ellipses) and overlap considerably in their properties. Numbers refer to different forest states, which are illustrated in
c. Natural dynamics (1) occur in conserved and remote areas. Loss of structural complexity can happen through deforestation (2) and disturbance
(3). Increases of structural complexity can happen through different types of regeneration (4, 5, and 6). Agroforestry and commercial tree
plantations (7 and 8) may have structural similarities to natural forests, but show different trajectories

the US, which aimed to manage ecosystems for conservation and preservation rather than extraction (Jordan and
Lubick 2011). ‘‘Re-’’ terms are differentiated by their
process and end goals, which vary in the degree to which
they are true to the species composition, structure, and
function of historical ecosystems (Stanturf et al. 2014).
According to definitions used in many English-speaking
countries, forest restoration emphasizes historical fidelity
and recovery of native species composition (ecological
integrity), whereas forest rehabilitation emphasizes functional aspects of recovery, and can involve non-native
species (Fig. 3).
Changing views and language in the realm of reforestation and forest restoration parallel historical changes in
forest management concepts and shifts in the sectors

involved in research and implementation (Fig. 2). Within the
forestry sector in the tropics, site-based approaches to
reforestation focused on planting a few non-native tree
species for timber production, rather than addressing the root
causes of forest loss and degradation. In response to the
widespread failure of these approaches to conserve native
biodiversity, the concept of Forest Landscape Restoration
(FLR) arose in 2000. FLR represented a significant departure
from small-scale, stand-management approaches toward a
landscape approach incorporating multiple forest functions
to provide livelihoods and ecosystem services for local
people (Laestadius et al. 2015). Implementing forest and
landscape restoration requires a new approach to assessing
forests that includes both the qualities and trajectories of
forest patches in a spatial matrix of non-forest land uses, and
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their role in enhancing multiple management objectives at
relatively large spatial scales.
The landscape approach considers forests as internally
interactive landscape units in which the trajectory of a
forest patch is influenced by the state of neighboring patches (Sloan et al. 2015). Restoration outcomes for a particular forest patch will heavily rely on the connectivity
with other patches, while the status of these patches will
also influence restoration success, for ecosystem services
provisioning and biodiversity conservation alike. Landscape units not typically assessed in forest inventories, such
as isolated trees, living fences, small remnant forest patches, and woodlots enhance ecological integrity and
improve restoration outcomes (Botzat et al. 2015).

DEFINING FORESTS BASED ON THEIR ORIGINS,
TRAJECTORIES, AND LANDSCAPE CONTEXT
Areas of ‘‘forest gain’’ described in the forest transition and
forest change literature (Hansen et al. 2013) could represent commercial monoculture plantations, natural regeneration, restoration plantations, or agroforests, which vary
widely in their drivers, initial states, trajectories, in the
goods and services they provide to people, and in their
potential to support biodiversity and to mitigate climate
change (Brown and Zarin 2013; Tropek et al. 2014).
Recognizing this imprecision, Global Forest Watch now
uses the term ‘‘tree cover’’ rather than ‘‘forest cover’’ to
monitor global gain or loss. This platform has recently
begun to add coverages of oil palm plantations, pulp
plantations, and other types of plantations and is now able
to assess whether recent forest clearing in some countries
has occurred in natural forests or in plantations (Petersen
et al. 2016). There is a pressing need to further develop
programs and institutions to catalyze the collection and
distribution of robust information on the quality and extent
of forests and reforests of all types, shapes, and sizes.
The FAO attempted to harmonize definitions of forest
states and processes by merging definitions used in different settings to enable land-use classifications and
assessments at larger geographic scales without insisting
that all countries use exactly the same definitions (Ståhl
et al. 2012). The term ‘‘other naturally regenerated forest’’
was applied by the FRA to refer to a wide range of forest
states including selectively logged forests and degraded
forests, forests regenerating following agricultural land use,
forest areas recovering from fires, and planted forests with
naturally regenerated trees (Putz and Redford 2010). This
broad category now accounts for 65 % of total global forest
cover (FAO 2015). Distinguishing and assessing forest
states included within this broad category—which includes
most forest states that result from forest restoration
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processes—is necessary to support new policies in the era
of forest and landscape restoration.
To assess and monitor forest and reforests properly
requires viewing them as dynamic systems. We propose that
forest definitions that are sensitive to forest trajectories be
integrated into monitoring forest and landscape dynamics
(Fig. 3a). When viewed and defined as static states, naturally
regenerating forests and forests subjected to logging can
exhibit similar levels of diversity and structural complexity
(Fig. 3a, b). From a dynamic perspective, however, deforestation is an abrupt removal of tree cover, whereas forest
disturbance is a more gradual process that can be more
rapidly reversed through natural regeneration (Fig. 3a).
Following deforestation, reforestation and restoration trajectories lead to the gradual recovery of forest structural
complexity, but species composition may remain distinct
from that of intact forests for many decades or even centuries
(Fig. 3a, b). By assessing trajectories in individual forest
units, we can also assess the trajectories of entire landscapes.
A landscape composed of enlarging and fusing forest units
undergoing natural regeneration will have a higher potential
for connectivity and biodiversity conservation than a landscape composed of isolated monoculture tree plantations, or
of contracting remnant forest patches.
Definitions that are sensitive to forest dynamics provide
critically needed tools for the sustainable management of
diverse forest landscapes (Table 1). Indigenous forest
dwellers and shifting cultivators throughout the world have
developed definitions for different successional stages that
reflect their management potential (Toledo et al. 2003).
Harnessing local ecological knowledge to define and assess
forest states offers rich possibilities. If current forest
assessments are to be useful for understanding the drivers
and rates of land-use change, they must incorporate definitions that include the dynamic properties of forests, their
uses for local people, and their changing landscape context.
Successional trajectories within a given region are highly
diverse and are strongly influenced by landscape factors
(Arroyo-Rodriguez et al. 2015).
Definitions are made to suit specific purposes, based on
a views, concepts, and priorities. The definition of a forest
is not intended to encompass the totality of what forests are
(Fig. 1). Here, we present a heuristic framework to illustrate how definitions applied to specific purposes vary in
the importance of adopting seven criteria: (1) value for
timber; (2) value for carbon storage; (3) improving livelihoods of forest-dependent people; (4) whether forests are
natural or planted; (5) whether forests are pre-existing or
newly established; (6) whether forest are continuous or
fragmented; and (7) whether forests are composed of native
or non-native species (Table 1). We contrast four different
forest management objectives, based on those shown in
Fig. 1. This framework shows, for example, that
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distinguishing pre-existing forests from ‘‘reforests’’ is
important for each of these views, but for very different
reasons. For purposes of assessing carbon stocks and for
tracking forest restoration in landscapes, additionality is an
important criterion. Distinguishing between native and
non-native trees in forests is not important for purposes of
viewing forests solely as carbon stocks, but is very
important for viewing forests as natural ecosystems
(Table 1). Views and definitions of forests need to adapt to
changing circumstances imposed by climate change, government policies, new scientific knowledge, or international market forces. For example, changes in the market
demand for timber produced through sustainable forest
management certification require modification of the criteria for defining forest as sources of certified timber.
Criteria for ‘‘zero deforestation’’ practices will also need to
be developed within this framework based on a clearly
stated forest management objective. Additional criteria
based on social and cultural factors can be included if these
are part of forest management objectives, as is the case
with timber certification schemes and certification of nontimber products. Enhancement of rural livelihoods is a
fundamental principle of forest and landscape restoration.
Our framework provides a flexible tool for defining and
assessing forests based on multiple management criteria.

ASSESSING AND MONITORING FOREST
AND LANDSCAPE CHANGE
Monitoring rates of degradation and recovery of terrestrial
ecosystems as well as tracking progress toward restoration
targets demand that forests be defined in a way that is
sensitive to trajectory as well as state. As forest trajectories
are influenced by site history and landscape context, they
are manifestations of social, economic, cultural, and
political change. People that rely on the land for their lives
and livelihoods tend to have deep knowledge about forest
properties. In these cases, local people can significantly
contribute to defining, assessing, and monitoring forests
and reforests (Fig. 1). Participatory mapping, where local
people describe and assess forest condition and cover, is a
powerful tool for incorporating local knowledge about land
cover and land-use history into local assessments of forests
and tree cover and how they interact within the landscape
and with other land uses. Approaches using participatory
mapping as a complement to remote sensing data can be
particularly valuable (Vergara-Asenjo et al. 2015).
Data-sharing technologies enable assessment of forest
states and trajectories at very large scales, and represent a
way forward to operationalize new forest concepts and
definitions in the era of restoration. Collect Earth is an ‘‘app’’
within Google Earth developed by FAO as a tool for data

collection through visual interpretation of satellite images
(Foris 2015). This tool can be used to collect information
about trees and other landscape features from multiple users
familiar with regional landforms and vegetation, providing
baseline data to monitor all forms of tree and forest cover
within a large region using freely available, high-resolution
satellite imagery. A similar tool, Geo-Wiki, generate global
maps of forest cover by using a network of citizen scientists
to validate land cover classifications (Schepaschenko et al.
2015). Given the widespread use of mobile phones in rural
areas, mobile phone apps also have great potential to map
and track multiple forest and landscape attributes at high
levels of spatial and temporal resolution.
Distinguishing among different types of forests and
reforests—monoculture plantations, old-growth forests,
logged forests, multispecies restoration plantations, and
second-growth forests—in tropical regions is critical to
conserving forests and forest biodiversity (Table 1). New
remote sensing tools can provide high-resolution information on canopy traits and species composition, which can and
should be used to distinguish among successional stages of
forests, selectively logged forests, and single-species plantations, at least at the regional scale (Fagan et al. 2015;
Petersen et al. 2016). Access to this information will allow
countries and international agencies to track changes in
natural forest cover, and to monitor processes of restoration,
rehabilitation, and afforestation within a landscape context
and, consequently, make informed policy decisions. We are
on the frontier of developing new ways of monitoring and
assessing land cover that will provide robust indicators of the
quality and origins of tree cover and enable new ways of
viewing and defining forests and reforests. To see beyond the
overly simplified categories of forest loss, forest degradation, and forest gain, we need to develop and apply more
adapted and nuanced definitions that will deepen our
understanding of the drivers and outcomes of land-use
change and forest dynamics within landscapes.
Definitions should not be used for purposes beyond those
for which they were intended. A young regenerating forest
undergoing self-organization and increasing in structural
complexity and diversity over time is not the same entity as a
forest in the process of decline. Forest definitions created for
timber assessment purposes are insensitive to this difference,
because they are based on static forest attributes. The way
forward requires that we be intentional in the way we define
forests for a wider range of management objectives (Fig. 2),
recognizing that definitions are designed to achieve particular goals and uses (Fig. 1; Table 1). Developing and
applying definitions that enable qualitative distinctions
among types and trajectories of tree cover within the context
of their surrounding landscapes will allow the manifold
benefits of all types of forests and reforests to be recognized,
assessed, and valued.
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In many parts of Europe, close-to-nature silviculture (CNS) has been widely advocated as being the best approach
for managing forests to cope with future climate change. In this review, we identify and evaluate six principles for
enhancing the adaptive capacity of European temperate forests in a changing climate: (1) increase tree species
richness, (2) increase structural diversity, (3) maintain and increase genetic variation within tree species, (4) increase resistance of individual trees to biotic and abiotic stress, (5) replace high-risk stands and (6) keep average
growing stocks low. We use these principles to examine how three CNS systems (single-tree selection, group selection and shelterwood) serve adaptation strategies. Many attributes of CNS can increase the adaptive capacity of
European temperate forests to a changing climate. CNS promotes structural diversity and tree resistance to stressors, and growing stocks can be kept at low levels. However, some deficiencies exist in relation to the adaptation
principles of increasing tree species richness, maintaining and increasing genetic variation, and replacing high-risk
stands. To address these shortcomings, CNS should make increased use of a range of regeneration methods, in
order to promote light-demanding tree species, non-native species and non-local provenances.

Introduction
Forest managers face the challenge of integrating a long-term perspective into their decision-making, because forest production
cycles cover long periods, often exceeding 100 years. While
meeting changing societal demands was always a challenge, site
conditions – especially climate parameters – have generally
been assumed to be more or less constant. This assumption is no
longer valid as the climate is changing, which in turn affects site

factors such as air temperature, water availability (IPCC, 2013),
storm patterns (Blennow and Olofsson, 2008; Donat et al., 2010)
and fire risks (McCoy and Burn, 2005; Moriondo et al., 2006).
Global and regional projections for the direction of change in
these site factors exist, but the speed of change remains uncertain
as does the magnitude and frequency of extreme events (IPCC,
2013).
There is increasing evidence that climate change is already
affecting tree growth and tree mortality (van Mantgem et al.,
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2009; Allen et al., 2010). Higher temperatures shorten development cycles of disease and pest organisms (Hlásny and Turcáni,
2009; Jönsson et al., 2011) and have been shown to favour their
latitudinal and altitudinal expansion (Battisti et al., 2005). There
is also mounting evidence of a direct link between climate-induced
greater occurrence of forest diseases and pests and increased tree
mortality (Sturrock et al., 2011).
In forest management, the magnitude of the projected climatic
changes – with best estimates of temperature increases between
1.1 and 4.88C by the end of the twenty-first century in comparison
to the reference period 1986 –2005 in three out of four scenarios
(IPCC, 2013) – and the associated uncertainty create the need
for a re-evaluation of silvicultural practices. Historically, these
have been developed to meet societal needs in a specific economic,
societal and environmental context and in particular forest types.
If this context alters – and this is the case if the climate as one principal determinant of the forest environment changes –, it cannot
be assumed that these silvicultural practices continue to be appropriate. Specific practices are likely to exhibit particular strengths
and weaknesses.
Several recent contributions have addressed the issue of adapting forest management to climate change and future uncertainty
(Spittlehouse and Stewart, 2003; Broadmeadow et al., 2005; Millar
et al., 2007; Rigling et al., 2008; Innes et al., 2009; Bolte et al., 2009,
2010a; Stokes and Kerr, 2009; Lindner et al., 2010; Seidl et al., 2011;
O’Hara and Ramage, 2013; Rist et al., 2013). The arguments of
these contributions are generally based at a conceptual level, e.g.
in terms of ecological stability (Grimm and Wissel, 1997) or adaptive capacity (Lindner et al., 2010). The term adaptive capacity is
here defined as the ability of forest ecosystems either to absorb climatic change without major changes in forest composition and
structure (resistance, Grimm and Wissel, 1997), or to rebuild themselves, possibly with a different composition and structure, after
disturbances caused or triggered by climatic influences (resilience),
or to evolve continuously, and not abruptly, in composition and
structure. Increased adaptive capacity would ensure that forests
continue to deliver a broad range of ecosystem services (O’Hara
and Ramage, 2013).
These contributions have not satisfied the demand for guidance
on how specific silvicultural practices should be changed in
response to a changing climate. Only few papers have attempted
to address climate change adaptation in forestry at a more specific
and local level (Brang et al., 2008; Kohnle et al., 2008; Kohler et al.,
2010; Puettmann, 2011). To satisfy the need for immediate guidance, forest administrations and large forest enterprises in
several European countries have published preliminary operational
guidelines to advise forest managers on how to modify silvicultural
practice in response to climate change, e.g. by promoting particular
tree species and reducing the use of others (e.g. Bayerische Staatsforsten, 2008; Kantonsforstamt St. Gallen, 2008; Forestry Commission Wales, 2010).
This review paper aims to provide a more scientific basis for such
guidelines. Specifically, we will (1) examine the principles proposed
for climate-adapted forest management, (2) demonstrate the
implementation of these principles in silvicultural practices and
(3) examine to what degree these principles and practices are
already applied in a specific type of silviculture, i.e. close-to-nature
silviculture (CNS).
The procedure used to examine how well a silvicultural system
meets the crucial requirements of adaptation to climate change

can be applied to any silvicultural system and to forests in any
region of the world. Here we decided to apply it to CNS since an influential body of forest managers in Europe view CNS as particularly
suitable for managing forests in a changing climate (Reif et al.,
2010). This approach is increasingly widely applied in Central
Europe, where there is a very long tradition of its use, and partly
also in Southern Europe, where CNS approaches have also been
applied locally. This geographical range of application is the
reason why our review focuses on forests of the temperate zone
of Europe, including mountain forests of Southern Europe.
Our decision to examine how well CNS adopts principles of
climate change adaptation should not be taken as an uncritical
endorsement of CNS. It is also not our aim to investigate how far
CNS emulates natural processes, but instead to examine CNS as
practised on the ground and described in the literature.

Principles and practices for climate change
adaptation in forest management
This section focuses on silvicultural adaptation strategies, their
rationale and their implementation. To differentiate between the
strategic and the operational level of adaptation in forest management, strategic elements are called ‘principles’, and silvicultural
interventions which can be used to operationally implement the
principles are termed ‘practices’. For instance, the creation of
canopy openings of a range of sizes to support regeneration of different species is a practice for implementing the principle ‘increase
tree species richness’.
The principles and practices considered (Table 1) were compiled
from the literature cited in this paper, in particular Spittlehouse and
Stewart (2003); Broadmeadow et al. (2005); Millar et al. (2007);
Brang et al. (2008); Rigling et al. (2008); Innes et al. (2009); Stokes
and Kerr (2009); Bolte et al. (2010a); Lindner et al. (2010) and
Seidl et al. (2011). Our list does not include the general principle
of site-adapted silviculture, since this is a basic tenet of European
forest management including CNS (Wiebecke, 1990), and covers
site-specific tree species selection and variations in management
intensity, target stand structures and production cycles. It also
implies that site-specific management constraints are respected
to maintain the production potential of a site by, e.g. limiting the
impact of heavy harvesting machinery on soils and the remaining
stand to acceptable levels (Edeso et al., 1999).
The following section describes how each adaptation principle
enhances the adaptive capacity of forests in response to a changing climate, and outlines those silvicultural practices which can
be used to implement a given principle.

Increase tree species richness
This principle calls for maintaining or increasing tree species richness at the stand scale. Tree species richness is integrally linked
with adaptive capacity because mixed stands are slightly more
resistant to disturbance events such as drought or storms (von
Lüpke and Spellmann, 1999; Schütz et al., 2006; Knoke et al.,
2008; Lebourgeois et al., 2013), and more resilient once a disturbance has occurred (Brang, 2001; Jactel et al., 2009). In mixed
stands, tree species may occupy different niches. While there is
strong evidence for complementary use of light (Pretzsch and
Schütze, 2005), results are contradictory for complementary use
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Table 1 Relationship between climate change adaptation principles and silvicultural practices
Practices

Principles
1. Increase tree
species
richness

Single-tree selection
cutting (incl.
transformation cuts)
Regeneration cuts
Long regeneration periods
Maintenance of seed trees
Natural regeneration
Artificial regeneration
Introducing provenances
of the same species
Tending
Thinning
Reducing impact of felling
operations
Reduced rotation length
Control of ungulates

2. Increase
structural
diversity

3. Maintain and
increase genetic
variation within tree
species

X

X
X
X
X

X
X
X
X

X

X

X

5. Replace
high-risk
stands

6. Keep
growing
stocks low

X

X
X
X
X
X

X
(X)

4. Increase resistance of
individual trees to biotic
and abiotic stress

X

(X)
(X)

X
(X)
X
(X)

X

X

X

X means a practice can be used to fully implement a principle, (X) means a practice may partially contribute to implementing a principle.

of the rooting zone (Meinen et al., 2009; Krämer and Hölscher,
2010; Pretzsch et al., 2013). As the interactions between species
that may lead to complementarity are highly dynamic in space
and time and also depend on stand density (Forrester, 2014), it is
not surprising that contradictory results may occur even for the
same species mixture. However, species often have different tolerance to climatic factors so that mixtures provide a hedge against
uncertain future conditions. The ecological insurance concept postulates that more diverse communities are more likely to cope with
new conditions when subject to unpredictable stress or disturbance (Yachi and Loreau, 1999). With an increasing number of functionally different species, the probability increases that some of
these species can resist external disturbances or changing environmental conditions. In addition, the probability increases that one
species can take over the role of another, redundant species that
does not survive the disturbance or new conditions (Walker et al.,
1999; Yachi and Loreau, 1999). For example, most biotic disturbance agents are highly species-specific. Examples are the bark
beetle Ips typographus, which attacks Norway spruce (Picea
abies), but not broad-leaved species or silver fir (Abies alba)
(Wermelinger, 2004), the bast Matsucoccus feytaudi, which is less
aggressive in mixed than in pure maritime pine (Pinus pinaster)
stands (Jactel et al., 2006), and the ash dieback (Hymenoscyphus
pseudoalbidus), which affects Fraxinus excelsior (Kjær et al., 2012).
An additional point is that mixed stands increase future management options and future possibilities for natural regeneration.
However, more species-rich stands may not always be better in
all aspects relevant to adaptation to climate change. An often
overlooked issue is that of water use in mixtures. Several studies
have found higher water use of the tree layer in mixture when compared with monocultures of the same species (Schume et al., 2004;
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Anders et al., 2006; Forrester et al., 2010). These findings demonstrate potential trade-offs between promoting tree species diversity
and other functions which may increase in importance in future such
as the provision of water or the susceptibility to drought stress.
One of the most important practices used to increase species
richness is the choice of regeneration cut. The natural establishment of several species can be supported by creating large
variations in light conditions, allowing both light-demanding
and shade-tolerant species to regenerate (e.g. group selection in
combination with strip cuts). In young growth originating from
natural regeneration, enrichment planting is a valuable practice
to introduce additional species. Once young trees are established,
species richness should be maintained by appropriate tending
measures. In subsequent development stages, thinning is important to maintain rare species or species with low competitiveness, in
particular if they are adapted to a warmer and drier climate (Brang
et al., 2008). Finally, the successful establishment of species-rich
stands depends very much on the control of ungulates (Gill, 1992;
Götmark et al., 2005). In order to achieve the optimal adaptive
effect of species mixtures, large mono-specific patches should be
avoided and the pattern of the mixture designed so that it
is robust (i.e. one species does not quickly outgrow others) and can
be easily and effectively managed. Very intimate mixtures usually
require high tending investments and should therefore be avoided.

Increase structural diversity
The presence of trees of different ages and sizes in a forest creates
structural diversity, which may be distributed either vertically
(e.g. in the single-tree selection system) or horizontally (in patch
cut systems). As biotic and abiotic disturbance agents often

Close-to-nature silviculture in a changing climate

specifically affect trees of a specific size range, it seems a safe
assumption – by analogy with the above-mentioned insurance
hypothesis – that structurally diverse forests will exhibit a higher
overall resistance. For instance, many studies report increased
susceptibility to wind damage with tree height (e.g. König, 1995;
Mayer et al., 2005; Mitchell, 2013). But small trees are not only
blown over less often by storms than large ones, but may also be
less attractive to bark beetles. In contrast, large trees may be
less susceptible to frost, drought and fire than small trees. The resilience of vertically structured stands after wind and insect disturbance is large because the advance regeneration present will
be quickly released (Frehner et al., 2005). Increasing structural diversity makes it unlikely that disturbances affect all trees in a
forest (Bolte et al., 2010b; O’Hara and Ramage, 2013). It leaves legacies and thus makes forests more resilient (Franklin et al., 2000;
Gustafsson et al., 2010; O’Hara and Ramage, 2013). Higher resistance and resilience mean higher adaptive capacity. An exception
may be forests in areas with high fire risk, where vertical continuity
of fuel between canopy layers provides a ‘ladder’ which makes it
easier for fires to reach the upper canopy. Therefore, this structure
may be associated with fires of higher intensity and faster horizontal propagation (Gonzalez et al., 2006), causing much more
destruction.
Structural diversity can be mainly achieved using uneven-aged
silvicultural systems (single-tree selection), systems with long
regeneration periods (e.g. group selection systems) and transformation cuts (Schütz, 2001) leading to irregular stand structures and
uneven-aged stands. To a lesser extent, crown thinning can also increase structural diversity if used to create two-layered stands. Regeneration cuts can be combined with underplanting or direct
seeding of a desired admixed tree species that will increase tree
species richness. Mixing tree species of different shade-tolerance
which grow to different sizes clearly supports the aim of maintaining or creating structurally diverse stands. In addition to increasing
the variation in tree size classes at the stand level, structural diversity, which encompasses more than variation in tree dimensions
(McElhinny et al., 2005), may be increased through a variety of
other measures such as specific retention of structural elements
aimed to maintain ecosystem functioning (Gustafsson et al.,
2012).

Maintain and increase genetic variation within tree species
The adaptive capacity of forest tree populations to climate change
also depends on genetic variation. One expression of genetic variation is local adaptation, which has been shown in numerous provenance trials and common garden experiments, although the
underlying mechanisms are only partly understood (Aitken et al.,
2008).
Therefore a first approach to ensuring adaptive capacity is to
maintain existing genetic variation in tree populations. Natural
regeneration and long regeneration periods (for shade-tolerant
species only) are well suited to regenerate stands with a high seedling density from many parent trees (Finkeldey and Ziehe, 2004), to
ensure high genetic variation. However, natural regeneration also
conserves the genetic material that may originate from poorly
adapted planted trees or from populations with low genetic variation. Tending and thinning operations usually favour individual
trees with traits which are relevant for timber production, e.g.
stem straightness. However, the process of selecting these

desirable individuals may reduce variation important for adaptive
capacity in the wider population (Finkeldey and Ziehe, 2004;Paffetti
et al., 2012).
A second approach to increase genetic variability consists of
enriching existing populations with other provenances, especially
for species with a small within-population variation, but high variation between seed sources. The approach includes multiple population breeding (Eriksson et al., 1993; Eriksson, 2001). A third
possibility to maintain or enhance genetic variation is to exert
variable selective pressure on trees by practicing diverse cutting
regimes, which provide different ecological niches with respect
to, e.g. light exposure and soil humidity. Variable selective pressure
can also result from long regeneration periods where inter-annual
climatic variation produces fluctuating environmental conditions.
The main silvicultural practices to achieve high genetic variation
are long-term natural regeneration processes (applicable to
shade-tolerant species) and enrichment planting, in particular if
provenances from warmer and drier climates are used (Aitken
et al., 2008; Finkeldey, 2010). Enrichment planting will depend
upon an adequate supply of seed and seedlings of suitable provenances being available from seed stands, seed orchards and
nurseries.

Increase resistance of individual trees to biotic
and abiotic stress
Individual trees can exhibit different stress resistance. For instance,
many studies have found a higher resistance to snow break in sturdier trees, i.e. those with a small coefficient of slenderness (height
(m) dbh21 (cm), Rottmann, 1985) and long crowns. Norway spruce
trees with higher vitality (e.g. expressed by higher live crown ratios)
recovered more easily from heavy SO2 pollution (Slodičák, 1988).
Moreover, vigorous trees, e.g. dominant or co-dominant crown
classes, are more resistant to biotic pests, especially at low and
medium infestation densities (Wenk and Apel, 2007). However,
early reduction of tree density to improve individual tree vigour
(Cameron, 2002) may reduce genetic diversity (Finkeldey and
Ziehe, 2004).
Heavy thinning, which provides individual trees with more
growing space and thus with more soil volume for their root
system, may also improve the resistance and resilience of trees
to drought stress (Kohler et al., 2010). It appears that providing
trees with more growing space promoted recovery after drought
more than actual resistance to drought (Sohn et al., 2012, 2013).
However, whether increased growing space is also advantageous
under extreme drought conditions has so far not been sufficiently
investigated.
The main silvicultural practice to develop long-crowned trees is
the consistent use of thinning from above, and in particular heavy
interventions at the pole stage. In hardwood trees, this is commonly commenced as soon as self-pruning has eliminated branches on
the lower 6 –10 m of the bole. Such thinning regimes usually lead to
large trees with high live crown ratios (Spiecker et al., 2009).

Replace high-risk stands
Stands can be at high risk of being damaged by disturbances such
as storms, forest fires or insects. Examples are stands consisting of
species and/or provenances which are poorly adapted to the site
already under current climate, stands with short-crowned and
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slender trees, with low individual and collective resistance to wind
and snow break, stands already destabilized by felling or previous
disturbance, which have abruptly exposed stems to sun scorch,
or stands with high fuel loads. Such stands are at high risk from
further natural disturbance, which may not only reduce income
from timber sales, but also endanger ecosystem services such as
the protective function against gravitational hazards on steep
slopes. Salvage harvesting after disturbance usually incurs economic losses because the timber may be damaged, the harvesting
operations may be more expensive than in planned fellings, or the
timber prices may be low due to over-supply. Climate change can
increase these risks since tree vigour may be reduced (e.g. due to
drought, Bréda et al., 2006), and disturbances may be more frequent (e.g. by bark beetles). Such risks, and associated economic
losses, can be reduced if high-risk stands are replaced prematurely
with less vulnerable stands (Staupendahl and Möhring 2011) using
appropriate silvicultural systems such as modified clear-cutting or
group and strip-felling, or transformation to uneven-aged stands
(von Lüpke et al., 2004).

Keep average growing stocks low
One rationale for maintaining relatively low growing stocks in
forests lies in smaller economic risks because the amount of financial loss caused by any disturbance depends on growing stock, i.e.
the capital at risk (Usbeck et al., 2010).This would be true even if the
pressure (e.g. speed of wind gusts) and the damage of a disturbance event to a stand were independent of its growing stock.
However, high growing stocks are correlated with increased
damage susceptibility. In the case of storms, a greater stand age
and a taller stand height increase stand susceptibility (Spiecker,
2003; Mayer et al., 2005). In the case of forest fires, a high growing
stock connected to high stand densities in Mediterranean forests
can also lead to higher canopy fuel loads (e.g. Mitsopoulos and Dimitrakopoulos, 2007), which, together with biomass connectivity at
the landscape scale, can contribute to an increased risk of large
fires (Loepfe et al., 2010;Nocentini and Coll, 2013). Another rationale
for low growing stocks is that, in particular in southern Europe, increasingly limited water resources will not sustain current growing
stocks. Reduced growing stocks can be implemented by earlier
final harvests or heavier thinnings (see principle 4). Target growing
stocks will vary widely between sites and regions, and be higher on
productive sites and when risks are small.
It should be noted that growing stock is directly related to
carbon storage. A lower growing stock implies less carbon
storage in the forest than with higher growing stocks. This implies
that implementing low growing stocks may impose limits to mitigation capacity.

Relative importance of the six adaptation principles
It is not possible to rank the relative importance of the six principles
since the ranking depends on the management goals of individual
forest owners, the condition of the particular stands in question,
the site conditions and the disturbance regime. For example, in a
near-natural, mature European beech (Fagus sylvatica) stand,
tree species richness and structural diversity are probably more
relevant than an increase of the individual tree resistance (which
is barely achievable at this late development stage) or a reduction
of the growing stock. In contrast, in a thicket of poorly adapted
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Norway spruce, promoting tree species richness, if not too late,
and increasing the individual tree resistance are important issues.
Before we examine how far CNS is compatible with the six principles, we will outline how CNS developed in Europe, and establish a
classification of CNS into types since different variants of CNS have
developed in response to social, environmental and economic
factors.

History and classification of CNS types
in Europe
CNS originated in central Europe, where different silvicultural
systems were applied in small farm or community mountain
forests under the designation ‘Plenterwald’ (plenter forest,
Schütz, 1994) or ‘jardinage’. CNS was first described in the nineteenth century and has been widely practised since then in some
regions of Europe. Since 1980, CNS has developed from a specialist
application to a mainstream approach in several central European
countries. This approach is also widely known as Continuous Cover
Forestry (Pommerening and Murphy, 2004).
One of the earliest scientific promoters of CNS was Gayer who
worked in southern Germany and observed significant damage
caused by various disturbances in planted even-aged forests dominated by Norway spruce. As an alternative, he advocated mixed
forests with heterogeneous structures in the belief that they
would be less prone to disturbance (Gayer, 1886). In France,
Gurnaud (1886) advocated the traditional selection system (‘jardinage’) as an alternative to shelterwood cuttings in irregular mountain forests, and proposed a simple but highly effective monitoring
and planning method for irregular forests (‘méthode du contrôle’).
This method was later modified (Schaeffer et al., 1930; Leclerc
et al., 1998). In parallel to the ‘jardinage’ system, the ‘method of
natural regeneration with thinnings’ proposed by Hartig (1808)
was promoted by the national forestry school of Nancy in its silviculture course (Lorentz and Parade, 1837), with a method of
natural regeneration ‘with successive cuttings’ notably for beech
and oak (Quercus spp.) forests.
In Slovenia, Hufnagl (1893) promoted selection forest management in mountainous regions at the end of the nineteenth century.
This system has been widely applied in Slovenia, Croatia and Bosnia
by generations of foresters. There was a parallel development in
Switzerland where Biolley (1901) promoted the plenter forest and
implemented it in the forests of the canton of Neuchâtel, and
where Engler (1900) advocated natural regeneration and mixed
forests. Later Leibundgut (1948) refined the ‘Femelschlag’ (group
selection or irregular shelterwood system), and introduced the
idea of ‘free choice of cuttings’.
In the 1920s, a special form of CNS developed in northern
Germany, when Möller (1922), inspired by tropical rainforests,
developed the ‘continuous forest’ (‘Dauerwald’ in German, Helliwell, 1997) approach to increase forest stability and to maintain
forests as intact ‘organisms’. The Dauerwald approach influenced
many private forest owners and was pursued after the Second
World War in the association ‘Arbeitsgemeinschaft Naturnahe
Waldwirtschaft’, which may be translated as ‘working group on
close-to-nature forestry’. Members of this group and other advocates of CNS established Pro Silva Europe in 1989 (Johann, 2006).
In parallel, the Italian silviculturist Pavari (1914, 1948) authored
several papers to present his idea of ‘selvicoltura naturalistica’
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(Ciancio, 2010) based on mixed forests with heterogeneous structures and natural regeneration. The origin of this approach can be
traced back to the fifteenth century in the eastern Alps, when the
Republic of Venice established rules for selection felling (Volin
and Buongiorno, 1996).
After the Second World War, even-aged high forest silvicultural
systems with fast-growing conifers were dominant in most of
central and northern Europe, and also in some parts of southern
Europe. Timber production was the main focus of forest management. At a regional scale, CNS was only retained in Slovenia and
Switzerland and in some districts of Austria, Croatia, France and
Germany. In Slovenia, CNS continued to be practiced throughout
the country in different forms (Mlinšek, 1968; Diaci, 2006). In
Italy, Susmel (1956) defined structural models for uneven-aged
mixed Alpine stands; his intensive work contributed to spreading
the application of ‘selvicoltura naturalistica’ in eastern Alpine
regions.
From the 1980s onwards, there was a revival of interest in CNS.
The main reasons for this were: (1) Increasing environmental
awareness, which found expressions in high-level international
conferences such as the United Nations Conference on Human
Environment in Stockholm in 1972 and the United Nations Conference on Environment and Development in Rio in 1992 (Kerr,
1999). These conferences were followed by subsequent political
processes aiming at sustainable forest management such as the
Helsinki process in Europe. (2) Large-scale disturbances such as
the 1972 storms in northern Germany, and storms of 1990 and
1999 in central Europe, as well as anecdotal evidence that
even-aged plantations had been damaged more than forests
managed using CNS (Mason, 2002). (3) The high economic costs
associated with the establishment phase of even-aged plantations
made a low-input management system with reliance on natural
processes (e.g. natural regeneration) an attractive alternative to
intensive management.
Currently, CNS is a prevailing forest management paradigm
in many European regions. However, the uptake of CNS is not consistent, and its forms vary. For example, Denmark has adopted
CNS as the main management system (Larsen and Nielsen,
2007) whereas in the other Scandinavian countries there is widespread resistance to CNS. In Atlantic Europe (Portugal, south-west
France, the British Isles) and in Spain, implementation of CNS is of
recent origin and arguably was constrained by large plantations,
mainly of non-native species (e.g. Malcolm et al., 2001; Mason,
2003; Barcenilla et al. 2005). Moreover, CNS is not an approach
with a commonly agreed definition (Zingg, 1999; Pommerening
and Murphy, 2004; Duncker et al., 2012). It is rather a compilation
of several principles which are given different weight in different
CNS types. These principles comprise
(1) Promotion of natural and/or site-adapted tree species, often
based on the assumed potential natural vegetation,
(2) promotion of mixed forests,
(3) promotion of diverse vertical and horizontal stand structures,
(4) promotion of natural regeneration,
(5) silvicultural practices that focus on individual trees,
(6) avoidance of clear cuts.
In addition, CNS often adopts principles that are common to sustainable forest management, e.g. reduction of harvesting
damage to remaining stands and the soil, refraining from the use

of pesticides and mineral fertilizers (Ammer et al., 2011), conservation of valuable habitats and control of ungulate populations to
permit natural regeneration without protective measures (Vospernik and Reimoser, 2008).
As CNS practices are very diverse, a general assessment of
how appropriate CNS is for increasing the adaptive capacity of
European forests in response to a changing climate seems impossible. However, the task can be facilitated by classifying
CNS into three contrasting types, based on the size and lifespan
of contiguous cutting areas in the regeneration phase. The three
types are:
(1) Single-tree selection, which also includes ‘continuous forest’
(Dauerwald in German, Heyder, 1986)
(2) Group selection (Matthews, 1994; Puettmann et al., 2009;
Larsen et al., 2010)
(3) Shelterwood (Röhrig et al., 2006)
Our reason for including the shelterwood system in our classification is that it embodies some of the principles of CNS, although to
a much lesser extent than the single-tree and group selection
systems. For example, a uniform shelterwood with a regularly
spaced overstorey and low structural diversity can be taken to indicate the outer boundary of what might be considered as a CNS
type. Group and irregular shelterwood systems can be considered
as being intermediate between the uniform shelterwood and the
two selection systems.
Different CNS types can be combined if managers do not implement a silvicultural system rigidly, but conduct interventions flexibly based on a careful assessment of each stand and adjust the
intervention to its current condition (O’Hara, 1998). This is known
from Slovenia and Switzerland, and leads to one of the abovementioned CNS types enriched with elements from others, or
even to a ‘free-style’ CNS (Mlinšek, 1968; Boncina, 2011). For instance, overstorey shelter, which is the main characteristic of the
shelterwood system, is often also used in group selection, thus
leading to irregular shelterwood CNS types.

How far do CNS types comply with the six
adaptation principles?
In Table 2 we have used our expert judgment to rate each of these
three CNS types against the climate adaptation principles and to
determine whether a type meets the principle fully, partially or
not at all.

Evaluation of the single-tree selection system
Interestingly, the single-tree selection system is rated second
highest in terms of the number of climate change adaptation principles it meets fully, but is also the highest ranked of the three CNS
types in terms of principles not met (Table 2). Single-tree selection
complies with the principle of increasing structural diversity.
Moreover, most overstorey trees have high live crown ratios of
.50 per cent (Zingg, 2003) and low height : diameter ratios and
are thus relatively resistant to abiotic stress (Mason, 2002). The
continuous natural regeneration, which is an intrinsic part of singletree selection (Schütz, 1997), supports the maintenance of genetic
variation within species (Finkeldey and Ziehe, 2004), except for
target diameter harvesting (see below). Single-tree selection in
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Table 2 Ability of three CNS types to implement six principles of climate change adaptation
CNS type

Single-tree
selection
system
Group
selection
system
Shelterwood
system

Adaptation principles
1. Increase
tree species
richness

2. Increase
structural
diversity

3. Maintain
and increase
genetic
variation
within tree
species

4. Increase
resistance of
individual trees
to biotic and
abiotic stress

5. Replace
high-risk
stands

6. Keep
growing
stocks low

Number of
principles
+

Number of
principles
+

Number of
principles
2

2

+

+

+

2

+

2

2

2

+

+

+

+

+

+

4

2

0

+

2

+

+

+

+

1

4

1

+ Means a CNS type is generally adopting the principle+means it may adopt it in some cases or partly, 2 means it is unable to implement the principle.

conifer dominated forests is often practised at high growing stock
levels (e.g. 400 m3 ha21 in central European forests) although it
can also be implemented at lower levels (e.g. 300 m3 ha21,
Schütz, 1997).
Nevertheless, single-tree selection has a number of limitations.
Most importantly, it only creates very small gaps, favouring a
limited number of shade-tolerant species and posing problems
for the regeneration of light-demanding tree species (Schütz,
1999; Malcolm et al., 2001; von Lüpke, 2004), and thereby reducing
potential species richness. The competitive advantage of shadetolerant species in small gaps is even greater if no tending
occurs, so that light competition determines which young trees
survive. Large gaps favourable to light-demanding species are
only created by stand-replacing disturbances, e.g. by infrequent
storms. Enrichment planting is also often not used in single-tree selection, partly since managers traditionally rely on natural regeneration, and partly because protecting planted saplings against
browsing ungulates is difficult since young-growth stages are not
concentrated in space. Moreover, non-native species with high
adaptive capacity such as Douglas fir (Pseudotsuga menziesii) are
rarely used, even though they can grow in single-tree selection
systems (Pommerening and Schütz, 2013). This further limits the
possibility of adaptation by increased tree species richness.
Target diameter harvesting, as a variant of the single-tree selection
system, may decrease genetic variation since the trees with fastest
growth, which tend to have a higher heterozygosity, are preferentially harvested. As a result, these trees may have less opportunity
to produce offspring than trees harvested at a later stage (Konnert
and Spiecker, 1996; Finkeldey and Ziehe, 2004).
Also, single-tree selection does not allow a radical replacement
of high-risk stands – , since patch cuts, which cause the loss of the
highly uneven-aged plenter structure, are generally avoided.
However, single-tree selection rarely produces the uniform and
short-crowned trees characteristic of high-risk stands.
This evaluation of the single-tree selection system largely
applies also to the transformation of even-aged to uneven-aged
forests with selective thinning.
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Evaluation of the group selection system
The group selection system is rated highest in terms of the number
of climate change adaptation principles that are completely met
and this CNS type is not associated with any principles that are
not met (Table 2). Like single-tree selection, group selection complies with the adaptation principles of increasing high (small-scale)
structural diversity. Thinnings conducted in this system increase
the resistance of individual trees to biotic and abiotic stress. The
small patch cuts that are a feature of this system can be used as
a means of replacing high-risk stands. Finally, group selection
can, in principle, be practised at different growing stock levels by
heavy thinnings and short rotation lengths, although the latter
are sometimes avoided (Reif et al., 2010).
The limitations of group selection systems are similar to those of
single-tree selection systems, especially the difficulty to retain
shade-intolerant species in small gaps (Malcolm et al., 2001;
Mason et al., 2004; von Lüpke, 2004), or if extended regeneration
periods are used. However, using a range of gap sizes and a more
rapid expansion of gaps can create highly variable light environments in space and time and thus facilitate higher tree species richness than in single-tree selection (von Lüpke, 2004).Less competitive
tree species may be outcompeted during young-growth stages if
stands are kept at high density and no pre-commercial tending or
thinning interventions are conducted, similar to the situation in
forest reserves (Heiri et al., 2009). Finally, planting is more often
used in group than in single-tree selection systems, where it is
unusual (Schütz, 1997), which also helps to increase tree species
richness.

Evaluation of the shelterwood system
The shelterwood system is ranked lowest in terms of the number of
climate change adaptation principles that are fully met but is
second to the single-tree selection system in terms of the principles
not met (Table 2). The shelterwood system tends to produce
even-aged mono- or two-layered stands (Spurr, 1956). Phases
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with high structural diversity are thus rather short-lived, apart from
the irregular shelterwood system (Raymond et al., 2009). However,
the longer the regeneration period used, which may extend to 30
years, the more structurally diverse the subsequent stand can
become. Tree species richness can be promoted by varying the
degree of overstorey retention and the length of the regeneration
periods (Raymond et al., 2009). As in previous systems, precommercial thinning can be conducted to maintain admixed
species, although such interventions can also be used to reduce
species richness to commercially valuable species. Planting is
rarely used to increase tree species richness, but can be integrated
as enrichment planting after the final cut where natural regeneration has partly failed or established regeneration has been
damaged by the harvesting operations. The reliance on natural regeneration and the relatively long regeneration periods support the
maintenance of genetic variation (Table 2). Selective thinning is
often conducted to increase the individual resistance of trees to
biotic and abiotic stress since high resistance of the seed trees is
needed when shelterwood cuts start (Hanell and OttossonLofvenius, 1994). The replacement of high-risk stands using the
shelterwood system is possible on wind-firm sites. If advance regeneration is not yet established or if natural regeneration fails,
this may entail planting. The shelterwood system is compatible
with low growing stocks if production cycles are relatively short
and thinnings are consistently applied. Among the three CNS
types, the structural diversity is smallest in the shelterwood
system, in particular in the uniform shelterwood system (Spurr,
1956).

Overall assessment of the three CNS types
The three CNS types described here – single-tree selection, group
selection and shelterwood – are compatible to some extent with
the six adaptation principles; only the single-tree and shelterwood
systems were not in accord with at least one principle. In eight
cases, a principle is only partly fulfilled in a CNS type, often meaning that the fulfilment depends on the use of specific silvicultural
practices.
In contrast to common views (Reif et al., 2010), no single CNS
type can be viewed as an optimal silvicultural response to a changing climate (cf. Bauhus et al., 2013).This is not surprising since CNS
was originally not developed for this purpose, but for timber production in different forest types. However, traditional CNS types
have already been modified to accommodate new needs. Examples are requirements to retain habitat trees which have been integrated into CNS in some countries and are now even required under
forest certification schemes (Programme for the Endorsement of
Forest Certification, Forest Stewardship Council; e.g. MLUV, 2004),
although with limited long-term effects (Rosenvald and Löhmus,
2008). In each of the three types, there is also variation in planting,
tending and thinning practices, which means that there is still considerable potential to develop these systems further to meet the
future requirements of adaptation to climate change. In addition,
in forest practice there is often no clear boundary between the
three different systems so that intermediate combinations are
possible (Raymond et al., 2009).
Within the Triad zonation framework of Seymour and Hunter
(1999), CNS is part of the moderate approach with multifunctional
areas under ecosystem management (see also O’Hara and
Ramage, 2013). In the classification of forest management

approaches by Duncker et al. (2012), CNS covers ‘Close-to-nature
forestry’, but is also compatible with most of the basic principles
described for ‘Combined objective forestry’. These differences
occur because Duncker et al. (2012) used a management intensity
gradient to evaluate existing forest management strategies
whereas our classification is based on existing silvicultural terms.
The most flexible CNS system is the group selection system
because it provides variation in patch sizes ranging mostly
between 0.05 and 0.5 ha. This range creates environmental gradients (in particular light gradients) providing suitable conditions for
both shade-tolerant and shade-intolerant tree species. While
shade-tolerant species will grow well even in gaps smaller than
0.05 ha, shade-intolerant species do not benefit much from gaps
larger than 0.3 ha (Malcolm et al., 2001; Christopher et al., 2005).
Single-tree selection is the most suitable way to increase or
maintain small-scale structural diversity. However, it is less suitable for increasing species richness. In contrast, the shelterwood
system, and in particular the uniform shelterwood system, has
the lowest structural diversity in the long term, but is more suitable
for increasing tree species richness in the next forest generation, by
facilitating the introduction of new species or provenances with enrichment planting.
The three different CNS systems have been applied for periods of
well over 100 years (Schütz, 1994) in European forests. During this
time, these silvicultural systems have been adjusted to particular
conditions and one of the objectives of this paper is to encourage
this to happen in the future. Today, managers practicing CNS
tend sometimes to stick to a fixed set of principles, and to value
their personal experience more than scientific evidence or practical
knowledge gained in other parts of the world (Puettmann et al.,
2008). However, the challenge of climate change means that
past experience of how to manage a forest should not constrain
its future management.

Conclusion: further checks of the match
between adaptation principles and
silvicultural systems are needed
Global climate change poses significant challenges and opportunities to forest management (Read et al., 2009), and implies a need
for adjusting silvicultural practices used by forest managers. It
is unwise to address adaptation without taking account of the
full range of adaptation principles and practices. This also implies
that some general restrictions on forest management, which
apply to all silvicultural systems, should be revised. For instance,
restrictions aimed at conserving genetic diversity of local populations may prohibit the use of provenances from outside a planting
region, although their robustness against environmental stress
(e.g. drought) has been demonstrated in provenance trials
(Kätzel and Löffler, 2007). This is an obstacle to enrichment
planting.
We show that all six adaptation principles are already used in
CNS, albeit to a different degree in different CNS types. CNS is therefore well suited to help forest managers cope with future climate
change, and management principles such as promoting mixed
stands, structural diversity and individual tree resistance should
be maintained. However, no single CNS type is an optimal adaptation strategy in all respects. Particular deficiencies exist in complying with the principles ‘increase tree species richness’, ‘maintain
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and increase genetic variation’ and ‘replace high-risk stands’. To
address these shortcomings, CNS should employ a larger variation
in regeneration methods which helps to increase species richness
by integrating light-demanding tree species, non-native species
and non-local provenances. This could be achieved by applying different CNS types at the landscape level.
We expect that other silvicultural systems, and also specific
local variants of CNS, exhibit specific advantages and limitations
for climate change adaptation. We therefore advocate testing all
silvicultural systems against the six adaptation principles described
here to identify their strengths and weaknesses as tools for adapting forests to the challenges posed by climate change. The results
of such an evaluation can be used to develop region- and sitespecific silvicultural systems that enhance forest resilience
against an uncertain future.
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in Wäldern mit Schutzfunktion. Bundesamt für Umwelt, Wald und
Landschaft.
Gayer, K. 1886 Der gemischte Wald, seine Begründung und Pflege,
insbesondere durch Horst- und Gruppenwirtschaft. P. Parey.
Gill, R.M.A. 1992 A review of damage by mammals in north temperate
forests. 1. Deer. Forestry 65, 145– 169.
Gonzalez, J.R., Palahi, M., Trasobares, A. and Pukkala, T. 2006 A fire
probability model for forest stands in Catalonia (north-east Spain). Ann.
For. Sci. 63, 169–176.
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50, 82 –96.

Nocentini, S. and Coll, L. 2013 Mediterranean forests: human use and
complex adaptive systems. In Managing Forests as Complex Adaptive
Systems. Building Resilience to the Challenge of Global Change. Messier, C.,
Puettmann, K.J. and Coates, K.D. (eds). Routledge, 214–243.
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Schütz, J.P. 1994 Geschichtlicher Hergang und aktuelle Bedeutung der
Plenterung in Europa. Allg. Forst- Jagdztg. 165, 106–114.
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Is Close-to-Nature Silviculture (CNS) an
adequate concept to adapt forests to
climate change?
Peter Spathelf *, Andreas Bolte**, and Ernst van der Maaten***

Abstract

Zusammenfassung

Climate change projections for Europe suggest increases in
temperature, changes in precipitation regimes as well as
more frequent and severe weather extremes like heat waves,
droughts and storms. As these changes may have a large
impact on forest ecosystems, forest management should
adapt to maintain vital and productive forests in the future.
This review assesses how close-to-nature silviculture
(CNS), which is a widespread silvicultural approach in Central
Europe, may cope with projected changes in climate. First, a
conceptual model of forest vulnerability is outlined, and
used to describe climate change exposure, sensitivity and
adaptive capacity of forests. Strategies and options for adaptation, and their compliance with the principles of CNS are
then discussed.
Modifications in CNS, such as using exotic tree species
and provenances or the assisted migration of well adapted
tree species from other climates can enhance adaptive capacity of forests. Moreover, the regeneration of stress-tolerant
pioneer species can be supported by applying the whole
range of silvicultural systems.

Ist naturnaher Waldbau ein geeignetes
Konzept zur Anpassung von Wäldern an
den Klimawandel?

Keywords: climate change, adaptation, close-to-nature
silviculture (CNS), tree species richness, genetic variation

Projektionen zum Klimawandel in Europa deuten auf eine
Erwärmung, Änderung der Niederschlagsverhältnisse sowie
häufigere und intensivere Witterungsextreme wie Hitzewellen, Trockenheit und Stürme hin. Diese Änderungen können
einen starken Einfluss auf Waldökosysteme haben und die
Waldwirtschaft sollte sich daran anpassen, um vitale und
produktive Wälder in der Zukunft zu erhalten.
Dieser Übersichtsartikel behandelt die Frage, wie der
naturnahe Waldbau (close-to-nature silviculture – CNS) als
weit verbreiteter waldbaulicher Ansatz in Mitteleuropa mit
dem notwendigen Anpassungsbedarf der Wälder im Einklang steht. Zunächst wird ein Konzept zur Abschätzung der
Vulnerabilität von Wäldern unter Klimawandel vorgestellt.
Danach werden die Vulnerabilitäts-Komponenten ‚Belastung‘, ‚Empfindlichkeit‘ und ‚Anpassungsvermögen‘ beschrieben und Strategien sowie Möglichkeiten für die Waldanpassung und ihre Übereinstimmung mit dem naturnahen Waldbau diskutiert.
Modifikationen im naturnahen Waldbau, wie die Verwendung von eingeführten Baumarten und Baumartenherkünften sowie die unterstützte Verbreitung (‚assisted migration‘)
von nachweislich gut angepassten Bäumen aus anderen
Klimaten können die Waldanpassung verbessern, ebenso die
Erweiterung des Spektrums der Waldbausysteme zur Förderung von stresstoleranten Pionier-Baumarten.
Schlüsselworte: Klimawandel, Anpassung, Naturnaher Waldbau, Baumartenvielfalt, Genetische Variation
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1 Introduction
Climate is an important driver for environmental change.
Globally, land and ocean surface temperature increased by
0.85 °C over the period 1880 to 2012 (Pachauri and Mayer,
2014). In Germany, mean surface air temperature increased
by 1.2 °C in 2001 to 2010 when compared to pre-industrial
conditions (1855 to 1890) (EEA, 2011). This warming trend
was accompanied by more frequent and severe weather extremes, like heat waves, droughts and heavy precipitation
events (Min et al., 2011; Wigley, 2009). Also for the future, an
increase in frequency and severity of extreme weather events
is expected for Central Europe (Donat et al., 2011; EEA, 2011;
Gastineau and Soden, 2009).
Climate warming may improve growing conditions and
prolong growing seasons, thereby positively affecting forest
growth. However, this may only happen when water availability is sufficient (Nemani et al., 2003); on sites with water shortage, more frequent heat waves and droughts likely raise
risks of disturbance, mortality and forest loss (Allen et al.,
2010; Lindner et al., 2014; Bolte et al., 2009). Further, a higher
storm risk may increase the susceptibility of forests to biotic
disturbances. This may be especially important for extensive
Norway spruce forests in large parts of Europe that suffer
already today from high losses due to interacting impacts of
windthrow, warming, drought and bark-beetle attacks
(Hanewinkel et al., 2013; Bolte et al., 2010; Schlyter et al.,
2006; Schelhaas et al., 2003). Therefore, and due to the longterm interaction of long-living forests and future climate
change dynamics, forest management and silviculture have
to adapt to today’s changing environmental conditions in
order to maintain vital and productive forests in the future
(Kolström et al., 2011; Bolte and Degen, 2010).
In this review, it is examined whether Close-to-Nature
Silviculture (CNS), which is a common silvicultural approach
in Central Europe, is an adequate concept to adapt forests to
climate change. First, we describe the practice of current CNS
management. Then, we elaborate on the concept of vulnerability, which includes climate change exposure, sensitivity
and exposure, and perform a vulnerability analysis to outline
strategies and options for adaptation. Finally, we analyse
whether the concept of CNS should be adjusted to support
forest adaptation to climate change.

2 Close-to-nature silviculture (CNS)
The origin of close-to-nature silviculture in Germany dates
back to the time before the 19th century, when irregular,
selective logging was conducted. A dramatic increase in
wood demand during the industrial revolution, however, led
to an intensification of forest management and the introduction of forestry activities according to more agricultural principles, like soil tillage, fertilization and the spatial-temporal
classification of forests into cutting sequences. In the early
19th century huge areas which were deforested and degraded since the Middle Ages were restored to forests. Thereby,
German mainstream forestry laid its emphasis on even-aged

high forests with a preference for clear-cutting (Thomasius,
1996). However, gradually many of these even-aged pure
forests were lost due to an increasing number of pest attacks
and abiotic disturbances. Consequently, the first forest scientists started to recognise that pure (even-aged) stands may
not be resistant and resilient enough for long-term economically successful forest management. One of the most prominent advocates of mixed forests at the turn to the 20th century was the silviculturist Karl Gayer, who strongly supported
the group selection system for stand regeneration (Heyder,
1986; Gayer, 1886). In the 1920s, Alfred Möller promoted the
idea of ‘Dauerwald’ (continuous-cover-forestry), which was a
special variant of close-to-nature forestry. He advocated
single-tree oriented interventions, natural regeneration,
avoidance of clear-cutting and the maintenance of multistoried mixed stands (Möller, 1922).
Although first practised mainly by private forest owners,
close-to-nature silvicultural management emerged among
all forest ownership categories in Germany during the last
quarter of the 20th century. Thereby, forest owners responded to new environmental developments and challenges
(e. g. forest decline), major disturbances (storms) and the
increasing scientific evidence that mixed forests may be
more resilient and productive than pure forests (e. g. Brang et
al., 2014; Knoke et al., 2008; Pretzsch, 2003).
A central principle of CNS is the utilization of natural processes to guide forest ecosystems with the least amount of
energy input (costs) as possible. Other prominent elements
of CNS are (Pommerening and Murphy, 2004; Johann, 2006;
Spathelf, 1997):
yy promotion of natural and (or) site-adapted tree
species composition (non-native species, if admixed
to native species, are to a small extent accepted),
yy promotion of mixed and ‘structured’ forests,
yy avoidance of clear cuts, as far as possible,
yy promotion of natural regeneration,
yy single-tree oriented silvicultural practices,
yy integration of forest ecosystem services (e. g. water,
recreation) at small spatial scales.
CNS is thus not a silvicultural system or technique in sensu
strictu, but a broad approach with different elements which
can be adapted to changing natural and socio-economic
conditions (Spathelf, 1997). To date, CNS in the described
specification is mainly applied in Central Europe. The practical success of CNS in Germany depends on reduced impact
of tending and harvesting on the remaining stand and soil
(Reduced Impact Logging) and controlled ungulate populations. CNS is an integrative approach of (sustainable) forest
management (SFM) and biodiversity conservation on a small
scale (see Schütz, 1999, for a discussion here). When classified according to management intensity, tree species and
structural heterogeneity, CNS occupies its place between
selection and old-growth forests on the one hand, and
forests after larger stand replacement events or even plantations on the other hand (Figure 1, adapted after Puettmann
et al., 2009). This classification demonstrates the range of
regeneration cuts and forest target structures which are
feasible within CNS.
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the degree to which a system is susceptible to, and unable to
cope with adverse effects of climate change factors, including climate variability and extremes in disturbance events.
In the following sections, different elements of vulnerability
will be discussed for forests in Germany as an example for
Central Europe.

Clear cut with natural
regeneration
Old-growth forest

Pioneer forest after disturbance

Tree species and structural heterogenity

Figure 1
Classification of CNS according to management intensity as
well as tree species and structural diversity. Adapted after
Puettmann et al. (2009).

3 Climate change vulnerability of
German forests
3.1 Definitions and concepts
‘Vulnerability’ is a widely used term to qualify the impacts of
climate change on forest ecosystems. It can be described as
the probability with which an environmental system can be
damaged through changes in the environment and (or) society, taking into account its adaptive capacity (Turner et al.,
2003). In this review, the different elements of vulnerability,
being exposure, sensitivity and adaptive capacity (Figure 2),
will be defined after Lindner et al. (2010) and IPCC (2007),
glossary terms WG II).

Start of
exposure

Current
Future

Response

Sensitivity

Exposure
Vulnerability

Adaptive capacity
Start of
exposure Adaptation

Figure 2
Components of ecosystem vulnerability.

Forest ecosystems are exposed to climate factors, such as
temperature and precipitation, in different ways (i.e. means,
variability and extreme events; Reyer et al., 2013). Sensitivity
describes the degree to which a system is affected by climate
change factors, either adversely or beneficially. Adaptive
capacity, however, is the ability of a system to adjust to changes in climate, i.e. to prevent or moderate potential damages
or to take advantage of opportunities. Finally, vulnerability is

3.2 Exposure
Regionalised climate change projections for Germany
(models: REMO, WETTREG, CLM) suggest, on the basis of
IPCC SRES scenario A1b, a significant temperature increase
until 2055 (Figure 3a; after Stock, 2008). Temperature will rise
especially in autumn and winter, ranging from 0.6 to 3.4 K. An
extension of the vegetation period amounting to two weeks
can already be observed in Central Europe (Menzel, 2006),
and a further advance of bud burst and flowering due to
warming is expected for the future. Additionally, the frequency and severity of winter and late frosts are expected to
change. Model projections for precipitation reveal a shift in
seasonal distribution (from summer to winter) and less continuous but more intense rain (Figure 3b). Although there
will be regions in Germany with decreasing and others with
increasing precipitation sums (Stock et al., 2009; Becker et al.,
2008), the probability for summer droughts and heat waves
is likely to increase considerably throughout the country.

3.3 Sensitivity
To analyse potential impacts of changing climate variability
and extreme events on tree growth and vitality, dendroecological approaches have shown to be a strong tool (e. g.
Büntgen et al., 2008; Schweingruber, 1996). For Germany,
there is increasing evidence that trees suffer more from
summer droughts. Schröder (2009), for example, found an
accumulation of negative pointer years in Scots pine (Pinus
sylvestris) stands in northeastern Germany over the last two
decades. Further, an analysis of intensively monitored observation plots (Level II network) reveals a significantly increased sensitivity of European beech (Fagus sylvatica) to climate
variation since 1990 (Beck, 2011; Beck, 2009). High drought
sensitivity of beech is also observed by other studies, whereas
sessile oak (Quercus petraea) is found to be more drought
tolerant (Scharnweber et al., 2011; Friedrichs et al., 2009).
Species-specific drought sensitivity was also shown for an
altitudinal gradient in southwestern Germany (van der
Maaten-Theunissen et al., 2013). It was found that growth of
Norway spruce (Picea abies) was negatively affected at all
altitudes (400 to 1140 m a.s.l.), whereas growth of silver fir
(Abies alba) responded to drought only at low altitudes.
Regional differences, local variation and temporal variability in drought sensitivity, as well as uncertainty in growth
responses of trees to climate conditions that they were never
exposed to before, make future estimates of forest growth
difficult. Moreover, the response of tree species to climate
variables is often analysed and described for pure stands
only. The question whether tree species-rich forests modulate drought stress still remains poorly understood. In mixed
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Figure 3
Projected changes in (a) temperature and (b) precipitation sums for Germany (A1b scenario) after Stock (2008). Trends in
temperature and precipitation sums are calculated as the difference between 2046 to 2055 and 1951 to 2003, and are
presented for spring, summer, autumn and winter.
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stands, under specific circumstances, admixed species can
increase drought resistance of the main tree species. The
admixture of oak and Norway spruce in beech stands, especially on productive sites, for example, was found to reduce
competition among beech trees. Thereby, oak mitigates the
drought sensitivity of beech over effects of hydraulic water
lift, whereas spruce changes the structure of beech stands,
allowing more light to come in (Pretzsch et al., 2013; Pretzsch,
2009). In a gradient study across Europe, however, Grossiord
et al. (2014) also found that drought resistance can be
lowered by mixing other tree species, especially in droughtprone areas, which points to the fact that the adaptive capacity of forests is not always increased by high tree species
diversity.
Studying biotic and abiotic disturbances becomes increasingly important as well with contemporary changes in
climate. Pests and other damaging agents can be affected
directly, e. g. by accelerating their reproduction rates, or indirectly by weakening the vigour of their host plants. There
is evidence that forests in Central Europe have increasingly
suffered and will further suffer from pests, diseases as well as
from new pests that have not been a problem before, e. g.
pine wood nematode (Bursaphelenchus xylophilus) or agents
of ash decline (Chalara fraxinea) (Bolte et al., 2009). An increasing amount of timber had to be harvested due to
mortality over the last years. Salvage cuttings following oak
decline in Brandenburg, for example, increased from about
6000 m3 in 1995 to 13.000 m3 in 2004 (Möller et al., 2006). In
Baden-Württemberg (southwestern Germany), an average
level of salvage cutting of around 30 % is reported for the
total forest area during the period of 1986 to 2011. This is
especially due to increased risks associated with the management of Norway spruce in age-class forests, i. e. storm,
drought and biotic disturbances (Schröter et al., 2012). The
situation in Austria is quite similar, where Norway spruce is
the dominating tree species as well: 19 % of the annual cut is
salvage cutting for large forest owners (> 200 ha), compared
to 14 % for small-scale forest owners (Büchsenmeister and
Gschwantner, 2013, for the time period 1981 to 2009). Nevertheless, it should be mentioned that salvage cuttings are
enhanced by record high standing volumes in German (and
European) forests (European Commission, 2011; Oehmichen
et al., 2011). Finally, forest fire has emerged as an increasingly
important disturbance agent. In Brandenburg the number of
fires rose in the past 20 years to around 500 occurrences per
year, following dry episodes like in the years 1976, 1992
and 2003 (Badeck et al., 2004). Fire hazards are expected
to increase further in the future (Lasch-Born et al., 2015;
Gerstengarbe et al., 2003).

3.4 Adaptive capacity
Adaptive capacity of trees can be determined on the level of
individual trees and (or) populations. On the level of individuals, plants can respond to environmental stresses with
decline (mortality) or phenotypic plasticity (short-term response; Nicotra et al., 2010; West-Eberhard, 2003). Populations, on the other hand, can adapt via evolutionary
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adaption, e. g. due to selection processes (long-term response; Aitken et al., 2008).
There is extensive literature on short-term stress response (stress concepts) of plants, such as the production of
compatible solutes to stabilize the water potential of the
plant after drought, cold or salt stress (Schulze et al., 2002).
Substances in needles and leaves, which respond sensitively
to environmental changes, can be used as proxies for environmental stress (biomarker analysis, see Kätzel, 2003).
Besides, wood anatomical features can be studied, since
trees continuously adapt to changing environmental conditions by adjusting their hydraulic system (conduit size and
pit structures, Fonti et al., 2010). Lastly, morphological parameters such as root area or the root-to-shoot ratio can be
analysed, as they are considered adaptive traits, especially in
response to drought (Fonti et al., 2010).
Selection processes on the population level as a consequence of extreme events may lead to lower genetic differentiation due to directional adaptation on specific environmental factors (Hampe and Petit, 2005). The assessment of
genetic variation within populations, before strong selection
takes place, is therefore of fundamental importance for
valuing their adaptive capacity (see section 4 on adaptation
options).

3.5 Vulnerability assessment
A qualitative assessment on the vulnerability of tree species
and regions to changing environmental conditions takes
into account sensitivity and adaptive capacity of tree species
and forest stands (Kreft et al., 2013). In Germany, Norway
spruce is considered as the most vulnerable tree species, as
spruce was widely planted in monocultures outside of its
natural range that frequently lack a species-site match (van
der Maaten et al., 2009). Moreover, European ash and oak
show signs of decline on many sites throughout Germany
(Möller, 2009). Concerning the spatial variability of vulnerability, regions such as the Berlin-Brandenburg (capital) area
and parts of the Rhine valley are estimated to be highly
vulnerable areas due to already low precipitation and unfavourable soils with low water storage capacity (Stock et al.,
2009, Zebisch et al., 2005).

4 Adaptation options and their
compatibility to CNS
Vulnerability assessments (see chapter 3.5) allow the formulation of adaptation strategies and options. Thereby, one
may distinguish between passive and active adaptation
(Millar et al., 2007). While passive adaptation is based on the
use of forest succession (reduction of silvicultural input),
active adaptation entails the use of silvicultural methods
(e. g. tending, thinning, stand conversion) to change stand
structures and composition in a way that the resulting forest
is better adapted to climate change (Bolte et al., 2009).
Among possible silvicultural options to implement adaptation such as the increase of tree species richness and genetic
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diversity of forests, the reduction of biotic and abiotic risks,
actions in forest operations, and others (cf. Bolte et al., 2009;
Spittelhouse and Stewart, 2003), this review focusses on
increasing
1) tree species richness and structural diversity, and
2) genetic variation of tree populations (Figure 4).
In sections 4.1 and 4.2 it is explored whether these adaptive forest management options are compatible with CNS
(see also Brang et al., 2014 for an overview on diverse adaptation principles).

Vulnerability assessment

Adaption strategy

passive

active

succession

Silvicultural options

measures
I. Change of tree species
composition
Native tree species
New provenances of native tree species
New non-native tree species
II. Mixture regulation in
young stands

Figure 4
Flow chart for silvicultural adaptation options.

4.1 Increase of species richness and structural
diversity
The question how biodiversity affects the functionality of a
forest ecosystem is of high relevance (functional biodiversity
research, Scherer-Lorenzen, 2011). Here, a lack of research is
obvious and it remains difficult to forecast the effect of mixtures in dependence of site and forest function (Pretzsch,
2009). However, some first results can be mentioned. With an
increase in species richness, compared to monoculture
stands, the possibility to include tree species with sufficient
fitness in the face of climate change is enhanced. Speciesrich tree populations often contain plants with different
‘strategies’ concerning establishment and competitiveness
(plant functional types, according to McArthur and Wilson,
2001). Thus, resources such as light, water and nutrients can
be spatially and temporarily used in a different way. In many
cases, species-rich forests are thus more productive than less
diverse forests (Pretzsch et al., 2010).

Recent vegetation function analyses support the finding that
more ‘complex’, mixed forests with old-growth features show
a higher stress tolerance 1 than homogeneous, intensively
managed forests with a high level of disturbances and timber extraction (Norris et al., 2011). Stress-tolerant species (S)
as well as competitive species (C) can be found in complex
resilient ecosystems, whereas the ruderals (R) occur in more
simplified and disturbed systems. Following this, the establishment of monospecific and unilayered coniferous stands
dominated by ruderals (R) counteracts forest adaptation to
(future) environmental stress, since S and R strategy are
mutually exclusive. Therefore, climate change impacts can
be buffered more successfully in a forest with a high capacity
to respond to different disturbance agents, i.e. a forest with a
high amount of stress-tolerant species which easily regain
pre-disturbance functionality (Drever et al., 2006).
Furthermore, species richness in forests can lead to positive effects on soil water availability, compared to pure
conifer stands (Mitscherlich, 1971). This is crucial, as water
shortage will likely affect many forest ecosystems in the
future. Although studies on the effect of species mixture on
soil water availability are rare, there is evidence that interception losses are higher in pure conifer stands with Scots pine
and Norway spruce compared to broadleaved or mixed
stands with European beech (Barbier et al., 2009; Berger et
al., 2009). In a study in northeastern Germany, Müller (2009)
found that mixtures of Scots pine with European beech
attained higher seepage rates compared to pure Scots pine
stands. This positive effect is due to reduced interception
losses and a higher stemflow on broadleaved trees compared to pine. Moreover, in pure (pine) stands the often thick
ground vegetation layers lead to a further reduction of soil
water with the negative consequences on tree transpiration
and growth (Müller and Bolte, 2009).
Structural diversity in forests encompasses different age
cohorts and size classes of trees and the spatial arrangement
of different stand types on landscape level and structural
elements such as large living and dead trees, coarse woody
debris or seed producing tree clusters on stand level. These
stand legacies provide essential ecosystem processes (e. g.
seed dispersal, nutrient translocation) and preserve genetic
information in the phase of an ecosystem’s recovery after disturbance. They are important elements in the reorganization
loop of the adaptive cycle (Bauhus et al., 2009; Drever et al.,
2006). Moreover, stand legacies contribute as important
habitat to faunal species richness, e. g. as antagonist species
which can curb biotic disturbances and thus reduce forest
vulnerability.

Compatibility to CNS and recommended measures
Generally, CNS provides mixed forests which in case of complementary species mixtures enhance adaptive capacity of
forests (Pretzsch et al., 2013). However, an application of

1

Stress tolerance according to Grime (1974) means adaptation to unfavorable environmental conditions and disturbances.
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silvicultural systems towards small-scale interventions
narrows the tree species composition towards a mixture
of mostly shade tolerant species. Where mixed stands already exist, the maintenance of species diversity in forests is
fundamental. Special emphasis should be laid on rare tree
species, which are likely to increase a forests’ capacity to respond to diverse disturbance agents. Where pure ‘high-risk’
stands occur, e. g. overstocked Norway spruce stands on
unfavourable sites, a conversion into site-adapted and more
resilient mixed forests should be considered. Over the last
two decades, forest conversion has been a common strategy
in Germany to restore more ‘natural’ forests at large scale by
increasing the share of tree species of the natural forest
cover. Norway spruce or Scots pine plantations, not suited for
the respective sites, are underplanted with broadleaved tree
species to create more stable and multifunctional forests for
the future (Spiecker et al., 2004). According to the third
National Forest Inventory in Germany (Thünen-Institut, 2015
– BWI 2012), already 76 % of the forest land (all ownerships)
is occupied by mixed stands where at least 10 % of another
tree species is admixed (Thünen-Institut, 2015).
Structural diversity is highly compatible with CNS. This
supports the application of silvicultural systems with retention components (individuals or patches of hold-over trees)
and old-growth attributes such a significant amount of deadwood (Bauhus et al., 2009).

pioneer species a significant advantage in adapting to fast
environmental changes. Hence, natural forest regeneration
profits from a high variety of mother trees and a long-term
regeneration process. Planting can be an option to enrich the
genetic pool of populations, especially if plants with verified
genetic variation are used. In this respect, especially provenances of tree species at range boundaries might be important sources for ecotypes with specific adaptive traits (Bolte
et al., 2007). In Germany, for example, drought and frost
tolerance are becoming increasingly important traits with
projected changes in climate. For beech and oak, which are
the major broadleaved tree species used for conversion of
coniferous forests, ecotypes from eastern range boundaries
are promising, as the frequency of drought and frost events
increases with continentality (Rose et al., 2009).
As adaptive traits of trees are often under multigenic
control, efficient tools to identify and understand the adaptive variation in tree populations are urgently needed. A
severe constraint in the past was that with current state-ofthe art marker techniques such as isoenzyme and DNA
marker, only a small number (20 and 150, respectively) of
mostly non-adaptation relevant genetic locations could be
analysed. In the future, however, sequencing and association
mapping at candidate genes for adaptive traits (QTL technique) may provide more valuable information on adaptive
capacity of trees (e. g. González-Martínez et al., 2006).

4.2 Incease of genetic variation

Compatibility with CNS and recommended
measures:

Genetic variation of plant populations is a consequence of
population size and genetic differentiation. Mutation and
selection enable a successive adaptation of populations to
specific environmental conditions. On-going differentiation
for long periods of time allows the establishment of specific
population traits (so-called ecotypes; McArthur and Wilson,
2001). Therefore, populations from refugial ranges (rear
edges of species ranges) often show a higher genetic variation than more central populations (Hampe and Petit, 2005).
For example, a higher genetic variation was shown for
European beech in three southern European refugia compared to the Central European species range (Comps et al.,
1998).
The genetic variation within tree species and between
populations (measurable by the frequency of alleles and
genetic difference) is a precondition for the adaptive capacity of forests (Kätzel, 2010; Hamrick, 2004). On an individual
level, the more variable the genetic response norms of trees
to environmental factors, the higher the number of adaptation options will be. Moreover, in populations with a high
genetic variability, traits of trees which constitute advantages concerning changing environmental conditions (i. e.
adaptive traits) can more easily be developed in the process
of evolution than in genetically narrow populations (Kätzel,
2010; González-Martínez et al., 2006). Further, the strategy of
sexual reproduction of trees very much determines the velocity of adaptation (Kätzel, 2010). A high seed production rate,
short generations and ample seed dispersion enhance the
chance of genetic variation on stand level and thus give

In general, the measures comprising an increase in genetic
variation of tree populations fit well into the concept of CNS.
In addition to long-term natural regeneration, a promising way could be the use of enrichment planting, e. g.
with drought stress tolerant plants (Kolström et al., 2011).
This inclusion of ecotypes (provenances) via assisted migration from regions where future climate patterns already exist
is an important measure to increase adaptive capacity of
forests. However, one may pay attention on other traits such
as quality that could be inferior compared to local ecotypes
(Kätzel and Löffler, 2007).

5. Conclusions
Two main conclusions can be drawn from this review on vulnerability and forest adaptation needs to climate change for
the case of Germany and CNS.
1.) An increase in species richness increases the variety of
response norms which enhances the probability of the
forests to resist or compensate for disturbances or the
negative effect of extreme climatic events.
2.) For the development of an ecosystem towards increased
adaptive capacity it is essential to enlarge the genetic varability of tree populations. Thus, the probability of the
establishment of new adaptive traits can be raised, espcially when species with high production rates and extensive seed dispersal are included. On the individual tree
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level there is a need to improve the plant’s stress tolerance
against climatic stressors, e.g. summer drought or late
frost.
Regeneration phases are essential ‘windows of opportunity’ for forest adaptation. Variable types of regeneration cuts
(single-tree selection, group selection and shelterwood)
allow for a broad range of different species (and survival strategies) to regenerate and thus to enhance stand resilience.
These regeneration systems emulate quite a significant part
of possible natural disturbance events. However, the restrictions of CNS for the use of natural regeneration and ‘low
impact’ interventions and the focus of CNS systems on midand late-successional tree species limit the options for
human-induced assistance of adaptation, e. g. by introducing non-native or specific drought-resistant tree species
and provenances, respectively or by applying extensive site
preparation methods (small clear cuts included).
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Introduction

Forestry – a long-term land-use activity !

Product = production means
Low profitability
Difficulty in determining product maturity
Combined products
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Is this Sustainable Forest Management?

Technical terms
• Conventional (selective) logging
often explorative, less concerned with forest
regeneration

• Sustainable yield (timber) management
aiming for sustained timber yields

• Sustainable forest management (SFM)
incorporating forest functions and services (‘forestry’s
contribution to sustainable development’)  synon.
multiple-use forestry

• Adapted (forest ecosystem) management
Continuous process, iterative, risk taking into account,
interdisciplinary, participative
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Sustainable Development
• Model of sustainable development (SD) acc. to the
conference of Rio de Janeiro 1992:
- SD means a development which is economically viable,
ecologically sound and socially fair / equitable ecology

economy

social welfare

 SFM is forest management in the service of SD!
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What is silviculture?
• according to Smith, 1962
('Practice of Silviculture'):
 the art of producing and tending a forest; the theory and
practice of controlling forest establishment, composition
and growth
 silviculture as an imitation of nature (... improvement
upon and limitation of natural processes of forest
growth)
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Silviculture and
forest ecosystem management
(according to Mosandl 2003)
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Forest Ecosystem Management
• What is FEM?
 Ecosystem processes comprise wider range than stands
(landscape+)
 Management solution should be based on sound
understanding of ecological processes
 Humans are ‘part’ of the ecosystem
 Ecosystems are dynamic and subject to constant
change

• Differences to SFM
 Different starting points: SFM from production forests
and FEM from conservation ecology / CBD
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Ecosystem goods and services
ES = transformation of natural assets into goods and other
products that are valuable to people (Shelton et al. 2001)
• Provisioning services
From:
Oesten & / goods like timber, fibre, …
 Supply of products
Roeder 2008
& NWFP
• Regulating services
 Climate and water regulation, mitigation of erosion
• Supporting services
 Biodiversity and carbon sequestration
• Cultural services
 Spiritual enrichment and recreation
acc. to Reid et al. 2005
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E.g. which ES do pine forests in central Spain provide?
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The evolution of silviculture
major dimensions and trends
Primary Focus

Ecological Factors

Management Factors

Unit of Production

Stand Structure

Objectives/Issues

Tree

Pure, regular

Single, discreet

Ecosystem

Mixed, irregular

Multiple, integrated

Stand Dynamics

Decision-making

Simple

Professionals

Complex

Informed public

Source: Wilson 2000
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source: Wilson & Leslie, 2008
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Interventions in production forests
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360

400 440

480

Management gradient

source: SFA silviculture 2012
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Silvicultural systems

Silvicultural systems
= basic reproduction methods of forests
• High-forest systems
- All methods involving regeneration from seed; the two
main forms are: a) even-aged high forest and b) unevenaged or selection forest

• Coppice-forest systems
- Forests reproduced vegetatively from sprouts, root
suckers or layered branches
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(Even-aged) high forest
Brandenburg
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Coppice forest
oak: Black Forest; Serbia
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Coppice forest with standards
Italy
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Larsen, 2008

Even-aged systems

Uneven-aged systems

Clearcutting system
Mecklenburg-Vorpommern

Strip cutting system
Black Forest, Germany

Direction of strip cutting?

Seed tree system
Norway

Shelterwood system
Thüringer Wald, Germany

III or IV
Which stage?

shelterwood system (Thüringer Wald)

Group selection system
Solling, Germany

III
Which stage?

group selection system (Solling)

Shelterwood method
forest growth aspects
• Positive stimulation of total growth through overlapping
of young and old stand:
- due to further diameter growth of old trees
- due to the establishment of the regenerated stand below
the canopy of the old stand
 when do increment losses occur?
iv [%]
limit of proportionality

reduction of basal
area [m²]
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selection forests in
the Black Forest (le)
and Austria (ri)

Selection forest
characteristics of an ideal selection forest
• negative j-shape diameter distribution curve

 Increment = standing volumeE - standing volumeB + harvest
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Selection forests
distribution
Region

Share of selection
forests at the
whole forested
land
[%]

Source

Black Forest

8,0*

Baden-Württemberg

3,5

Allgäu and Bregenzerwald (A)
Switzerland

12
8,4

National forest inv.
1987
National forest inv.
1987
estimation
Swiss national forest
inv. 1992
estimation

Slovenia

* including group selection forests
acc. to Schütz 1994, adapted
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18,0

Forest establishment

Ecological site classification in Austria
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Climate zones and natural forests in
Brandenburg
f
m

Klimastufen:
f (Mecklenburger
m
und Müritz-Klima)
m (z. B.
Neubrandenburger
Klima)
t (Südmärkisches
Klima)

t

m

Ecological Site classification systems:
Brandenburg / Ukraine
Soil water
availability

Trocken (T3)
Mittelfrisch (T2)
Frisch (T1)
…

Nutrition status
reich

kräftig

mittel

R3
R2
R1

K3
K2
K1

M3
M2
M1

Basic principle:
site-adapted tree species selection
/ species – site matching !!!
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ziemlich
arm
Z3
Z2
Z1

arm
A3
A2
A1

Otherwise….

Example: Norway spruce matches well with loams, two-layered
soils, loamy sands, i.e. soils with good soil water capacity
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Significance of forest provenances
Douglas fir trial Chorin 61, left;
Scots pine with poor growth and
shape, below

Basic regeneration types

Natural…

spacing

…or artificial
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Cluster plantings
Reforestation in alpine forests

Forest conversion after (storm) damage
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Forest Development Type
Example: ‚Mixed beech forest‘ (Bad.-Württ.)

Tending of young stands

0

Thinning

30

Thinning of mature stand

60

Regeneration

90

Forest Development Types give an idea of the final
forest composition and structure as well as the
production cycle of the forest!
Tree species composition [%]
Beech 50-90
broad-l. 10-40
Con 0-40
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120 yrs

Silvicultural production
strategies

Quality production

from Müller (2003; adapted)

Production
strategies (I)

clearwood

Why should we produce
valuable timber in Central
Europe?
pulpwood

Competitive advantages!
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„valuable timber = Wertholz“
Tree characteristics to achieve high
revenues:








h

Bottom log

> 1/4

healthy
thick shell of knot-free wood
single-coloured, bright(e.g. no red
uniform tree ring structure
without defects
straight stem, without tension
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25%

40-50%

80-90%

heart)

Spruce
management
regarding high
valuable timber
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Valuable oak

Photos: G. Neth, Tübingen

Other valuable broadleaved trees
(‚Edellaubhölzer‘)
Wild cherry, maple

Photos: G. Neth

ripple mark check
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Production of
thick timber
The crown generates increment !

Target: at least 25 % bottom log,
contains 40-50 % of timber
volume and 80-90 % of timber
value!

acc. to Rieger, 2004
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Criteria for future crop
tree selection
1

Deciduous trees
Vitality (crown)
 young, of good growth
 balanced habit
 no dead branches

2

Quality (stem
characteristics)

 > ¼ of trunk length clear

 without faults
 no forked trees
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3

Distribution

 regular (special case group)

Calculation of number of
future crop trees:
1) Determination of target diameter
2) Calculation of standing space of
the target tree by measuring
crown projection area
3) Number of future crop trees =
(10000 m² - stand area not
covered by canopy) / crown
projection area of target tree)
acc. to Rieger, 2004
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Future crop trees:
exercise oak
According to Hein, 2004

Age of stand [years]
Target diameter [cm]
ir1,3 [mm]
Crown width [m]
Crown projection area [m²]
percentage of crown cover [%]
Area covered by tree crowns/ha
[m²]
Number of future crop trees/ha

Example:
Gemeindewald Teningen
140
70
2,5

70

Model function (according to Nutto 1997):
Crown width = 0,16 + 0,226*dbh - 0,026*age
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Crown width model for Araucaria angustifolia
cw [ m ]

5
4
3
2
1
0
0

10

20

30

40

50

60

70

80

90 100 110 120 130 140

dbh [cm ]

• cw0,5 = 0,939+0,0473dbh - 0.000154dbh2
– where cw is crown width (m) and dbh (cm) is diameter at 1.3 m
above ground; R2 = 0.93, Sy.x = 0.171, all coefficients significant
(P < 0.05)
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Survival rate of future crop trees on permanent
observation plots after 30 years of experiment

95.3%
remaining

2.0% degrad.

4.7%
mort.
1.5% wind

388 fct

0.2% snow
0.2% insects
0.2% drought
0.5% misc.
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1) Pruning of conifers…

High valuable timber of
Douglas fir in the
communal forest of
Freiburg
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2) …and pruning of broad-leaved trees
(ex. cherry, maple)
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Photos 2 and 3: Rahm 2008

Wild cherry: height growth and pruning
cm
Höhentrieb
Photo: M. Guericke

‚Early successional
species‘
Culmination of
height growth:
15-25 yrs

Scheme: Rieger (2004;
adapted)
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Volume increment of E. saligna, at the age
of 2 and 5 years, four variants of pruning
(according to Schneider, 2000)
250

without pruning
40%

200

∆ 10-12 %

V (m3/ha)

60%
150

80%

100

50

0
2

3
age (years)
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4

5

Economic benefit
influence of pruning
Pruning
stage

Age
[yr]

Pruning height
[m]

Remaining
crown %

Number´of
trees pruned

1.

3 bis 4

2,50

50

100%

2.

5 bis 6

4,50

50

450

3.

7 bis 8

6,00

50

350

Pinus taeda

16

internal rate of return [%]

14
12
10

with
without

8
6
4
2
0
16

25

rotation age [years]
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sources: Balloni, 1999, adapted
(above); EMATER-Paraná (left)

height [m]
20

Size of the
knotty core

height of the
lowest dead
branch

stem
ir = 4mm

18
16

knotty
core

14
12
ir =
7mm

10

8

6
4

branch-free
wood

branch-free
wood

2

30

20

10

0

10

radius [cm]
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20

30

Two-phase strategy
• Natural pruning stage: production of a branch-free stem
of 8-10 m (25 % of final height)
• Release stage: selection and thinning of 50-70 future
crop trees per ha (selective thinning)

o Thinning intensity is controlled
by basal area

Begin of release stage
P. Spathelf; forest fundamentals, 14/12/2017

Mass production

from Müller (2003; adapted)

Production
strategies (II)

clearwood

pulpwood
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Thinning response hypothesis

o What is the response of stands after density reduction?
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Radial increment of future crop trees in different thinning regimes
cm

0,45
0,40
0,35
0,30
0,25
0,20
0,15
0,10
0,05
0,00
40

50

60

70

80

90

100

110

Alter

LW-Modell Altherr

Bu-ET SCHOBER, mäßigeDfg.
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Behandlung nach WET Bu-Mischwald

New tendencies

The super
future crop tree!?
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Concept Valwood;
from: J. Storch, Freiburg
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Close-to-nature forestry

Historic roots of CNS

German mainstream silviculture
over decades
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Historic roots of CNS

Alfred Möller (1860 – 1922), Eberswalde
…introduced and promoted the concept of
‚permanent forest‘ (continuous-cover forestry)
in Germany
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Historic roots of CNS

German mainstream silviculture
over decades

Close-to-naturesilviculture, since ~1980
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Elements / Principles of CNS
• Promotion of the natural and/or site-adapted tree
species composition, often based on the assumed
potential natural vegetation,
• Promotion of mixed and ‘structured’ forests,
Avoidance of clear
cuts,
E.g.• Silvicultural
programme
of Brandenburg 2004,
• Promotion
principle
1: of natural regeneration,
• Silvicultural
focus on
individual
trees,
‚…resilience
of practices
forests that
through
more
complex
• Integration
of forest
functions
at small
spatial scales
stand
structures,
mixed
stands
and long-term

natural regeneration…’
 Broad programme!
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Spread of CNS
boreal

CNS
atlantic

mediterr.
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Precondition for successful CNS:
Maintenance of ecologically
acceptable wild deer populations
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Species richness: effect on
productivity…

Principles of facilitation and
niche complementarity

Figure from PRETZSCH et al. (2013)
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tree ring width [mm]

...and resilience
Disturbance,
e.g. drought stress
1976
2
beech

N. spruce

1960
Experimental area Schongau 814
(PRETZSCH 2005)
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2000

year

Principle of ecological insurance

Promotion of natural
regeneration
P. Spathelf; forest fundamentals, 14/12/2017

Relevance of thinning

P. Spathelf; forest fundamentals, 14/12/2017

Reduction of stand
and soil damages
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Maintenance of stand legacies
(dead wood / snags, CWD)
P. Spathelf; forest fundamentals, 14/12/2017

CNS in the international context
• Forest Ecosystem Management, developed
in the Northwest US in the 1980 (Northern
Spotted Owl controversy) (Grumbine 1994)
• Further developed to (variable) retention
forestry (focus on retained part of stands)
• Uneven-aged

management

movement

(in Europe: ProSilva; http://www.prosilvaeurope.org/)
P. Spathelf; forest fundamentals, 14/12/2017

Retention forestry
P. Spathelf; forest fundamentals, 14/12/2017

Alternatives to clearcut

Puettmann et al. 2015

P. Spathelf; forest fundamentals, 14/12/2017

Intensive tending by modified selection method
[= Vorratswirtschaft/Vorratspflege]

Example CNS (forest owner Hiller von Gärtringen, S-Germany)

High variety of tree species

Improvement of stand/tree quality

Promotion of natural regeneration

Results?

Increase in standing volume
from 186 m³ / 1935 to 280
m³ per ha
Sufficient natural
regeneration

Forest management
in the tropics and subtropics

Net changes in forest area
FAO 2010
Forest area dynamics

Forest

deforestation, calamities

afforestation,
reforestation,
succession

Other
land use

Afforestation, succession

Net change 2000-2010: -5,2 mill. ha/yr
(-8,3 mill. ha/yr 1990-2000)
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SFM and livelihoods
rural poor living from forests / trees
2000
[mill.]
China
India
Other Asia
Africa
Latin America

2030
[mill.]

706
645
585
632
420
456
583
823
96
72
Number of people relying on biomass for cooking and heating in
developing countries (million); source: International Energy Agency 2002
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Wood removal
FAO 2010
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Illegal timber harvest
Indonesia
Ghana
Colombia
Cambodia
Brazil (Amazon)
Bolivia
0

20

40

60

80

[% of total timber harvest]

ITTO 2003; estimates of some ITTO producing countries
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100

Fatal role of (forest) roads
Ibisch et al., 2016; Science

101
23.05.2017

Peter Spathelf
Vortrag Magnus-Haus

Forest area with management plan
FAO 2010

Forest area
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SFM in natural forests
Precious Woods – Pará, Brazil
• Certification 2002: 76.390 ha
• Rotation cycle: 25/30 years
• Use: 42 tree species; 15-20 m3/ha
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Precious Woods (2004)

RIL
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CL

Plantations / Agroforestry
• Limba / Okoumé
• Recrû
• Taungya

plantations of eucalipt, JARCEL (Brazil)
P. Spathelf; forest fundamentals, 14/12/2017

Uniform systems to produce industrial timber

Heterogeneous systems to produce high quality timber

Use of NWFP: Rubber extraction…

Other NWFP:
food (e.g. honey, palmhearts) and fodder
medicinal plants
aromatics for cosmetics
fibres for crafts
ornamentals
P. Spathelf; forest fundamentals, 14/12/2017

…or resin production

P. Spathelf; forest fundamentals, 14/12/2017

Relevance of TOF (e.g. Costa Rica, NFI 2001):
- 10 % of commercial standing volume
- 50 % of all sawn timber

TOF in Vitoria, Brazil
P. Spathelf; forest fundamentals, 14/12/2017

Certified forests in the tropics
• FSC certification worldwide: 135 mill. ha
(February, 2011)
• Certification has not yet ‘arrived’ in tropical
forests – only 12 % (16,2 mill. ha from 1,4 bill.
ha of tropical forests: 1 %) of the FSCcertified forest area is in the tropics /
subtropics (developing countries), and 80 %
in Europe and North America

P. Spathelf; forest fundamentals, 14/12/2017

Forest loss and climate emissions
accord. to Kanninen, 2011

• 15-18 % of global carbon emissions are
from forest loss / degradation and land-use
change (mainly in the tropics)
• In many developing countries emissions
from land-use change account for 60 -90 %
of total national emissions

P. Spathelf; forest fundamentals, 14/12/2017

Carbon
sink
forests
source: IEFI, 2016
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Scope of REDD+
• Forest Carbon (C)=Forest Area (ha)* Carbon
Density (C/ha)
Changes in
Forest Area (ha)

Reduce negative
change

Enhance positive
change

Avoided deforestation

Afforestation &
reforestation
(A/R)

(RED)
Carbon density (carbon
per ha)

Avoided degradation
(REDD)

* acc. to Kanninen (2011)
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Enhancement of forest
carbon stocks
(REDD+)

Forest transition curve and
associated REDD+ challenges
Mather 2007
Forest
cover

Reduce
degradation
and avoid
leakage

REDD+ challenges
Reduce
deforestation
Continue
conservation
and A/R

DR
Congo
Ghana
Bolivia
Brazil
PNG
1: little disturbed
forests
P. Spathelf; forest fundamentals, 14/12/2017

2: forest
frontiers

India
Costa
Rica
Forest transition
3: forest cover
stages
stabilization

Payments for Environmental Services (PES)

The logic of PES by Stefano Pagiola, 2003

Payment for environmental services is the mechanism
implemented to pay the owners of land by the services
provided to the society.
Summer Term 2012
Risk Management

Alexandra Wolf,
University for Sustainable Development
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† Background Forest management in Europe is committed to sustainability. In the face of climate change and accompanying risks, however, planning in order to achieve this aim becomes increasingly challenging, underlining the
need for new and innovative methods. Models potentially integrate a wide range of system knowledge and
present scenarios of variables important for any management decision. In the past, however, model development
has mainly focused on specific purposes whereas today we are increasingly aware of the need for the whole
range of information that can be provided by models. It is therefore assumed helpful to review the various
approaches that are available for specific tasks and to discuss how they can be used for future management strategies.
† Scope Here we develop a concept for the role of models in forest ecosystem management based on historical analyses. Five paradigms of forest management are identified: (1) multiple uses, (2) dominant use, (3) environmentally
sensitive multiple uses, (4) full ecosystem approach and (5) eco-regional perspective. An overview of model
approaches is given that is dedicated to this purpose and to developments of different kinds of approaches. It is discussed how these models can contribute to goal setting, decision support and development of guidelines for forestry
operations. Furthermore, it is shown how scenario analysis, including stand and landscape visualization, can be used
to depict alternatives, make long-term consequences of different options transparent, and ease participation of different stakeholder groups and education.
† Conclusions In our opinion, the current challenge of forest ecosystem management in Europe is to integrate system
knowledge from different temporal and spatial scales and from various disciplines. For this purpose, using a set of
models with different focus that can be selected from a kind of toolbox according to particular needs is more promising than developing one overarching model, covering ecological, production and landscape issues equally well.
Key words: Ecosystem management, management paradigms, decision support in Europe, sustainability, models, spatial
and temporal scales, scaling, scenario generation, visualization.

IN TROD UCT IO N
A characteristic feature of European, particularly Central
European, forest and ecosystem management is the
concept of integration. Whereas elsewhere in the world it
is common to separate plantations for intensive wood production from forests for nature conservation or recreation,
in European forests a multitude of functions is supposed
to be fulfilled at one and the same site. Thus, ecological,
economical and social functions of forests have to be considered, trade-offs ought to be analysed and decisions
made in order to determine and achieve a multipurpose
objective. The principle of integration requires more knowledge, negotiations and compromises than the principle of
segregation, with a spatial or temporal uncoupling of different forest functions (Spellmann et al., 2001). The more
diverse the demands on forest services, the more difficult
planning and decision-making become. This underlines
the urgent need for appropriate system knowledge, innovative planning methods, efficient knowledge transfer from
science to practice, as well as a clear identification of
research demands.
In order to indicate the potentials of knowledge transfer
from science into practice, a theoretical concept of how
* For correspondence. E-mail Hans.Pretzsch@lrz.tu-muenchen.de

forest and ecosystem management works is employed
here. Imagine a particular initial state of a forest, for
example a pure stand of Norway spruce. Then forest ecosystem management is equivalent to the development of a
target state of the system and the transformation process
into this state. The development of a target state, for
example a mixed stand of Norway spruce and European
beech, is a process of negotiations with concerned people,
i.e. forest owners and stakeholders (see Fig. 1, in which
the negotiation process is symbolized by the round table).
The negotiations are determined rather by normative valuation by the society than by scientific analysis and knowledge. Vague arguments such as ‘beech forests are good
as they are attractive and natural’, but ‘spruce forests are
bad as they are of low ecological value and artificial’ are
often far more easily accepted than they would be in scientific discourse. However, forest science should promote as
much system knowledge as possible in the negotiation
and decision-making process (Pretzsch, 2006). Only if the
target state is defined clearly and formulated quantitatively
can practical rules be developed as guidelines for the transformation process (feedback loop in Fig. 1). This reveals
the requirements for introducing scientific knowledge into
forest ecosystem management: (1) Provision of target
knowledge for the development of objectives; for
example, the species mixture that optimizes different

# The Author 2007. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
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F I G . 1. Concept for the management of forest ecosystems. Starting with
an initial state (forest stand, stratum of a forest estate, landscape unit) a
system is transformed into a target state. Normative valuation by the
society and scientific knowledge contribute to the development and
achievement of the target state.

forest services such as recreation demand and economic
expectation in a municipal forest. (2) Provision of transformation knowledge after the objective has been defined;
for example, the most efficient management to transform
a plantation into a mixed forest.
The two most helpful support-tools for incorporating
system knowledge into the process of target development
and knowledge transformation are long-term observation
plots and simulation models. Differently treated observation
plots provide information about the consequences of particular management options. Models can be used for the
generation of realistic scenarios, i.e. they demonstrate the
long-term consequences of different options in a virtual
reality. Both approaches enable the comparison of treatments with respect to various forestry target variables,
e.g. volume production, stand structure, carbon storage, biodiversity, recreation value or stand stability. Given that
forest management can hardly wait for the experimental
evaluation of new concepts (in contrast to many other
branches of natural sciences), the particular advantage of
models is the fast provision of target values under a range
of given conditions. This is illustrated in Fig. 2, which

F I G . 2. Scenario analysis with forest stand models. Starting with an initial
state of an ecosystem, models display the long-term consequences of the
different management options A, B, C and D and the consideration of
different objective states.
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shows how a stand with a given initial state develops with
respect to system variables (i1, . . ., in) if treatment A, B,
C or D is applied. Scenario treatments are: (A) no management at all, (B) moderate thinning, (C) threshold diameter
thinning and (D) classical clear-cut system. Scenario calculations can be repeated for various land-use options. The
comparison itself as well as the selection of a particular
option can be carried out with the help of optimization
or multi-criteria analyses, possibly using sophisticated
decision support tools (e.g. Hanewinkel, 2001). However,
discussion of these tools is outside the scope of this
review. Instead, we concentrate on the models that are
employed for scenario generation in order to support argumentation and decision-making at the ‘round table’ independent from the stakeholder involved or forest ownership.
Once developed, target states for forests are not at all
static, but rather dynamic. Objectives of forest management
change with environmental conditions as well as society
and economy: looking back and forward, five paradigms
of forest ecosystem management can be identified that
represent a refinement of the three paradigms considered
by Yaffee (1999). They reach from anthropocentric to
bio-centric and eco-centric approaches concerning forest
ecosystems: (1) multiple uses, (2) dominant use, (3) environmentally sensitive multiple uses, (4) full ecosystem approach
and (5) eco-regional perspective. The next paragraph gives a
brief overview of the development of these paradigms in
Europe.
The first, very early phase that in Europe persisted until
the 17th century is characterized by multiple use forestry:
hunting, bee-keeping, grazing in forests, forest assortment,
wood felling and timber use. The mercantilism of the
17th century (need for daily firewood, wood for furnaces,
salt works, the demand for construction timber for rebuilding after 30 years of war) resulted in the second phase, the
dominant use paradigm. Because the forests where heavily
exploited, von Carlowitz wrote his Silvicultura Oeconomica
with the aim of ensuring a sustainable wood supply (von
Carlowitz, 1713). Later, the environmentally sensitive multiple uses paradigm developed in order to ensure the supply
of other goods and services from the forests (such as supply
of high-quality fresh water, high recreation value or biodiversity). Utilization of timber was concentrated at specific
regions, but was limited or restricted in areas where other
services had high priorities. The three approaches –
multiple uses, dominant use and environmentally sensitive
multiple use – take an anthropocentric perspective and
seek to foster human use. The ecosystem approach,
however, takes a biocentric perspective: it originates from
the perception that ecosystems are vulnerable and threatened
by exploitation, acid rain, climate change, etc. Sustainable
use and conservation are considered a primary ethical
value of their own. This approach furthered system understanding and holistic consideration. Ecoregional management finally shifted the focus away from the biota and from
the species composition of a particular forest towards the
regional scale perspective, including the interaction
between different land coverage types such as forests, grassland, arable land or limnological systems. These five paradigms do not follow each other in a strict chronological
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order, but rather reflect particular state values within a
continuum: forest ecosystem management moves back and
forth within this continuum; for example, the current neoliberalism in Central Europe drives forestry backwards from
the ecosystem approach to the sensitive use or even to the
dominant use paradigm. In contrast, countries in Asia,
South America and Africa are moving at present gradually
from dominant use to an environmentally sensitive use
paradigm.
In the following, we review different groups of models
and discuss their potential to support forest management
according to the five paradigms outlined. In particular, we
investigate how such models can contribute or have been
used for goal setting, decision support and development
of operation guidelines. Additionally, we look at the state
of current visualization tools that offer a new way to
produce information for targets such as recreation value
and beauty that cannot easily be expressed in numbers
and graphs. To illustrate the potential of models, one
example of each type (except yield tables) is used with
which representative output variables are produced.
Finally, we discuss the ways current models can or should
be used in forest planning having in mind the broad range
of issues that have to be considered depending on the
target paradigm.
OVE RV IEW OF MO DEL A PPROACH ES
The history of forest growth models is not simply characterized by the development of continuously improved models
replacing former, inferior ones. Instead, different model
types with diverse objectives and conceptions were developed simultaneously. The objectives and structure of a
model reflect the state of the art of the respective research
area at its time, and document the contemporary approach
to forest growth prediction. The history of growth modelling thus documents also the extended knowledge about
forest functioning and structure.
Beginning with yield tables for large regions as a basis
for taxation and planning, model development led on
to regional and site-specific yield tables and culminated
in the construction of growth simulators for the evaluation
of stand development under different management schemes.
Vanclay (1994) strived for an overview of growth and
yield management models and their application to mixed
tropical forests.
The 1960s brought a new trend towards development of
eco-physiological models that give insight into the
complex causal relationships in forest growth and predict
growth processes under various ecological conditions.
These models followed the biocentric view that management had to be sustainable in terms of carbon (and nutrient)
balance. They first neglected the dimensional changes of
trees but were further developed to aid forest management
planning in the 1980s. The models were combined with
yield simulators or complemented by explicit tree dimensional modelling, assuming either only one average tree,
several tree classes or individual trees (for overviews see
Battaglia and Sands, 1998; Mäkelä et al., 2000; Le Roux
et al., 2001).
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With increasing computer power, physiologically based
models were applied on the landscape scale in order to
serve eco-regional management. Only recently, however,
models have been developed that actually consider horizontal flows of energy or matter between the sites. These landscape approaches are still in their early stages. At the same
time, progress is also being made with graphical representations at both site and landscape scale, enabling the consideration of visual planning aspects such as landscape
beauty.
Maps and yield tables

The earliest forest ecosystem models are maps.
Displaying the availability and localization of resources
such as hunting grounds, bee-hives, forests or forest pasturage, they reflect the multiple uses paradigm (see Fig. 3
for an illustration).
With a history of more than 200 years, yield tables for
pure stands may be considered the oldest models in forestry
science and forest management. They reflect stand growth
over defined rotation periods and are based on long-term
measurements of diameter, height, biomass, etc. Early
experience applied standing volume for estimation of site
fertility and volume growth; further developed yield
tables applied mean height and stand age as surrogate variables to provide an indication and estimation of site fertility
and growth. From the late 18th to the middle of the 19th
century, German scientists such as G. L. Hartig (1795),
Paulsen (1795), Von Cotta (1821), Hundeshagen (1825),
Th. Hartig (1847), Heyer (1852), R. Hartig (1868) and
Judeich (1871) created the first generation of yield tables.
As they were based on estimations or rather limited data
sets, they were called ‘experience tables’ and soon revealed
great gaps in scientific knowledge (Table 1). In order to
close those gaps, a series of long-term measurement
campaigns on experimental plots were started. That was
the origin of a unique network of long-term experimental
plots in Europe, which was kept continuously under
survey and expanded until today.
The second generation of yield tables, produced between
the end of the 19th century and the 1950s, followed uniform
construction principles proposed by the Association of
Forestry Research Stations ( predecessor organization of
the International Union of Forest Research Organisations,
IUFRO), and already had a solid empirical data basis.
The list of protagonists involved in this work includes
names such as Weise (1880), Grundner (1913), von
Guttenberg (1915), Krenn (1946), Vanselow (1951),
Zimmerle (1952) and, in particular, Schwappach (1893),
Wiedemann (1932) and Schober (1972), who designed
yield tables that are still being used today. In the 1930s
and 1940s, the first models of mixed stands were developed
by Wiedemann. Data material from some 200 experimental
sites established by the Prussian Research Station led to
the widely used yield tables for even-aged mixed stands
of pine and beech (Bonnemann, 1939), spruce and beech
(Wiedemann, 1942), and oak and beech (Wiedemann,
1939). World War II prevented Wiedemann from finishing
the development, but his studies initiated systematic

1068

Pretzsch et al. — Models for Forest Ecosystem Management

F I G . 3. Map from the ‘Lorenzer Wald’ near Nürnberg, Germany, as simple model for forest ecosystem management. By locating forest resources like
hunting grounds, beehives, and mature forests ready for harvest this map from Paulus Pfinzing supported the multiple use paradigm in the 16th century
(Hilf, 1938, pp. 184–185).

TA B L E 1. Experience table for the yield of various
species for light thinning (Von Cotta, 1821, p. 34)
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research on mixed stands. However, within the broad
spectrum of possible site conditions, species combinations,
intermingling patterns, age structures and thinning options
for mixed stands, these yield tables represented only very
particular cases that are difficult to generalize. Thus, they
were never consistently used in forestry practice.
Yield tables developed by Gehrhardt (1909, 1923)
affected a transition from purely empirical models to
models based on theoretical principles and biometric
equations, and led to a third generation. The core of these
models designed by, among others, Assmann and Franz
(1963), Vuokila (1966), Schmidt (1971), Hamilton and
Christie (1973, 1974) and Lembcke et al. (1975) is a flexible system of functions that are based on general natural
growth relationships, and parameterized with modern
statistical methods. These biometric models have often
been transferred into computer programs to predict stand
development for a wide range of yield classes and thinning
options (Table 2).
Since the 1960s a fourth generation of yield table models
has come forward, i.e. the stand growth simulators by
Hradetzky (1972), Hoyer (1975), Bruce et al. (1977) and
Curtis et al. (1981, 1982), which simulate stand development not only for different site conditions but also for different planting densities and thinning. Stand development is
computed using systems of empirically parameterized
equations that form the core of growth simulators. Yield
tables obtained in this way reflect the stand dynamic for
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TA B L E 2. Normal yield table of Scots pine from Bradley et al. (1966)

a wide range of possible management scenarios. Although
model output was still identical to that of yield tables of
earlier generations, simulator-created yield tables now
describe just one of many potentially computable stand
developments.
Despite a number of drawbacks, yield tables still form the
backbone of sustainable forest management planning. As
computing capacities, data availability for model development and information demand in forestry have increased,
mean value and sum-orientated growth models were partially
replaced. Nevertheless, they are still highly valued in forestry
management. Prodan (1965, p. 605) commented on the significance of yield tables in the context of silviculture and
forest sciences as follows: ‘Undoubtedly, yield tables are
still the most colossal positive advance achieved in forest
science research. The realization that yield tables may no
longer be used in the future except for more or less comparative purposes in no way detracts from this achievement.’
Growth- and yield simulators
Stand-orientated management models predicting stem number
frequency. During the transition towards new intensive man-

agement concepts the information demand in forestry
changed. Emphasis has been put on individual tree dimensions instead of average stand values. This resulted in
the development of growth models predicting mean stand
values as well as frequencies of individual tree dimensions
(Fig. 4). Stem number frequencies in diameter classes are,
for example, needed for precise prediction of assortment
yield and overall stand value. Depending on their concept
and structure, stand-orientated growth models considering
stem number frequency are divided into differential
equation models, distribution prediction models and stochastic evolution models. However, although frequently
used in other parts of the world, this model approach did
not obtain much practical relevance in Europe.
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F I G . 4. Principle of management models predicting the shift of the diameter or height distribution along the x-axis (after Sloboda, 1976).

In the 1960s and 1970s, Buckman (1961), Clutter (1963),
Leary (1970), Moser (1972, 1974) and Pienaar and Turnbull
(1973) developed stand-orientated growth models based on
differential equation systems. These models predict the
change of stem number, basal area and growing stock
within a given diameter class dependent upon initial stand
characteristics. Development of the growth and yield
characteristics within the diameter classes results from
numerical integration of differential equations. In the
mid-1960s, Clutter and Bennett (1965) suggested a completely new approach to stand development modelling. They
characterized the condition of a tree population by its diameter and height distribution and described stand development by extrapolation of these frequency distributions. The
precision of such models is decisively determined by the
flexibility of the applied distribution function. The suitability of different distribution types (e.g. Beta, Gamma,
Lognormal, Weibull or Johnson distribution) has to be
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Individual tree-orientated management models. Individual
tree models represent a much higher level of resolution
for the abstraction of systems and modelling than stand
models (Newnham, 1964; Ek and Monserud, 1974;
Wykoff et al., 1982; Nagel, 1996; Pretzsch et al., 2002).
They explicitly simulate the development of single trees
considering their interactions within a spatial – temporal
system. The basic information unit in the model is the individual tree, which is at the same time the basic unit of stand
development. This enables models in principle to simulate
pure and mixed stands of all age structures and intermingling patterns equally well. Because individual-tree
models account for feedback loops between stand structure
and individual growth (Fig. 5), they have to be more

complex but are also more flexible than their precursors.
We can distinguish between position-dependent and
position-independent individual tree models as the two
approaches that represent competition either with or
without accounting for the spatial distribution pattern
(stem coordinates, distances between tree pairs, crown parameters). In Pretzsch (2001), the relevant approaches for
the compilation of competition indices are reviewed.
These indices form the core of such models and control
the increment of an individual tree. Stand-level data for forestry management are provided by aggregation of the single
tree results (Pukkala, 1987; Sterba et al., 1995).
The first single-tree model was developed for pure
Douglas fir stands by Newnham (1964). It was followed
by other developments for pure forests of Arney (1972),
Bella (1970), Mitchell (1969, 1975) and others. In the
mid 1970s, single tree-orientated growth models were
applied to uneven-aged pure and mixed stands (Ek and
Monserud, 1974). The worldwide bibliography of singletree growth models compiled by Ek and Dudek (1980)
lists more than 40 different single-tree models, which
group into about 20 distance-dependent and distanceindependent models each. Single-tree models developed
since the 1980s (e.g. Van Deusen and Biging, 1985;
Wensel and Koehler, 1985; Wykoff et al., 1982) have put
more emphasis on user-friendliness, which was supported
by the rapidly improving computer facilities.
Only recently has this kind of model been applied in forestry practice for management planning in pure and mixed
stands (Pukkala, 1987; Kolström, 1993; Sterba et al., 1995;
Nagel, 1996; Pretzsch, 2003; Pretzsch et al., 2006). The site
sensitivity of these models is derived from basic ecophysiological knowledge as well as a wealth of growth
and yield data. Version 2.2 of SILVA, a model developed
in Germany for pure and mixed stands (Pretzsch, 1992;
Pretzsch and Kahn, 1996; Kahn and Pretzsch, 1997;
Pretzsch et al., 2002), is presented below as an example
for this category.

F I G . 5. Simplified system diagram of the growth model SILVA 2.2 with
the levels stand and tree, the external variables inference in stand structure
and site conditions and the feedback loop stand structure ! growth ! tree
dimension ! stand structure.

Gap and hybrid models. Small-area or gap models reproduce
the growth of single trees in forest patches (e.g. 100-m2
areas) in relation to the prevailing mean growth conditions
at the site (Botkin et al., 1972; Shugart, 1984; Leemans and
Prentice, 1989). In contrast to the models already discussed
that calculate potential growth from site conditions and
derive individual development from competition, in gap
models environmental conditions act directly on individual
growth. These relationships are generally considered separately and are based on physiological knowledge.
However, physiological processes are not explicitly
accounted for, requiring statistically fitting procedures
between each environmental factor and growth development. Thus, they represent a middle course between statistically based and eco-physiologically orientated models (see
also Bugmann, 2001). The major focus is on the development of competition and succession in close-to-nature
forests, but thinning algorithms are seldom considered
[with few exceptions such as the SORTIE model (Pacala
et al., 1993; Menard et al., 2002)].

assessed individually. In these models, in contrast to those
reviewed earlier, stand development is controlled by the
parameters of the underlying frequency distribution.
Models of this type were further developed by McGee
and Della-Bianca (1967), Bailey (1973), Feduccia et al.
(1979) and von Gadow (1987).
The term ‘evolution models’ for stochastic growth
models is derived from the fact that in these models,
stand development evolves from an initial frequency distribution, e.g. from a diameter distribution known from forest
inventory. These models predict individual stem dimensions rather than mere distributions of tree properties
(Fig. 4). The mechanism used for the extrapolation is
based on a Markov process, giving the transition probability
for the shift between the diameter classes (Kouba, 1973).
Stochastic growth models were introduced into forest
science by the pioneering investigations of Suzuki (1971,
1983). These growth models, e.g. for pure stands of
Chamaecyparis sp., have been elaborated by Sloboda
(1976) and his team. Stand-orientated growth models
based on stochastic processes have also been developed
for mixed stands by Bruner and Moser (1973), and
Stephens and Waggoner (1970).
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In general, individual-tree as well as gap models estimate
the growth increment dependent upon a combination of
surrogate variables and primary factors using regression
procedures. As independent parameters, metrical information (e.g. annual precipitation, mean temperature, slope,
exposure), and nominal (e.g. levels of nutrition supply,
levels of water supply) and ordinal (e.g. eco-region, degree
of disturbance of topsoil by machines) scaled variables
are used.
The transfer of specific eco-physiological process
knowledge to stand or single tree management models
that are evaluated with long-term growth measurements
results in so-called hybrid growth models (Kimmins,
1993). Their intention is to combine plausible responses
to new combinations of environmental conditions with
reliable growth estimations suitable to assist forest planning
and management. Owing to species-specific relationships to
site conditions they can be applied to pure and mixed stands
alike. In Europe, few developments of this kind have been
presented (e.g. Hauhs et al., 1995) and neither gap models
nor hybrid models have been found reliable enough to reach
any practical relevance as management tools. In other
countries, however, hybrid models are more commonly
used for calculating plantation growth (e.g. Baldwin
et al., 2001; Schwalm and Ek, 2004), and for tropical
forest management the gap type models FORMIX and
FORMIND (Huth et al., 1998; Köhler and Huth, 1998)
have been used to address sustainability and nature preservation issues.
Matter-balance models

Compared with growth and yield models, mass or matterbalance models focus on the description of carbon balance,
and in some cases also of nitrogen balance, based on biogeochemical processes. They are therefore also known as
biogeochemical or process-based models. These models
have in common that they consider vegetation development
primarily as a change of matter in different compartments
based on uptake (e.g. photosynthesis) and loss (e.g. senescence) processes that in turn depend on environmental conditions (e.g. temperature or water availability). This
category includes models that were developed for a wide
range of scales and purposes that can be differentiated
broadly as follows:
(1) Models that provide only stand-scale biomass development throughout one or few years such as the PnET
family (Aber and Federer, 1992; Aber et al., 1995,
2002; Li et al., 2000) or BIOMASS (Bergh et al.,
2003). These models usually provide detailed carbon
and nitrogen balances and are thus primarily used to
estimate ecological issues such as carbon sequestration
and nutrient sustainability.
(2) Forest growth models that include forestry relevant
issues such as height and stem volume at the stand
scale, usually running over one generation, such as
EFIMOD (Komarov et al., 2003), TREEDYN3
(Bossel, 1996), FORGRO (Mohren, 1987; Mohren
et al., 1995), FINNFOR (Kellomäki and Väisänen,

Downloaded from https://academic.oup.com/aob/article-abstract/101/8/1065/160959
by SuUB Bremen user
on 04 September 2018

1071

1997; Matala et al., 2003) and 3-PG (Landsberg
et al., 2001, 2003). This type of model aims to
provide forest yield estimations considering environmental impacts, including climate change.
(3) Single tree or tree cohort models that are primarily
designed to represent forest development over several
generations. Models such as 4C (Bugmann et al.,
1997; Lasch et al., 2005), or PICUS (Lexer and
Hönninger, 2001) feature several similarities with conventional gap models but differ by their explicit consideration of a closed carbon balance. They are
particularly useful for the definition of long-term
forest management directions in order to provide
forest services (e.g. species selection to ensure sustainable yield or sufficient protection from erosion).
(4) Structural– functional single tree models. Most
examples, however, such as LIGNUM (Perttunen
et al., 1998; Lo et al., 2001) or EMILION (Bosc,
2000), are capable only of simulating a few small
trees. Neverthesless, developments such as BALANCE
(Grote and Pretzsch, 2002; Rötzer et al., 2005) use a
relatively simple structure but still represent the individual development of separate crown parts. With such
models small stand sizes of mature trees have been represented, showing that this model type could eventually
be used to aid single tree management in mixed forests
and still dynamically consider various site conditions.
The given examples of each type are by no means meant to
represent the full spectrum of available models in this field.
It should also be noted that in the past few decades some
models have shifted their primary purpose. Examples are
the EFM (Thornley, 1991) or BGC models (Running and
Gower, 1991; White et al., 2000), which had been developed to simulate carbon and nitrogen balances and were
later modified to cover stand dimensional variables for
management purposes (Korol et al., 1996; Thornley and
Cannell, 2000; Petritsch et al., 2007). Another approach is
to modularize existing models to couple them to soil
process or gap models (e.g. Peng et al., 2002; Wallman
et al., 2005). In general, and eased by increasing computational capabilities, there has been a trend towards more
complex models in each of the fields outlined above,
which reflects a desire to consider a larger number of processes, impacts and feedbacks within the forest system.
What are the benefits and drawbacks of this development?
To answer this question, it is necessary to gain an overview
of the processes and environmental impacts considered in
matter-balance models.
The basic processes that are used in practically any model
of this type are photosynthesis and respiration (or net
carbon gain), allocation and senescence. For photosynthesis
calculation, many different approaches are available, reaching from empirical light response curves to the explicit
description of biochemical reactions that consider light,
temperature and nutrient effects in an integrated way (see
overview in Farquhar et al., 2001). Respiration is usually
divided into a fraction that depends linearly on growth
and one that describes maintenance requirements as a function of biomass and temperature. Models of higher
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complexity only differentiate a larger number of biomass
fractions. This deficit in self-regulating capacity has been
recognized as representing a bias in physiologically based
simulations. An interesting alternative has therefore been
suggested by Thornley and Cannell (2000) who proposed
a dependency on non-structural carbon availability, nitrogen concentration and nitrogen uptake using very few generally valid parameters. Although, for example, the
allocation of carbon to compartments with slow and fast
turnover is crucial for growth simulations (Poorter and
Nagel, 2000; Barton, 2001), existing rules for this process
are still very simplistic (see overview in Lacointe, 2000).
Many approaches have been suggested reaching from
empirical partitioning coefficients, functional balance and
optimality principles, to resistance mass-flow and sourcesink focused models (see Le Roux et al., 2001). However,
the control of environmental effects and the distribution
of carbon into regenerative compartments, defence, exudates and mycorrhiza are far from being understood.
Similarly, senescence or turnover of tissues is generally
empirically described and rarely depends on environmental
conditions or developmental stages. For overviews of the
different representations of these processes in growth
models the reader is referred to Constable and Friend
(2000), Landsberg (2003) and Le Roux et al. (2001).
Due to these generalizations, actual forest yield predictions without any guiding empirical functions are not yet
very precise. Simulations are furthermore complicated
because all of the described processes depend on the availability of water and nutrients. Thus, the processes are not
only directly connected by means of carbon transfer but
also indirectly linked due to their use and depletion of
resources. It is therefore not surprising that the majority
of matter-balance models have been applied to ecological
rather than to economic questions.
Model developments of type 2 are driven by the expectation that modelling progress on the representation of
resource availability and distribution, as well as better
descriptions of physiological processes, will improve the
performance of conventional analyses such as growth and
yield studies. This has been principally supported by
Johnsen et al. (2001), who reviewed process-based
models in terms of their suitability for management purposes and concluded that further research, particularly of
soil processes, is needed. Further improvements would
also broaden the range of model applications with respect
to new environmental questions. However, with increasing
number of resources considered, the computational effort,
error propagation, and demand on knowledge about direct
and indirect linkages between processes will also increase.
In particular, the consideration of tree and stand structural
complexity in structural – functional models is highly
demanding on initialization and dynamic resource distribution processes.
Landscape models

The provision of ecosystem services depends crucially on
the spatial arrangement of landscape elements and their
interactions. For example, site-specific species composition
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and forest growth affect the probability of fires due
to changes in fuel availability. Other examples are the
impact of interception and transpiration processes on the
risk of flooding and the effect of structural properties such
as rooting depth and stand density on mass movements.
Regional pattern of disturbances, on the other hand, impact
species composition, accumulation of biomass and other
stand properties.
Landscape models comprise a broad class of spatially
explicit models that incorporate heterogeneity in site conditions, neighbourhood interactions and potentially feedbacks between different spatial processes. However, they
differ widely in how detailed forest structure and matter
fluxes are represented, and which interactions between
spatial processes are taken into account.
In a management context, the role of these models is to
assess potential effects of environmental change (climate,
deposition, land-use changes) on landscape-scale sustainability of forest functions (resources, protection, socioeconomic). This knowledge is useful, on the one hand, to
inform responsible decision-making that aims to influence
the course of environmental change (mitigation). On the
other hand, it can guide direct management that aims to
broaden the range of environmental conditions under
which ecosystems services can be sustained (adaptation).
The first important area where landscape models are used
is to analyse the relationship between landscape forest
structure and regionally distributed risks. Examples
include fire risks (Mouillot et al., 2001, 2002; He et al.,
2004), windthrow risks (Ancelin et al., 2004; Cucchi
et al., 2005; Zeng et al., 2007), insect diseases (Lexer
and Hönninger, 1998; Sturtevant et al., 2004), mass movements (Kulakowski et al., 2006), air quality (Schaab et al.,
2000; Parra et al., 2004), water availability (Strasser and
Etchevers, 2005) and water quality (Matjicek et al.,
2003). Although it is increasingly recognized that the longterm development of regionally distributed risks in response
to environmental changes needs to take ecosystem properties into account that are themselves inevitably linked to
those changes, landscape models that include the full feedback cycle from disturbance regimes to terrestrial dynamics
and back are still scarce. Examples of such a development
are applications of gap models in combination with regional
assessments of fire risk (Laurence et al., 2001; Weinstein
et al., 2005; Schumacher et al., 2006).
A second application of landscape models are assessments of regional-scale matter fluxes, e.g. water, carbon
and nutrients. This requires not necessarily a particularly
designed type of model but is generally carried out with
site-specific (matter-balance) models that are applied with
global information system (GIS) data on a regional scale.
Examples of this type of application concern the regional
state or dynamic of specific ecosystem properties such as
forest growth (e.g. Lasch et al., 2002; Nuutinen et al.,
2006), species change (e.g. Hickler et al., 2004), carbon
budgets (e.g. Song and Woodcock, 2003) or changes in
the water balance of catchments (e.g. Baron et al., 2000;
Wattenbach et al., 2005). Other investigations have been
concerned with more specific applications such as soil acidification (Alveteg, 2004) or nitrogen emissions (Kesik et al.,
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2005, 2006). These analyses show a number of shortcomings because the applied models do not always account
for the dynamics in both matter fluxes and forest structure.
Important variables such as canopy coverage and leaf area
index are often assumed to be constant in water and nutrient
balance studies although they are closely linked to species
composition and tree size distribution that continuously
change. On the other hand, site conditions that are determined by water and nutrient availability are often
assumed to be constant in forest growth studies. This is
generally not the case because of changes in climate, deposition or soil weathering. In models that simulate the development of species composition it is the relationship
between sensitivities to different environmental factors
that is implicitly assumed to be constant. Again, these are
likely to change with a changing relationship between the
availability of different resources. The simplifying assumptions of a more or less constant forest structure, or equilibrium conditions for matter fluxes, restrict the regional
application of such models to rather short periods.
The importance of a full coupling between vegetation
dynamics and dynamics of matter fluxes is most obvious
for water, where the division between evapotranspiration
into the atmosphere (which affects regional cloud distribution and precipitation) and runoff/percolation into
groundwater and streamflow (which determines water availability and flood occurrences downstream) depends on the
state of the vegetation. Examples have been published of
coupled terrestrial/hydrology models for studying water
availability (e.g. Walko et al., 2000; Cui et al., 2005)
and climatic effects (Lu et al., 2001). Coupled terrestrial/
hydrology models can also serve to determine the impact
of forest dynamics and silvicultural management on
nitrate concentration in streams and groundwater.
Promising approaches in this direction have been developed
for Sweden (Arheimer et al., 2005), The Netherlands (Wolf
et al., 2005) and the USA (Hartman et al., 2006; Hong
et al., 2006). Another important area where long-term
effects under climate change can only be estimated with
coupled terrestrial/climate models are air pollution issues
such as ozone concentration, which depends on the emission of biogenic carbohydrates in rural areas. The particular
importance of ozone episodes has already been shown (e.g.
Derognat et al., 2003; Solmon et al., 2004).
Overall, current developments clearly point in the direction of models that describe growth and regeneration of
individual trees or tree cohorts on the basis of physiological
processes that are linked to the water and nutrient balances
of the particular sites. Such models are sensitive to environmental changes as well as different kinds of disturbances,
and can be used for planning short- and long-term corridors
of forest management.
Visualization models

As already mentioned, forest landscapes are highly
complex systems, which fulfil multiple demands of
society with respect to resource supply, climate and air
chemistry conditions, protection from erosion, maintenance
of water quality, and provision of recreation area and
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biodiversity. Effective landscape management in such a
complex environment, considering forest as well as landscape structure, is demanding with respect to information
transfer to decision-makers and stakeholders. One of the
most direct ways to explain the results of scenario-based
simulations is visualization. Portraits and photographs
were among the first media to describe forest landscapes.
Realistic illustrations make use of the intuitive human
potential of pattern recognition and imagination (Paivio,
1971). Modern computer technology now provides the
means to produce a three-dimensional visualization of
forest stands and landscapes. A substantial development
in this field is the provision of easy-to-use tools that allow
the user to choose the perspective arbitrarily and interactively. A further advance is the ability to combine visualization tools with simulation models of forest growth, enabling
the visualization of scenario runs that show forest landscape
development over decades or even centuries. This allows us
to compare visually different simulation scenarios, which
makes this approach particular suitable for participatory
landscape-planning.
For this purpose we identify four main criteria for an
effective forest landscape visualization tool. First, visualization needs to cover temporal scales that are suited for
human perception as well as tree growth and forest development. This necessity arises from the fact that our perception
of landscapes is rather short term compared with forest
regeneration cycles. People are not aware of changes that
occur slowly over a long period of time whereas they are
able to detect fast changes easily (Pretzsch, 2004; Meiner
et al., 2005). The representation of long periods in small
time steps, however, represents a challenge to any visualization tool.
Secondly, visualization must be data-driven (e.g.
Sheppard and Harshaw, 2001). Any planning purpose
should therefore recognize Arthur Conan Doyle’s comment
that ‘it is a capital mistake to visualize before one has
facts. Intensively, one begins to start to twist facts to suit
imaginations instead of plans to suit facts.’ However, it
seems to be a common feature that the primacy of real data
over artistic licence in the visualization process has not
been fully acknowledged (Wang et al., 2006).
Thirdly, visualization must heed realism. To support the
intuitive recognition pattern of the human brain, it is essential to display plants and landscapes as realistically as possible (Meiner et al., 2005). This implies for instance that
visualization of forests needs to be based on single trees
to account for structural differentiation, which is an important element of forest recognition.
Finally, visualization must allow free choice of perspective. A single static view is considered to be insufficient for
an adequate impression of a forest landscape. Different
viewpoints and perspectives are required for decisionmaking processes. It has been stated that the free choice
of the perspective is as important as the ability to
immerse oneself in the forest to experience the properties
and aesthetics of a landscape (Bell, 2001). The technical
aspect of a fast and smooth immersion is therefore a
crucial point of visualization. It helps to create a threedimensional impression and provides the user with a
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feeling for size proportions. Bishop (2005) emphasizes that
real-time visualization could be a helpful tool for public
participation in the decision-making process. This goes
further than considering only different views of the landscape. Real-time visualization enables the user to switch
interactively between different scenarios and even to
manipulate the boundary conditions for simulations, and
then see the results of changes instantly as changes to the
visualized scenery.
Many different approaches to the visualization of trees
(e.g. Gilet et al., 2005) and forest landscapes (Deussen
et al., 2002; Decaudin and Nayret, 2004) are available.
The range of technical solutions reaches from point-based
rendering to full ray-tracing. Software packages for the
visualization for forest landscapes which allow data-driven
visualization, however, are not particularly common. First,
there are ‘all-purpose-landscape-visualization’ systems,
which use typical object arrangements to display different
ecosystems and do not allow any interactive movement
within a scenery. One of the most common systems of
this kind is the Visual Nature Studio (VNS; 3D Nature,
Vancouver, Canada), which complements these object
arrangements (called ecotypes) with single objects representing, for example, solitary trees. The ecotypes are predefined and the objects are randomly arranged according to
prescribed density parameters. The coupling with simulation tools is done via GIS systems. If different forest structures are to be displayed, either a new ecotype has to be
defined or all trees have to be placed separately according
to the simulation output. Thus, we acknowledge that tools
such as VNS are very useful if the forest structure is not
important. However, they require considerable computing
resources and are not able to render the scenes in real
time. Although similar methods are applied, the Envision
program (McGaughey, 2006) was explicitly developed for
forest management purposes. Thus, data exchange with
the forest inventory databases has been optimized and it
is possible to retrieve numerical information about stands
directly through the visualization system.
Instead of the ‘ecotype’ approach, which in most cases
displays only abstracted tree objects or images, the programs Lenné3D (Werner et al., 2005) and the software
system AMAP/Imagis (Blaise et al., 2004) visualize
single plants with detailed geometrical resolution, representing even branches and leaves. These plant objects
give a highly realistic impression even if the viewpoint is
in a stand or near the canopy. Furthermore, Lenné3D, at
least, is able to display real-time, interactive animations
of the scenery.
The third group of software solutions concentrate on the
visualization of (forest) landscapes and on the opportunity
for the user to walk or fly through the scenery to gather a
realistic impression. Examples of this latter group are
ViewScape3D (ViewScape3D Inc., BC, Canada),
Lenné3D (only for small areas) and L-VIS (Seifert,
2006). These software packages enable a direct linkage to
simulation systems, which is an important feature for the
display of dynamic changes in the landscape. As already
shown, it is important to provide an interactive display as
well as the ability to move back and forth in time in
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order to understand the processes of landscape change.
Currently, only L-VIS (Seifert, 2006) and Silvisio (http://
www.silvisio.de 2007, under development) provide both
through a tight coupling with a simulation model.
E X A M P L E S O F M O D E L S FOR DI F F E R E N T
AP P L I CAT I ON S
SILVA, a forest growth simulator

SILVA2.2 reflects the spatial and dynamic character of
mixed stand systems, updating spatial stand structures in
5-year intervals. This permits the recording of the individual competitiveness of every tree and the simulation of
tree growth competitiveness in relation to this competitive
state (Fig. 5). The external variables determining tree
growth increment and stand structure are treatment indicators, risk probabilities and environmental site factors.
The model simulates the effects that tending, thinning,
regeneration and natural hazards such as storms have on
the stand dynamics. The feedback loop ‘stand structure !
tree growth ! state of the tree ! stand structure’ forms
the backbone of the model. The step-by-step modelling of
the growth of all individual trees via differential equation
systems results in information about assortment and financial yield, stand structure, stability, and diversity of the
stand. This is far more than the data required in yield calculations of height, diameter at breast height (dbh), number of
stems, etc. Input and output data used in the model correspond to the data available from or required by forestry
practice. This enables the weighting between yield-related,
socio-economic and ecological effects between different
forest types and management options. Parameterization is
based on yield measurements and site characteristics
obtained from pure and mixed stands that have been
under observation for more than a century.
The position-dependent individual tree model SILVA2.2
considers a forest stand as a mosaic of individual trees and
reproduces their interactions as a space – time system
(Fig. 6). It can therefore be used for pure and mixed
stands of all age combinations. Primarily it is designed to
assist decisions in forest management. Using SILVA2.2,
predictions about the effects of changing site conditions
and silvicultural treatments are possible, which makes the
program a valuable research instrument.
A first model element reflects the relationship between
site conditions and growth potential and aims at adapting
the increment functions in the model to actual, observed
site conditions. With the aid of nine site factors reflecting
nutritional, water and temperature conditions, the parameters of the growth functions are determined in a twostage process (Kahn, 1994). The stand structure generator
STRUGEN facilitates the large-scale use of positiondependent individual tree growth models. The generator
converts verbal characterizations as commonly used in forestry practice (e.g. mixture in small clusters, single tree
mixture, row mixture) into a particular initial stand structure
with which the model can subsequently commence its forecasting run (Pretzsch, 1997). The model uses tree attributes
such as stem position, tree height, diameter, crown length,
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F I G . 6. SILVA 2.2 breaks down forest stands into a mosaic of individual
trees and reproduces their interactions as a space–time system. Excerpt of a
simulation run for a mixed stand with two species (slight thinning from
below) (Pretzsch, 2001, p. 256).

crown diameter and species-related crown shape functions
to build up a three-dimensional virtual stand.
Thinning is also considered on the basis of the individual
tree and can represent a wide spectrum of treatment options
(Kahn, 1995), including various thinning methods (thinning
from below and selective thinning) and thinning intensities
(slight, moderate and heavy). The core of the thinning
routine is a fuzzy logic controller and an individual competition routine. The latter uses the light-cone method
(Pretzsch, 1992) to calculate competition indices for every
tree on the basis of its size and position in stand.
Diameter at breast height, tree height, crown diameter,
crown base height, crown shape and survival status are in
turn calculated at 5-year intervals in relation to site conditions, and interspecific and intraspecific competition.
Finally, yield information on stand and single tree level
for the simulation period is compiled and presented as listings and graphs. Calculated information on stem quality,
assortment and financial yield complete the growth and
yield characteristic. Additionally, the program employs a
routine for structural analysis which produces indices for
habitat and species diversity and forms a link to the ecological assessment of forest stands.
The algorithmic sequence for predicting forest development comprises the following steps. The first step is the
input of data on the initial structure and site conditions of
the monitored stand. Secondly, the parameters of the
growth functions are adjusted to actual site conditions. If
initial values (as, for example, stem position) are unknown
missing data are complemented using the stand structure generator. Once the spatial model set-up has been completed
(step 4) the silvicultural treatment program is specified
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F I G . 7. Scenario analysis with SILVA2.2 on stand level. Current annual
volume growth (top) and mean annual value increment (bottom) in pure
stands of Norway spruce compared with mixed stands of Norway spruce
and European beech (Pretzsch, 2001, pp. 258–261).

(step 5). The competition index calculated for each tree
(step 6) is used to simulate individual tree development
(step 7). Steps 4 – 7 are repeated using 5-year steps until the
end of the forecast period.
Figure 7 shows results from a scenario analysis with
SILVA2.2 on stand level. Current annual volume increment
(top) and mean annual value increment (bottom) are compared for pure stands of Norway spruce and mixed stands
of spruce and beech. Similar evaluations can be made on
tree, stand, enterprise or regional scale.
SILVA2.2 is mainly applied by three groups of users. A
first group includes scientists at universities, research
stations, other experts and consultants. They apply the
model in the interactive mode for a rather limited number
of cases, e.g. for analysis of silvicultural operations, to
support experts’ opinions in lawsuits or for economic
forest valuation. Applications require careful adjustment
to the specific conditions on stand, enterprise, regional or
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country level. A second group is formed by forest managers
and planners, responsible for state, municipal, private
or communal forests. Models in this field are required
for development of silvicultural guidelines, preparation of
forest management plans, timber volume prognosis or
assessment of sustainable annual cut. This user group
applies SILVA2.2 mainly in batch mode for some 1000 –
10 000 inventory plots, calculates several thinning options
per plot or stratum, and repeats each run 5 – 20 times in
order to get mean and standard errors. Finally,
a considerable group of lecturers, trainers, teachers and
consultants for private and communal forests apply
SILVA2.2. Like private asset consultants, these users
apply software to corroborate their advice with calculations
and quantitative analyses of different options. For this
purpose they use the interactive version of SILVA2.2 and
simulate just a few stands and silvicultural options to
present the effect of alternative decisions in a simple and
convincing way.
BALANCE, a matter-balance model

BALANCE, a representative of the matter-balance model
group but also a functional structural model, simulates
growth responses on the single tree level (Grote and
Pretzsch, 2002; Rötzer et al., 2005). Similar to SILVA, it
accounts for the influence of competition, stand structure,
species mixture and management impacts on single tree
growth. This is established with the explicit calculation of
tree development dependent upon individual environmental
conditions on the one hand, and the dependency of environmental conditions on individual tree development on the
other. The three-dimensional development of the individual
trees and of the forest stand, respectively, are calculated in
annual time steps based on the biomass increase of woody
tissue that has accumulated during the past year. The simulation of the interrelated carbon, water and nutrient balances
of single trees, currently parameterized for the species
beech, oak, spruce and pine, forms the core processes of
the model.
Each tree of a forest stand is structured in crown and root
layers, which are in turn divided into up to eight crown and
eight root sectors. For each layer or each sector respectively,
micro-climatic conditions are calculated. Whereas these
calculations are computed daily, the physiological processes of assimilation, respiration, nutrient uptake, growth,
senescence and allocation are calculated in monthly or
decadal (¼10-day periods) time steps from the aggregated
driving variables. This provides a high sensitivity of the
physiological processes to weather conditions, CO2 concentration, water and nitrogen availability, as well as air
pollution, for every tree without a high demand of computation time. To depict the relationships between the environmental influences and growth, the seasonal development of
foliage has to be considered because light availability and
radiation absorption change with leaf area and foliage distribution. In BALANCE the beginning of bud burst is
modelled by using a temperature sum model (Rötzer
et al., 2004), while foliage senescence is estimated dependent upon the respiration sum. Because tree development
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is described on an individual basis, it is possible to use
the model for the assessment of environmental impacts
independent of species mixture or stand structure.
BALANCE needs position, stem diameter and stem
height for every tree to be initialized as well as a rough
description of the soil (field capacity, wilting point, nutrient
status, rooting depth). Daily meteorological input variables
(temperature, radiation, wind speed, humidity and precipitation) are used to drive the simulation. Additionally,
deposition data can be considered. Output is obtained
from 10-day up to annual values in a spatial resolution of
single tree compartments up to stand values. Apart from
growth parameters such as diameter, height or carbon
content, variables describing stand micro-climate and
water balance can be obtained.
The following example demonstrates the influence of
climate on growth and water balance on the development
of a forest stand. The test site ‘Kranzberger Forst’ is
located in southern Germany about 40 km north-east of
Munich at 500 m above sea level (a.s.l.). The long-term
annual mean (1951 – 1980) of temperature is between 7.0
and 8.0 8C, and the mean annual precipitation sum (1961–
1990) between 750 and 850 mm. For the period 2000 –
2005 the annual mean temperature was relatively high
(8.7 8C), while the mean precipitation sum was well within
the long-term observations (816 mm). Soil conditions for
growth are very good, e.g. field capacity of the soil is
350 mm m21, providing available soil water content within
the rooting zone (¼100 cm) of about 200 mm. The forest
site is a mixed stand of Norway spruce and European
beech. The initialized stand includes 172 spruce trees and
37 beech trees. The spruces are about 50 years old at the
beginning of the simulations (year 2000) with a mean dbh
of 27.5 cm, and a mean height of 23.8 m. Beech trees are
approximately 56 years old with a mean dbh of 23.3 cm
and a mean height of 23.0 m. For a more detailed description
of the site see Pretzsch et al. (1998).
Simulations were run with measured weather data from
the period 2000– 2005 as well as with a climate scenario
in which temperature is increased by 3 8C, radiation is
increased by 20 % and precipitation is decreased by 20 %.
Figure 8 presents the dbh development of all spruce and
beech trees for the simulations with real weather data and
with the climate scenario, respectively. It shows that the
difference between the two simulation runs is only small.
However, whereas for spruce trees diameter growth is
somewhat higher in the scenario compared with measured
climate, beech trees show a small decrease in dbh growth.
According to the larger proportion of spruce trees, the
mean annual biomass increment of the entire forest stand
is higher for the climate scenario (Fig. 9). Under the conditions of the simulation run (a mixed spruce – beech
stand, southern German site conditions, period 2000 –
2005) and averaged over the 6 years the forest is a net
sink for carbon (increasing biomass). The sink is simulated
to be about 13 % stronger under the scenario assumptions.
In addition to the above forestry (dbh and productivity)
and environmental (carbon sequestration) issues, the
development of ecosystem services can also be simulated
with matter-balance models. Depending on premises of
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groundwater recharge is strongly influenced, which in
turn might affect the regional supply of drinking water.
A closer analysis of the seasonal development of soil
water content reveals that in the last 2 years of the scenario
run, field capacity is no longer reached, which is in contrast
to the general experience in southern Germany during the
winter months. If soil water is no longer recharged, water
availability during the summer months decreases from
year to year. That means that in the following years
drought stress will presumably increase and affect tree
growth negatively. The example presented highlights the
close relationship between climate, water and tree growth
as well as possible consequences for ecosystem services.
LandClim, a landscape model

F I G . 8. Mean course of the diameter at breast height for the spruce
(above) and the beech trees (below) of a mixed forest stand in southern
Germany over the period 2000–2005 and of the climate scenario.

F I G . 9. Mean annual biomass increment (tonnes carbon) of a mixed forest
stand in Southern Germany for the period 2000–2006 and for the climate
scenario.

temperature increase and precipitation decrease in the scenario run, the average actual evapotranspiration (which in
this case also includes evaporation from interception)
increases only slightly from 651 mm year21 for the
period 2000 – 2005 to 657 mm year21. However, a huge
change can be seen in the average runoff values with an
annual sum of 221 mm for the period 2000 – 2005 and
only 51 mm for the scenario run. This means that
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LandClim was developed to study the effects of topography, climate and land use on forest structure and dynamics.
A particular focus is on large-scale natural disturbances
such as fire (Schumacher et al., 2004, 2006; Schumacher
and Bugmann, 2006). LandClim is a spatially explicit, stochastic landscape model, based on the well-established
LANDIS model (He et al., 1999). It operates on long
time scales (hundreds to thousands of years) and large
spatial extents (.100 ha) at a relatively fine scale (grid
cells of 25  25 m). The state of the forest at each grid cell
(stand scale) is represented by the number and biomass of
trees in cohorts (individuals of the same age and species).
Processes at the stand scale, i.e. growth and mortality,
operate on annual time steps, whereas landscape-scale processes, i.e. fire, wind, harvesting and seed dispersal, are
simulated in decadal time steps. The fire regime is an
emergent property of the system. The spread of fires
depends on climate and topography; it is independent of
tree species composition. Fire effects, i.e. tree mortality,
however, are species-specific.
Long-term simulations with LandClim serve a different
purpose than applications of the two previously discussed
models, SILVA and BALANCE. The simulations do not
aim to provide reliable forecasts or specific transformation
knowledge, given the uncertainty about key drivers, particularly in areas with a strong direct human influence, and
in the context of climate change, which will probably
combine long-term trends (e.g. warmer and drier conditions), with increased inter-annual variability. Rather,
the role of these long-term simulations is to help gain a
better understanding of the potentially intricate relationship
between landscape structure and dynamics. They assist in
envisaging long-term consequences of alternative management options, by rigorously and transparently translating
scenarios, formulated in terms of land-use and climate
change, to changes of the forest landscape structure. In
this context, links from these models to visualization tools
such L-VIS promise to be highly beneficial (see following
section).
LandClim has comparatively modest input requirements.
It needs a digital elevation model at approx. 25 m resolution
and a map of soil depths. The essential climate inputs are
mean monthly precipitation sums and temperature means at
a reference elevation, together with altitudinal lapse rates.
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F I G . 10. Distributions of dominant tree species in the Dischma valley simulated with LandClim for (A) current climate conditions (3.2 8C mean annual
temperature, 900 mm mean annual precipitation) and (B) a climate warming scenario (6.2 8C mean annual temperature, 700 mm mean annual
precipitation).

Wind disturbance is characterized by mean disturbance size
and return interval. Harvest rates can be differentiated with
respect to size class, species and spatial position (Gustafson
et al., 2000; Schumacher et al., 2004). Simulations can be
started from bare ground or from an initial spatial distribution of tree cohorts.
LandClim provides aggregated output on biomass and
stem numbers per species along elevation bands, or complete information on the state of individual cells. In
addition, information on the harvest and disturbance
regimes is reported, e.g. records of fire dates and sizes as
well as maps of fire events.
The following example illustrates the impact of direct
(via increased species pool) and indirect (via altered fire
regime) effects of climate change on forest biomass and
species diversity at the landscape scale. We focus on differential effects in the landscape with respect to elevation and
exposition. Dischma valley is located near Davos (Grisons)
in the eastern part of the Swiss Alps. It covers an area of
16.7 km2, with an altitudinal range of 1550 – 2800 m;
mean annual temperature is 3.2 8C, and mean annual precipitation is approx. 900 mm. Current climatic conditions are
simulated using data from the climate station Davos-Platz
(elevation 1560 m a.s.l.). A climate warming scenario with
mean annual temperature of 6.2 8C and mean annual precipitation of 700 mm is simulated using data from a climate
scenario based on the SRES A2 transient greenhouse-gas
scenario (Schär et al., 2004).
A fire suppression scenario is compared with a scenario
that includes forest fires. Simulations using only the current
species pool (13 species) are compared with an enriched
pool that includes oak, beech and sycamore maple. Current
harvest regimes in the area are extensive, and harvesting
was excluded in these simulations. Simulations start from
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the current forest cover, and run for a period of 300
years. Twenty-five replicate simulations were performed
for each scenario.
At the landscape scale, the diversity of ( potential natural)
forest types is increased after 300 years in the climate
change scenario compared with current climatic conditions.
In the valley bottom, stands dominated by Picea abies are
replaced by Pinus silvestris, Fagus silvatica, Acer pseudoplatanus and Abies alba. There is an overall upward shift
in tree species composition, and the upper treeline formed
by Pinus cembra increases from 2250 m a.s.l. to elevations
of 2650 m a.s.l.
At the stand scale, diversity is likewise increased under
climate warming (Fig. 10). Under both simulated climate
regimes, diversity decreases with altitude. Diversity is
largest at disturbed sites, because of reduced dominance
by a single or few species. The fire regime is substantially
differentiated in the landscape, with a strong decrease in
fire activity with increasing altitude (cf. Schumacher and
Bugmann, 2006). South-facing slopes exhibit higher fire
activity, and the effect of aspect increases with altitude.
However, fire activity has only limited effect on species
composition in the model. Differences are most pronounced
at lower elevation with highest fire activity, where Pinus
cembra is simulated to profit from fire exclusion against
Pinus silvestris (results not shown).
TREEVIEW and L-VIS, visualization tools

This sub-section discusses two tools for forest visualization. The first is TREEVIEW, software optimized for fast
and spatially explicit interactive rendering of forest stands.
The second is L-VIS, a forest landscape visualization
software.
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F I G . 11. An example of TREEVIEW output, with interactively selected
trees for thinning and selected future trees.

TREEVIEW is designed for realistic and thematic
visualization at the stand level. It is a data-driven, interactive
visualization tool. One design goal was to display directly the
outputs of the simulators SILVA and BALANCE while
staying on the same level of resolution as simulation
models, i.e. the single tree and tree compartment level.
With TREEVIEW it is possible to display interactively
the simulation results of SILVA, perform fly-through in
the stands and manually select future trees or trees for interactive thinning via a mouse click (Fig. 11). It is possible
to visualize the stand structure for teaching purposes or
to support the dissemination of simulation results at the
stand level. The software also supports thematic visualization such as false colouring of crowns, e.g. to display the
biomass density distribution calculated by BALANCE
(Fig. 12). While BALANCE is connected offline to
TREEVIEW, the connection to SILVA is realized online

F I G . 12. TREEVIEW can visualize the output of BALANCE and display
various tree compartment attributes as false colours. Here the biomass
density is used for colouration.
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F I G . 13. Example of the use of L-VIS for displaying landscape planning
of a street project. Parcells with high risk from wind are coloured in red.

to enable the interactive features. TREEVIEW displays
geometric modelled trees which have the same geometry
as the virtual objects in the simulation. To create a more
realistic appearance, species-specific textures are applied
to the tree models.
The landscape visualization system L-VIS was developed
to create realistic views of forest landscapes up to an area of
5  5 km2. It uses the simulation results of SILVA to show
the visual changes of such landscapes according to defined
management or climate scenarios. It can be used in participative planning and dissemination of scientific results on
landscape change to the public. Examples of applications
are the visual impacts of insect outbreaks, power plants or
motorways (Fig. 13).
One design goal of L-VIS is to preserve the single tree as
the structural element in forest landscapes. In central
Europe, with its long tradition in continuous cover forestry
and selective thinning, the most important decision basis at
stand level provides the species mixture, single tree distances, spatial groupings and tree dimensions. At the
same time, these aspects strongly determine the visual
impression of a forest landscape. For this reason L-VIS
uses the single-tree dimensions, tree positions and regeneration densities of the simulation results of SILVA. One
important feature of SILVA is that it is possible to simulate
the development of the whole landscape based on inventory
data. This provides the data for landscape-scale visualization. More specifically, the surroundings of inventory
sample points are represented according to the exact simulation result of SILVA. Between the sample points, structural interpolation routines are employed to generate the
remaining forests.
To display single trees, species-specific textures from
photographs are scaled to the individual tree dimensions.
Additional methods are incorporated directly in the visualization system to provide high visual realism of the images.
These methods generate additional tree properties such as
crown radius variation and stem declination.
To aid the user in gaining an impression of the scenario
displayed, he or she can not only go interactively through
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F I G . 14. An output of L-VIS on landscape level at various time steps. The integrated interplation routines offer time to the user as a real dimension in
which he or she can continuously navigate.

the forest but is also able to follow the forest change
in time. This is realized using a method based on pregenerated time slices from SILVA results, which are displayed on the fly (Fig. 14). The single tree dimensions are
interpolated between two time steps. Tree growth, regeneration and decay are plausibly calculated between the time
steps from SILVA. This offers a real four-dimensional flythrough in the simulated scenario to visualize not only
static landscapes but also the dynamic changes.

DISCUSSION
In order to assess and control the development of forests
with respect to sustainability, European countries agreed
on a list of criteria and indicators for ecological, economic
and social sustainability (Table 3). These criteria reflect and
manifest the scope of European ecosystem managers and
are not just a political issue (MCPFE, 2000). The variables
TA B L E 3. Pan-European criteria 1 – 6 and examples for
corresponding indicators for sustainable forest development
(adapted from MCPFE, 2000)
Criteria
1. Forest resources
2. Forest ecosystem health
and vitality
3. Productive functions
4. Biological diversity
5. Protective functions
6. Socio-economic
functions

Indicators (examples)
Forest area; carbon storage; age and
volume structure; . . .
Chemical soil state; defoliation; deposition
of nutrients/pollutants; . . .
Growth; felling budget; non-wood
products; . . .
Tree species’ diversity; orientation by
nature; share of dead wood; landscape
diversity; . . .
Share of forest area for protection of
climate, soil, water,. . .
Net financial yield; number of employees;
natural scenery; . . .

Excerpt for stand of Norway spruce for age 20 to 59. Yield is
displayed in saxonian cubic feet per saxonina acre (1 saxonian cubic foot/
1saxonian acre ¼ 0.04 m3 ha21) for the worst up to the best site fertility
(I up to X).
Normal yield tables model the development of fully stocked stands on
the basis of mean stand variables, e.g. number of trees per acre, mean
diameter at breast height or basal area per acre [uses traditional (Imperial)
measures].
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of interest should be produced by models along with scenarios of forest development in order to make the results
more understandable for practical managers and supply
the most relevant information for decision support. In
addition, the list of criteria and indicators are suitable to
enhance participation of the public or forest management
in the decision-making process.
This review of the existing model categories and current
line of research reveals a split into two different approaches.
On the one hand are models with rather coarse input
requirements (such as age and relative site condition) but
accurate predictions for wood production. These models
are built on regression relations based on measurements
of the required output variables from long-term trials or
sample plots. As the same variables are required for
model construction and produced as output, they are generally classified as ‘empirical’ (Constable and Friend, 2000).
On the other hand, models have been introduced that explain
various forest developments from underlying physiological
and ecological principles. Although the mathematical
description of these principles may also be derived from
sample measurements, the inherent linkage between two or
more scales has led to the classification of this approach as
‘mechanistic’ or ‘process-based’ (Constable and Friend,
2000; Mäkelä et al., 2000). As several important processes
at the physiological and individual scale influence the developments of the stand, a balanced model requires a more
extensive set of input variables. Because these are often
not available or have to be roughly estimated, but also due
to incomplete process knowledge, mechanistic models are
often rather unreliable with respect to yield management.
However, process-based models are becoming increasingly
important because they deliver a broad set of output variables for managers that are concerned with forest development under long-term environmental changes (Landsberg,
2003; Monserud, 2003).
The use of empirical approaches may be acceptable for
short-term intensive wood production in plantations, representing the dominant use paradigm. However, with respect
to European forests, where ecosystem management follows
the concept of integration, models are needed that consider
and provide ecological, economic and social aspects alike.
Planning and decision-making in the multi-functional
European forests requires production and analyses of longterm scenarios of various forest aspects (e.g. growth and
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yield, water supply, wood quality, recreation or aesthetic
value) based on environmental change assumptions and
different treatment options (such as thinning, species selection, regeneration techniques). The set of available models
should therefore include a range of approaches that is able
to support any decision formulated under the paradigms
outlined above, enabling the consideration of trade-offs
between different aims.
In the following, the important role of inventory
measurements is first highlighted, this being independent
of the approach taken to fulfil this task. Secondly, two
different strategies are discussed that seem suitable to introduce various model developments into the process of forest
planning. Thereafter, we discuss this process itself and
include the role that visualization can play for different
interest groups. Finally, we summarize current developments with respect to sustainable multiple-use forestry
aims, and point out lines of research that could lead to a
better representation of these criteria.
Link between ‘mechanistic’ models and inventory
measurements

The outlined European forestry concept requires a concentration on process-based approaches. This, however,
does not mean that the measurements at the tree and
stand level are becoming less important. On the one hand,
hybrid models (see above and ‘Future model development’
below) require knowledge about growth potentials for the
species and sites to which they are going to be applied.
On the other hand, forest inventories can improve information supply for ecosystem management considerably.
First, current inventories are designed to provide variables that are suitable for initialization of simulation runs.
They provide detailed information about standing volume,
diameter distribution and sometimes even spatially explicit
information about stand structure such as stem coordinates,
crown base height or crown length. As stand dynamics are
closely related to initial stand structure, utilization of this
information can increase the accuracy of predictions. If
necessary, stand structure generators that are developed
from these inventory data can provide the necessary
initial values if data sets are incomplete and thus serve as
flexible linkage between models and inventory data
(Nagel, 1996; Pretzsch, 1997).
Secondly, successive inventories at permanent investigation plots can be used to evaluate and parameterize the
simulation of stand development and tree growth in
process-based models (Valentine and Mäkelä, 2005).
When only basic information about environmental conditions is available, these data are also suitable to parameterize the relationship between site fertility and
productivity. Compared with experimental plots, largescale inventories cover a much broader range of site
conditions and stand structures and are thus much more
representative (von Gadow, 2005). It is also possible to
use rule-based systems that assign the correct height
growth pattern to each stratum dependent upon simple
classification variables if growth measurements are not
available (Klemmt, 2007).

Downloaded from https://academic.oup.com/aob/article-abstract/101/8/1065/160959
by SuUB Bremen user
on 04 September 2018

1081

F I G . 15. Management models support decisions within a given decision
corridor (framed arrows) by prognosticating the long-term consequences
of treatment variants (mobile arrows). The corridor can be explored by
application of mechanistic model approaches on stand and landscape
levels.

Future model development

The following solutions for further model research are
considered. A first option would be the coexistence of
various model approaches, including empirical and
mechanistic ones (Fig. 15). In this case, matter-balance
models would be used to derive a broad spectrum of
environmental variables that indicate the sustainability of
socio-economic services at the stand scale (e.g. carbon
sequestration, nitrogen retention from groundwater, biodiversity). These indications are complemented by information from landscape models about management risks
by means of sudden events such as fire, storm or insect
attacks. Taken together, long-term leading ‘planks’ for
management and the corridor for successive management
decisions could be provided. For operational purposes, strategic planning and optimization of wood production within
this given corridor, conventional growth simulators could
still be used, although an occasional re-parameterization
has to be considered. Such a co-application would enable
the forester to respond to long-term developments (e.g.
climate change, nitrogen deposition) without losing the
necessary accuracy for operational decision-making.
A more innovative option is the hybrid model approach,
which has been pointed out as one of the most promising
developments for future forestry decision support
(Battaglia and Sands, 1998; Landsberg, 2003; Monserud,
2003). This aims at an estimation of stand primary production considering the dependencies of physiological processes on environmental conditions, and combines it with a
statistical allocation of the produced biomass to individual
trees. For the latter step, expertise of growth and yield
research is applied. Hybrid models comprise essential
above- and below-ground processes and provide a quite
extensive list of variables for sustainable management. In
return, they require information about the vegetation and
soil processes (such as net carbon gain, allocation and
turnover) that are – despite their sometimes strong site
dependence – generally derived from a small number of
extensive long-term experimental plots.
However, integration of mechanistic and empirical
model elements is still at an early stage, and the most
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advanced approaches are focused on the dominant use
paradigm only (e.g. Robinson and Ek, 2003; Waterworth
et al., 2007). Various problems connected with a balanced
process integration, initialization and evaluation are presenting considerable hurdles for this approach, particularly
under European management considerations. We suggest
that future developments concentrate on simple hybrid
approaches that include well-balanced physiologically
based process descriptions and on extensive evaluation on
the basis of existing experimental plots, including variables
that are not directly connected to timber yield.
Tailoring models for users

With respect to presentation of model scenario results, it
should be noted that the best way to guarantee model application in practice is to tailor a model as suitable as possible
to the requirements of the end-user, considering that completely different user-groups exist. According to our experiences, three user groups have to be distinguished that prefer
different user interfaces. A rather unproblematic user group
comprises scientists at universities and research stations,
and other scientific experts. This group familiarizes conscientiously with new demanding tools, adapts existing
software easily for their special purpose, and requires the
lowest software adjustment, introduction and training. A
second group consists of lecturers, trainers, teachers, and
consultants for private and public forests. These have to
be supplied with specifically approved model versions for
particular purposes. They require a rather intensive phase
of introduction in which scenarios and management
options had to be worked out together with the user, but
due to the relatively narrow range of applications further
maintenance effort is relatively small. Finally, forest managers require a more transparent and user-friendly interface,
and occasionally the implementation of enterprise-specific
algorithms, for example modules for stratification of inventory data, thinning options, assortment rules or harvesting
techniques. As new models compete to some degree with
well-established simpler methods, general scepticism for
new software tools is often high. As remedies for these
hurdles, training courses, team work, continuous technical
support and guarantees for confidential treatment of
results may be required. Although these difficulties currently to some degree prevent new methods from application to European forestry, we are confident that an early
introduction into models during student education will
overcome the scepticism and ease future progress.
CON C L U S IO N S A N D P ROS P E C T S
Recent literature introduces a number of models that offer
considerably more than the conventional growth and yield
output variables to forest management. Particular emphasis
is put on combined yield and carbon stock estimation using
evaluated matter balance (e.g. Peng et al., 2002; Deckmyn
et al., 2003; Battaglia et al., 2004; Garcia-Gonzalo et al.,
2007) or hybrid models (Waterworth et al., 2007). Rarely,
other forest services such as recreational value or groundwater recharge are also considered with matter-balance
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models (Lasch et al., 2005; Fürstenau et al., 2007) or sophisticated growth simulators (Pretzsch et al., 2002). It seems
that the currently most accepted means of progress is a convergence of empirical and mechanistic model approaches.
Many relevant components for building such hybrid
models are already available. Model development is therefore rather a question of simplification, integration, standardization, programming and, last but not least, improved
evaluation (e.g. Robinson and Ek, 2003; Almeida et al.,
2004; Seidl et al., 2005; Schmid et al., 2006). Without
doubt, a commitment to standardized initial variables,
driving variables and evaluation variables would foster
their development, linkage with inventory data, and integration into the data flow of forest management and planning. Nevertheless, the results are still far from covering
all relevant criteria and indicators for sustainable ecosystem
management under various paradigms (Table 1).
One of the key problems in linking different models
directly together is the balanced and consistent representation of processes. The combination of various processes
at one scale affects processes at higher levels, and the
higher level processes feedback to the scales below
by changing boundary conditions (Ulrich, 1999). For
example, self-thinning at the stand level is a result of
single tree mortality, which is caused by a negative longterm net carbon gain resulting from various physiological
processes. The process is so complex that it is still difficult
to describe mechanistically (Reynolds and Ford, 2005).
Mortality is therefore generally derived from empirically
determined stand-level processes (‘self-thinning law’).
However, mortality affects resource availability and thus
the driving forces for physiological processes. Despite the
realistic description of physiological processes, the whole
simulation thus depends very much on the accuracy of the
empirical relation, which is by no means as generally applicable as assumed (Pretzsch, 2006). This applies to an even
higher degree to the use of empirically determined stand
growth equations, which are also derived from a limited
number of experimental stations. In particular, studies of
the effect of species mixture on growth, yield, stability
and disturbances are at a very early stage. Thus, forest management may benefit from hybrid approaches by gaining a
wealth of additional variables but these approaches still
rely very much on local parameterization.
These difficulties allow us to emphasize the usefulness of
the toolbox approach outlined above. It includes empirical
forest knowledge explicitly but separately and enables the
stepwise introduction of process-based knowledge as soon
as appropriate specific models are available. Furthermore,
new results from different disciplines can be integrated
more easily and fitted into the concept and data flow of
the planning procedure according to the needs of the user.
It should be noted, however, that environmental change
requires empirically based yield knowledge to be updated
in short time periods and that this requires maintaining a
sound basis of long-term experimental plots. This toolbox
could also include the important links to the landscape
level, i.e. quantitative connections with grassland systems,
arable land and urban landscapes. Model application
here does not aim to explain stand-level processes but
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(1) gives boundary information for long-term sustainable
management by quantification of risks in a larger landscape, (2) enables the determination of exchange processes
between rural and urban regions (water availability and
water quality, air pollution).
We are aware of increasingly detailed and scattered
system knowledge on the one hand, and increasing information demand about stand-level dynamics on the other.
Models can help to bridge this gap by supporting (not dictating) decisions and training. Their value lies in the provision of scenario-based lines of forest development.
However, it is not necessarily one model that should be
used for various management targets. Although further
research will increase the predictive potential for each
group of targets, it is also the integration and joint application of models that should be specified in the course of
an ongoing process.
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0 Introduction
The Federal Republic of Germany is a federal state. According to the constitution forestry
is mainly a task of the single Bundeslaender (see point 2.3). This is the reason, that in
Germany it gives no comprehensive annual survey on forestry data on the federal level. So
this study is a compilation of data from different sources. The main sources are the annual
Agrarian Report of the Federal Ministry of Consumer Protection, Food and Agriculture
(BMVEL), the results of the last Federal Forest Inventory and publications of the Federal
Statistical Office of Germany.

1 Forest Characteristics
1.1 Forest Area and Forest Cover
Forests are covering round about 11 Mio. ha or 31 % of the territory of the Federal Republic of Germany. So after agriculture forestry is the second largest land use form and the
most important near-natural living space in this country. According to the results of the
most recent Federal Forest Inventory from 2001/02, which was the second in Western
Germany and the first in Eastern Germany, the Bundesland Bavaria has the largest forest
area and Rhineland-Palatinate the highest forest cover value in Germany. A detailed overview on forest area and forest cover gives table 1.
Table 1: Forest Area and Forest Cover in Germany
Bundeslaender
Forest Area
Baden-Wuerttemberg
1,362,299 ha
Bavaria
2,558,461 ha
Berlin
16,000 ha
Brandenburg
1,055,733 ha
Bremen
0 ha
Hamburg
3,000 ha
Hesse
880,251 ha
Mecklenburg-Western Pomerania
534,962 ha
Lower Saxony
1,159,522 ha
North Rhine-Westphalia
887,550 ha
Rhineland-Palatinate
835,558 ha
Saarland
98,458 ha
Saxony
511,578 ha
Saxony-Anhalt
492,128 ha
Schleswig-Holstein
162,466 ha
Thuringia
517,903 ha
Federal Republic of Germany
11,075,799 ha

Forest Cover (%)
38.1
36.3
18.0
35.2
0.0
4.0
41.7
23.1
23.5
26.0
42.1
38.3
27.8
24.1
10.3
32.0
31.0

Source: Federal Forest Inventory 2, Federal Ministry of Consumer Protection, Food and Agriculture, Bonn

1.2 Species Composition of the Forests
In Germany coniferous species are still predominant. They are taking in 57.5 % of the forest area, while deciduous forest tree species are covering 42.5 %. Norway Spruce (Picea
abies) is the most important forest tree species in German forests. The most eminent deciduous forest tree species is the European Beech (Fagus sylvatica) (see graph 1).

-4Graph 1: Species composition in Germany
Fail Places
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9.6%

European Beech
14.8%

ALh
5.9%

Douglas Fir
1.7%
Fir
1.5%
ALn
9.8%

Spruce
28.2%

Source: Federal Forest Inventory 2, Federal Ministry of Consumer Protection, Food and Agriculture, Bonn
ALh = other deciduous wood with long rotation period (e.g. Ash, Maple, Elm, Lime Tree etc.)
ALn= other deciduous wood with low rotation period (e.g. Poplar, Willow, Birch etc.)

1.3 Total Volume and Current Increment
The Federal Forest Inventory shows a total volume of standing timber in the amount of
3.381 bio. m3 . This complies with a volume of 317 m3/ha. The current yearly increment of
timber amounts nearly 135 mio. m3/year = 12 m3/ha/year.

1.4 Logging
In the year 2002, in Germany were felled nearly 42.4 mio. m3 timber. Ca. 78 % of the
fellings were coniferous timber, only 22 % were deciduous wood (see table 2).
Table 2: Fellings in Germany in 2002
Species
Oak, Red Oak
European Beech, other deciduous wood
Spruce, Fir, Douglas Fir
Pine, Larch,
Total
Source: Federal Statistical Office, Wiesbaden

Fellings in 1,000 m3
1,562
7,641
23,976
9,201
42,380
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1.5 Main Directories of Wood Processing and Timber Trade
The largest consumer of raw timber and very important sector of forest industries in Germany is the saw industry. In the last 3 years the sawmills worked up constantly between 21
and 22 mio. m3 raw timber, nearly 50 % of the raw timber crop in Germany. Table 3
gives an overview on consumption and production of the most important sectors of forest
industries.
The forest industries in Germany are employing more than 550,000 persons and having a
transaction volume of 80.9 bio. € in 2002.
Table 3: Timber consumption and production of forest products in Germany 2000 – 2002
Federal Republic of Germany
Sawmills
Timber Consumption
Sawnwood Production
thereof:
Coniferous Timber
Deciduous Timber
Veneer Mills
Timber Consumption
Veneer Production
thereof:
Coniferous Timber
Deciduous Timber
Plywood Mills
Timber Consumption
Plywood Production
Fibreboard Mills
Timber Consumption
thereof:
Roundwood
Industrial Waste Wood
Fibreboard Production
Chipboard Mills
Timber Consumption
thereof:
Roundwood
Industrial Waste Wood
Chipboard production
Wood-Pulp, Pulp, Paper, Paperboard
Timber Consumption
Thereof:
Roundwood
Industrial Waste Wood
Production
Pulp
Wood-Pulp
Paper, Paperboard
1

Subject to domestic timber
Subject to domestic timber
3
2002 in stacked cubic meter
4
2002 in stacked cubic meter
2

2000

in 1,000 m3
2001

2002

21,822
16,341

21,482
16,131

21,625
18,240

15,021
1,320

14,889
1,242

15,869
2,371

350
3051

291
2412

217
217

97
208

56
185

61
156

--357

213
321

154
270

2,864

4,481

9,2513

1,784
1,080
2,974

2,315
2,166
2,899

3,638
5,613
3,350

8,940

8,798

17,1144

2,522
6,418
10,341

2,960
5,838
9,880

4,118
12,996
9,507

7,249

6,921

6,942

4,203
3,046

4,001
2,920
in 1,000 t
874
1,229
17,879

3,948
2,994

873
1,342
18,182

896
1,252
18,539
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The external trade of timber shows no uniform pattern. On the one hand Germany has a
large import surplus of pulp, on the other hand it has a large export surplus of fibre- and
chipboards. Converted into raw timber equivalents (r) and inclusive recovered paper the
external trade balance of all wood based products in 2002 for Germany was negative (Import: 99.3 mio. m3(r), Export: 94.1 mio. m3(r). An overview on the external trade of a subset of forest and wood based products gives table 4.
Table 4: Import and Export of Forest and Wood Based Products in 2002
Forest and Wood Based
Import
Export
3
Products
in 1,000 m
Coniferous Roundwood
2,278
3,454
1
Coniferous Sawnwood
4,505
4,237
Wood for Fiberize
282
2,113
Deciduous Roundwood
345
1,453
Deciduous Sawnwood1
706
611
Railway Sleepers
23
46
Veneer
154
120
Plywood
974
167
Fibreboards
1,239
2,983
Chipboards
1,538
2,246
in 1,000 t
Pulp
3,856
475
Wood-Pulp
158
15
Source: Federal Statistical Office, Wiesbaden
1

incl. Planed Timber

1.6 Categories of Forest Protection
According to the guidelines of the Ministerial Conference on the Protection of Forests in
Europe (MCPFE) more than 9 mio. ha forest area in Germany are more or less protected or
have protective functions. But between the 3 classes it gives many overlappings (not between the classes 1.1 to 1.3). So the real protected or protective forest area in Germany
amounted nearly 75 to 80 %. A list of the different protection classes and the respective
forest areas shows table 5. For comparison the classes of the World Conservation Union
(IUCN) are added.
Table 5: Forests in Protective Areas in Germany according to MCPFE-Guidelines (2002)
Form of Protection
Conserving Forest Biodiversity
No active intervention
Minimum intervention
Conservation through active management

MCPFE
class
1

IUCN
class
I, II, IV

forest area
(ha)
2,138,422

forest area
(%)1
19.9

1.1
1.2
1.3

I
II
IV

0
90,831
2,047,591

0.0
0.9
19.0

2
3

III, V, VI
---

4,686,038
2,980,850

43.6
27.8

Protection of Landscapes and Special Natural Elements
Forests with Protective Functions
Source: Federal Ministry of Consumer Protection, Food and Agriculture, Bonn
1

of 10.7 mio. ha., the official forest area of Germany before the results of last Federal Forest Inventory
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2 Legal and Organizational Forms of Forest Holdings
2.1 Ownership Structure
In Germany it gives state, communal and private forest ownership. According to the results
of the Federal Forest Inventory just under 50 % of the German forest area are private forests, one third are in state ownership and nearly 20 % are communal forests (see graph 2).
Graph 2: Ownership Structure in Germany
State Forests
(Bund)
3,7 %

State Forests
(Bundeslaender)
29,6 %

Private Forests
47,3 %

Communal
Forests
19,5 %

Source: Federal Forest Inventory 2, Federal Ministry of Consumer Protection, Food and Agriculture, Bonn

2.2 Accessibility of Forests to Society
The accessibility of forests to society is regulated by Article 14 Federal Forest Act
(Bundeswaldgesetz) as a framework provision. The first paragraph of this Article determines, that for the purpose of recreation the access of forests is allowed. Cycling, driving
with wheelchairs and riding in forests is only allowed on roads and forest tracks.
The second paragraph determines, that details are regulated by the Laender. For relevant
reasons the Laender can constrain the public access to forests.
So in Schleswig-Holstein, a Bundesland, which has only a small forest cover, the public
access to forests is only allowed on roads and forest tracks and riding is only allowed on
special declared riding ways.
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2.3 Forest Law
The Federal Structure of Forest Legislation and the Federal Forest Act
The Federal Republic of Germany is a federal state. That means, in Germany several states
have contracted an alliance in a way, that the member states (Bundeslaender) have transferred parts of their sovereignty on the central state; thereby state quality has not only the
central state but also the 16 Laender. This federal structure has consequences for the forest
sector and therewith for the forest legislation in Germany.
In general the legislative power is shared between the Bund and the Bundeslaender. The
respective rules are constituted in the Fundamental Act (Constitution, Grundgesetz) in the
Articles 70 to 82. The legislative power is structured as follows:
1) the exclusive legislative power of the Federation (Art. 71, 73 Fundamental Act, Ex.
q.v. p. 5)
2) the concurrent legislative power (Art. 72, 74, 74a Fundamental Act); the competency is
located at the Bundeslaender as long as the Federation doesn’t make use of its legislation power. General rule: Law of the Bund breaks law of the Bundeslaender (Ex. q.v. p.
6).
3) the “framework” legislation of the Federation (Article 75 Fundamental Act); the federal acts provide only a framework, which is filled by the Bundeslaender with their
specific laws (Ex. q.v. p.7).
4) the legislative power of the Bundeslaender, if not the Bund is responsible according to
1) – 3) (Ex. q.v. p. 8)
For Forestry in Germany it means, that according to Article 75, No. 3+4 Fundamental Act
the Federation has the “framework” legislative power for the field of protection and recreation functions of the forests and the concurrent legislative power for all the other fields of
forestry (Art. 74 (1), no. 1, 17, 18 Fundamental Act).
Consequently the most important forest act on federal level, the Federal Forest Act from
1975, is based on this two different constitutional basics. So it contains both framework
provisions to be specified by the Bundeslaender and in the course of concurrent legislation
directly applicable provisions. The constitutional basics for the most important regulations
of the Federal Forest Act are very complicated. But this complex distribution of legislative
power was simplified by Art. 5 of the Federal Forest Act, which rules, that for the Art. 6 to
14 the federation claims only the framework legislative power.
It is the purpose of the Federal Forest Act, as described in Art. 1 Federal Forest Law,
1. to conserve forests due to their economic benefits (productive function) and their importance for the environment and the recreation of the population (protective and recreational functions), to expand them, wherever possible, and to ensure their proper
management on a sustainable basis, whilst promoting the forestry sector and reconciling public interests and the concerns of forest owners,
2. to promote forestry and
3. to bring about a balance between the interests of the general public and the interests of
the forest owners.
Among others the Federal Forest Act contains the following essential elements:
•

The general order for proper and sustainable forest management (Art. 1 and 11 Federal
Forest Act).

-9•

•

•
•
•

The obligation for reforestation (Art. 11 Federal Forest Act); it regulates in conjunction
with the forest acts of the Bundeslaender the minimum obligation for the forest owners,
to reforest or complete clear cut forest land and lightened forest stands in a adequate
time limit, if the natural regeneration remains incomplete. In the forest acts of the
Bundeslaender the adequate time limit was appointed different, normally on 2-3 years.
Further regulations in the forest acts of the Bundeslaender according forest management are aimed at environmental precautions, clear cutting restrictions, protection of
premature stands, duty for tendance of forests, forest opening, and appropriateness and
orderliness of forest management.
The reservation of permitting the conversion of forests (Art. 9 Federal Forest Act); accordingly forests are only cleared and transformed into another land use form after
permission by authority responsible by law of the Laender. The rights, duties and interests of the forest owners are weighted against the needs of the general public. The permission will denied, if the conservation of the forests is predominantly in public interest. The regulations of Federal Forest Act can be expanded by the Laender.
The promotion of forestry (Art. 41 Federal Forest Act); the promotion especially shall
improve the efficiency of sustainable forest management and ensure the conservation
of forests.
The overall planning for forestry (Art. 6 Federal Forest Act); it shall order and improve
forest structure and conserve the functions of the forests.
Protective and recreational forests (Art. 12 and 13 Federal Forest Act); for conserving
of special forest functions and for averting dangers, disadvantages, and annoyances of
the population forests can be declared to protection or recreational forest with special
provisions for forest management.

Further Forest Provisions
Special fields are governed by special acts, e.g.
• the Act on Forest Propagation Material from 2003,
• the Forest Damage Compensation Act from 1969,
• the Timber Promotion Fund Act from 1998 and
• the Act on Classification Scales for Raw Timber from 1969.
Act on Forest Propagation Material
This act regulates the concession of the parent material (the trees, from which forest
propagation material is harvested), the certification and marking of the propagation material for the trade and the control of the involved companies.
Forest Damage Compensation Act
This act regulates the compensation of damages as a result of special natural phenomenons
in forestry. The act provide the opportunity
to restrict the regular loggings (Art. 1)
to restict the timber import (Art. 2)
to take different measures to reduce the tax burden (Art. 3-8)
Timber Promotion Fund Act
This act regulates the foundation, legal form, the tasks, the organization and the financing
of the Timber Promotion Fund.
Act on Classification Scales for Raw Timber
This act is the legal fundament for an ordinance (Ordinance on Classification Scales for
Raw Timber from 1971), which regulates the generation, the marking, the denomination,
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2.4 Governmental Help for Forestry
The promotion of forestry, especially the promotion of non-state-forests, is within the
competence of the Bundeslaender. For the organizational structure of consulting and supporting of the non-state-forests have a look to point 2.7 “Structure of national forest administrations”. Regarding the financial support of non-state-forest enterprises it gives
many differences between the Laender. This applies for both the supported forest management activities and the financing of the subsidies. The most supported activities are
jointly financed by the Bund (60%) and the Laender (40%). The rules of this co-financing
system are regulated in the “Act on the joint task ‘improvement of the agrarian structure
and the coastal protection’ ”. At time there are 5 fields of supported forest management
activities:
1) silvicultural measures, i.e.:
tending of young forest stands
conversion of forests not suited to the site
afforestations of farmland (inkl. replanting and tending of plantation)
2) new building and expansion of forest roads and tracks
3) promotion of forest management associations (forstwirtschaftliche Zusammeschlüsse),
i.e.:
grants to initial investments (e.g. office facilities, machines etc.)
declining grants to administration and consulting costs
4) premiums for afforestation of farmland
5) activities due to new type forest damages, i.e.:
soil protection and melioration fertilization
reforestation of damaged forest stands
A part of this subventions are also co-financed from the EU (in the old Bundeslaender: 50
% by EU, 30 % by the Bund, 20 % by the Bundeslaender, in the new Bundeslaender: 75 %
by EÚ, 15 % by the Bund, 10 % by the Bundeslaender).
Beside this subventions it gives different supported management activities which are financed by the Laender and the EU (in the old Laender 50 % by EU, 50 % by the Laender,
in the new Laender 75 % by EU, 25 by the Laender) or only by the Laender. The supported
activities differ from Bundesland to Bundesland.

2.5 Forest Holdings and Forest Owners
In Germany there are about 1,3 mio. forest owners, among them there are 17 state forest
owners and nearly 10,000 communal forest owners; the remaining majority are private
holders. More than 90 % of the private forest owners are farmers. Nearly 1 mio. of the private forest owners are holding forests smaller than 1 ha. In Germany the size of private
owned forests averaged 7.7 ha, of communal forests ca. 900 ha. An overview on the size
structure of forest enterprises gives table 6.
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Size range
Number of owners
under 10 ha
ca. 1,295.000
10 – 50 ha
ca. 48,000
50 – 200 ha
ca. 7,300
200 – 1.000 ha
ca. 3,300
1.000 ha and more
ca. 1,400
Total
ca. 1,300,000

Forest area in mio. ha
2.3
1.0
0.8
1.5
5.5
11.1

Source: Agrarian Structure Survey 2001, modified, Federal Ministry of Consumer Protection, Food and Agriculture, Bonn

More than 400,000 forest owners are members of 5,403 forest management associations in
Germany. The associations are managing 3.3 mio. ha or nearly one third of the German
forests (see table 7).
Table 7 Forest management associations (Forstwirtschaftliche Zusammenschlüsse)
Number of forest management associations
5,403
Number of member enterprises
449,102
Forest area of member enterprises in ha
3.3 mio.
Forest area of member enterprises in % from total German forest
30 %
Forest area of member enterprises in % from non-state forest
46 %
Forest area of member enterprises in % from total forest, old Laender
39 %
Forest area of member enterprises in % from non-state forest, old Laender
56 %
Forest area of member enterprises in % from total forest, new Laender
8%
Forest area of member enterprises in % from non-state forests, new Laender
15 %
Source: Federal Ministry of Consumer Protection, Food and Agriculture, Bonn

2.6 Forms of Public Forests
In Germany the official kinds of ownership are defined in the forest acts. There are two
forms of public forest ownership: state ownership and communal ownership. State ownership comprise the forests of the Bundeslaender and of the Bund, the communal ownership
those of the towns, communes, districts, and public bodies. The remaining rest of the forests owners are private forests owners.

2.7 Structure of National Forest Administrations
According to the constitution of the Federal Republic of Germany (see above) forestry
administration belongs to the field of activity of the Bundeslaender, implicating 16 different state forest administrations in Germany. Thereto are coming 2 state forest administrations on the federal level; one of it manages the forests in the ownership of the Bund and is
under the control of the federal finance ministry, the other is responsible for forest policy
and forest legislation on the federal level and is part of the Ministry for Consumer Protection, Food and Agriculture. In general it gives three forms of activities for state forest administrations, in fact:
1) the management of the state forests,
2) the control and supervision in the non-state-forests and
3) the consulting and promotion of non-state-forests
An overview on the structure of the different state administrations gives table 8.
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Table 8: Overview on administration structures in Germany (the numbers describe the different levels of administrations)
Federal State
(Bundesland)
Baden-Wuerttemberg
(Baden-Württemberg)

Language
English

German

Ministry
Ministry for Food and Rural Areas
(MELR)

Ministerium für Errnährung und
Ländlichen Raum (MELR)

Management of state forests

Forest supervision, Forest police

Forest consulting and promotion of
non-state-forests

State Forest Administration
1) MELR, Dept. 5
2) 2 Forest Directorates
3) 163 Forest Offices

State Forest Administration
1) MELR, Dept. 5
2) 2 Forest Directorates
3) 163 Forest Offices

State Forest Administration
1) MELR, Dept. 5
2) 2 Forest Directorates + 1 Kommunal Forest Directorate
3) 163 Forest Offices

planned from 2005-01-01
1) MELR, Dept. 5
2) 2 Regional District Offices, Dept.
Forests
3) 35 District Offices and 9 mayor’s
offices, Dept. Forests

planned from 2005-01-01
1) MELR, Dept. 5
2) 2 Regional District Offices, Dept.
Forests
3) 35 District Offices and 9 mayor’s
offices, Dept. Forests

planned from 2005-01-01
1) MELR, Dept. 5
2) 2 Regional District Offices, Dept.
Forests
3) 35 District Offices and 9 mayor’s
offices, Dept. Forests

Landesforstverwaltung
1) MELR, Abt. 5
2) 2 Forstdirektionen
3) 163 Forstämter

Landesforstverwaltung
1) MELR, Abt. 5
2) 2 Forstdirektionen
3) 163 Forstämter

Landesforstverwaltung
1) MELR, Abt. 5
2) 2 Forstdirektionen + 1 Körperschaftsforstdirektion
3) 163 Forstämter

geplant ab 01.01. 2005
Landesforstverwaltung
1) MELR, Abt. 5
2) 2 Regierungspräsidien, Abt.
Forsten
3) 35 Landsratsämter + 9 Bürgermeisterämter, Abt. Forsten

geplant ab 01.01. 2005
Landesforstverwaltung
1) MELR, Abt. 5
2) 2 Regierungspräsidien, Abt.
Forsten
3) 35 Landsratsämter + 9 Bürgermeisterämter, Abt. Forsten

geplant ab 01.01. 2005
Landesforstverwaltung
1) MELR, Abt. 5
2) 2 Regierungspräsidien, Abt.
Forsten
3) 35 Landsratsämter + 9 Bürgermeisterämter, Abt. Forsten
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Federal State
(Bundesland)
Bavaria
(Bayern)

Language
English

German

Berlin

Brandenburg

Ministry
State Ministry for Agriculture and
Forests (MLF)

Staatsministerium für Landwirtschaft
und Forsten (MLF)

Management of state forests

Forest supervision, Forest police

Forest consulting and promotion of
non-state-forests

State Forest Administration
1) MLF, Dept. V Forest Administration
2) 4 Forest Directorates
3) 127 Forest Offices

State Forest Administration
1) MLF, Dept. V Forest Administration
2) 4 Forest Directorates
3) 127 Forest Offices

State Forest Administration
1) MLF, Dept. V Forest Administration
2) 4 Forest Directorates
3) 127 Forest Offices

planned from 2005-07-01
State Enterprise „Bavarian State Forests“
1) Head Office
2) ca. 40 regionale enterprises

planned from 2005-07-01
1) MLF, Dept. V
2) unexplained
3) ca. 50 Offices for Agriculture and
Forestry

planned from 2005-07-01
1) MLF, Dept. V
2) unexplained
3) ca. 50 Offices for Agriculture and
Forestry

Staatsforstverwaltung
1) MLF, Abt. V forstliche Verw.
2) 4 Forstdirektionen
3) 127 Forstämter

Staatsforstverwaltung
1) MLF, Abt. V forstliche Verw.
2) 4 Forstdirektionen
3) 127 Forstämter

Staatsforstverwaltung
1) MLF, Abt. V forstliche Verw.
2) 4 Forstdirektionen
3) 127 Forstämter

geplant ab 01.07. 2005
Staatl. Forstbetrieb „Bayerische Staatsforsten“
1) Betiebszentrale
2) ca. 40 regionale Betriebe

geplant ab 01.07. 2005
1) MLF, Abt. V
2) ungeklärt
3) ca. 50 Ämter für Land- und
Forstwirtschaft

geplant ab 01.07. 2005
1) MLF, Abt. V
2) ungeklärt
3) ca. 50 Ämter für Land- und
Forstwirtschaft

English

Senate for Urban Development

Authority Forests of Berlin
1) State Forest Office
2) 4 Forest Offices

Authority Forests of Berlin
1) State Forest Office
2) 4 Forest Offices

Authority Forests of Berlin
1) State Forest Office
2) 4 Forest Offices

German

Senat für Stadtentwicklung
(SenS)

Behörde Berliner Forsten
1) Landesforstamt
2) 4 Forstämter

Behörde Berliner Forsten
1) Landesforstamt
2) 4 Forstämter

Behörde Berliner Forsten
1) Landesforstamt
2) 4 Forstämter

English

Ministry for Agriculture, Environmental Protection and Land Use
Regulation (MLUR)

State Forest Administration
1) MLUR, Dept. Forestry
2) 10 Offices for Forestry
3) 72 Upper Forest Districts

State Forest Administration
1) MLUR, Dept. Forestry
2) 10 Offices for Forestry
3) 72 Upper Forest Districts

State Forest Administration
1) MLUR, Dept. Forestry
2) 10 Offices for Forestry
3) 72 Upper Forest Districts

German

Ministerium für Landwirtschaft,
Umweltschutz und Raumordnung
(MLUR)

Landesforstverwaltung
1) MLUR, Abt. Forst
2) 10 Ämter für Forstwirtschaft
3) 72 Oberförstereien

Landesforstverwaltung
1) MLUR, Abt. Forst
2) 10 Ämter für Forstwirtschaft
3) 72 Oberförstereien

Landesforstverwaltung
1) MLUR, Abt. Forst
2) 10 Ämter für Forstwirtschaft
3) 72 Oberförstereien
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Federal State
(Bundesland)
Bremen

Hamburg

Hesse
(Hessen)

Language

Ministry

Management of state forests

Forest supervision, Forest police

Forest consulting and promotion of
non-state-forests

English

Senate for Construction, Environment
and Traffic (SenBUV)

Communal Enterprise “Urban Green”
Bremen

SenBUV, Dept. 3, Environmental
Protection of Areas

SenBUV, Dept. 3, Environmental
Protection of Areas

German

Senat für Bau, Umwelt und Verkehr
(SenBUV)

Kommunalbetrieb „Stadtgrün Bremen“

SenBUV, Abt. 3 Flächenbezogener
Umweltschutz

SenBUV, Abt. 3 Flächenbezogener
Umweltschutz

English

Authority (Senate) for Economics and
Labour (BWA)

BWA, Section Economics and Agriculture, Dept. Agriculture and Forests,
Forest Office

BWA, Section Economics and Agriculture, Dept. Agriculture and Forests,
Forest Office

BWA, Section Economics and Agriculture, Dept. Agriculture and Forests,
Forest Office

German

Behörde (Senat) für Wirtschaft und
Arbeit (BWA)

BWA, Bereich Wirtschaft u. Landwirtschaft, Abt. Landwirtschaft u. Forsten,
Forstamt

BWA, Bereich Wirtschaft u. Landwirt- BWA, Bereich Wirtschaft u. Landwirtschaft, Abt. Landwirtschaft u. Forsten, schaft, Abt. Landwirtschaft u. Forsten,
Forstamt
Forstamt

English

Ministry for Environment, Rural Areas State Enterprise “Hesse-Forest”
and Consumer Protection (MULV)
Head Office
40 Forest Offices (from 01.01. 05)

State Enterprise “Hesse-Forest”
State Forest Authority
Head Office
1) MULV, Dept. VI Forests and
40 Forest Offices (from 01.01.05)
Nature Protection
2) 3 Regional District Offices, Dept.
Rural Areas, Nature and Consumer Protection
3) 21 District Offices, Dept. Rural
Areas, Nature and Consumer
Protection

German

Ministerium für Umwelt, Ländlichen
Raum und Verbraucherschutz
(MULV)

Forstbehörde
1) MULV, Abt. VI Forsten und
Naturschutz
2) 3 Regierungspräsidien, Abt.
Ländlicher Raum, Natur- und
Verbraucherschutz
3) 21 Landratsämter, Abt. Ländlicher Raum, Natur- und Verbraucherschutz

Landesbetrieb „Hessen-Forst“
1) Landesbetriebsleitung
2) 85 Forstämter

Landesbetrieb „Hessen-Forst“
1) Landesbetriebsleitung
2) 85 Forstämter
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Federal State
(Bundesland)
Lower Saxony
(Niedersachsen)

Language
English

German

Mecklenburg-Western Pomerania English
(Mecklenburg-Vorpommern)

German

Forest consulting and promotion of
non-state-forests

Ministry

Management of state forests

Forest supervision, Forest police

Ministry for Rural Areas, Food,
Agriculture and Consumer Protection
(MELV)

State Forest Administration
1) MELV, Dept. 4 Forests and
Forest Industries, Forest Ecology
2) 45 Forest Offices

State Forest Authority
1) MLELV, Dept. 4 Forests and
Forest Industries, Forest Ecology
2) 4 Regional Distict Offices, Dept.
510 Forests, Forestry and Hunting
3) 38 Districht Offices

Eastern and Southern Lower Saxony
1) Chamber of Agriculture Hannover, Dept. 5 Forestry
2) 7 Consulting Forest Offices

Forstbehörde
1) MLELV, Abt. 4 Forsten u. Holzwirtschaft, Waldökologie
2) 4 Bezirksregierungen, Dez. 510
Wald, Forst u. Jagd
3) 38 Kreisämter

Ost- und Südniedersachsen
1) Landwirtschaftkammer Hannover,
Abt. 5 Forstwirtschaft
2) 7 Beratungsforstämter

Landesforstverwaltung
Ministerium für den Ländlichen
Raum, Ernährung, Landwirtschaft und 1) MLELV, Abt. 4 Forsten u. Holzwirtschaft, Waldökologie
Verbraucherschutz (MLELV)
2) 45 Forstämter

Western Lower Saxony
1) Chamber of Agriculture WeserEms, Dept. 4 Forestry
2) 3 Consulting Forest Offices

Westniedersachsen
1) Landwirtschaftskammer WeserEms, Abt. 4 Forstwirtschaft
2) 3 Beratungsforstämter

Ministry for Food, Agriculture, Forestry and Fishery (MELFF)

State Forest Administration
1) MELFF, Dept. 2 Forestry
2) State Office for Forestry and
Greater Reserves
3) 33 Forest Offices

State Forest Administration
1) MELFF, Dept. 2 Forestry
2) State Office for Forestry and
Greater Reserves
3) 33 Forest Offices

State Forest Administration
1) MELFF, Dept. 2 Forestry
2) State Office for Forestry and
Greater Reserves
3) 33 Forest Offices

Ministerium für Ernährung, Landwirtschaft, Forsten und Fischerei
(MELFF)

Landesforstverwaltung
1) MELFF, Abt. 2 Forstwirtschaft
2) Landesamt für Forsten u. Großschutzgebiete
3) 33 Forstämter

Landesforstverwaltung
1) MELFF, Abt. 2 Forstwirtschaft
2) Landesamt für Forsten u. Großschutzgebiete
3) 33 Forstämter

Landesforstverwaltung
1) MELFF, Abt. 2 Forstwirtschaft
2) Landesamt für Forsten u. Großschutzgebiete
3) 33 Forstämter
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Federal State
(Bundesland)
Northrhine-Westphalia
(Nordrhein-Westfalen)

Rhineland-Palatinate
(Rheinland-Pfalz)

Saarland

Language

Ministry

Management of state forests

Forest supervision, Forest police

Forest consulting and promotion of
non-state-forests

English

Ministry for Environment and Nature
Protection, Agriculture and Consumer
Protection (MUNLV)

State Forest Administration
1) MUNLV, Section III Forests,
Nature Protection, Agricultural
Planning
2) Upper Forest Authority
3) 35 Forest Offices

State Forest Administration
1) MUNLV, Section III Forests,
Nature Protection, Agricultural
Planning
2) Upper Forest Authority
3) 35 Forest Offices

State Forest Administration
1) MUNLV, Section III Forests,
Nature Protection, Agricultural
Planning
2) Upper Forest Authority
3) 35 Forest Offices

German

Ministerium für Umwelt und Naturschutz, Landwirtschaft und Verbraucherschutz (MUNLV)

Landesforstverwaltung
1) MUNLV, Arbeitsbereich III
Forsten, Naturschutz, Agrarordnung
2) Höhere Forstbehörde
3) 35 Forstämter

Landesforstverwaltung
1) MUNLV, Arbeitsbereich III
Forsten, Naturschutz, Agrarordnung
2) Höhere Forstbehörde
3) 35 Forstämter

Landesforstverwaltung
1) MUNLV, Arbeitsbereich III
Forsten, Naturschutz, Agrarordnung
2) Höhere Forstbehörde
3) 35 Forstämter

English

Ministry for Environment and Forests
(MUF)

State Forest Administration
1) MUF, Dept. Forests
2) Regional Distict Office South,
Dept. 5 Central Office of Forest
Administration
3) 45 Forest Offices

State Forest Administration
1) MUF, Dept. Forests
2) Regional Distict Office South,
Dept. 5 Central Office of Forest
Administration
3) 45 Forest Offices

State Forest Administration
1) MUF, Dept. Forests
2) Regional Distict Office South,
Dept. 5 Central Office of Forest
Administration
3) 45 Forest Offices

German

Ministerium für Umwelt und Forsten
(MUF)

Landesforstverwaltung
1) MUF, Abt. Forsten
2) Struktur- u. Genehmigungsdirektion Süd, Abt. 5 Zentralstelle der
Forstverwaltung
3) 45 Forstämter

Landesforstverwaltung
1) MUF, Abt. Forsten
2) Struktur- und Genehmigungsdirektion Süd, Abt. 5 Zentralstelle
der Forstverwaltung
3) 45 Forstämter

Landesforstverwaltung
1) MUF, Abt. Forsten
2) Struktur- und Genehmigungsdirektion Süd, Abt. 5 Zentralstelle
der Forstverwaltung
3) 45 Forstämter

English

Ministry for Environment (MU)

State Enterprise “Saarforst”
1) Head Office
2) 4 Regional Enterprises

State Forest Authority
1) MU, Dept. B Rural Areas, Agriculture, Forests
2) State Enterprise “Saarforst” (in
order)

State Enterprise “Saarforst”
Head Office, Dept. L5 Service Center

German

Ministerium für Umwelt (MU)

Landesbetrieb „Saarforst“
1) Betriebszentrale
2) 4 Regionalbetriebe

Forstbehörde
1) MU, Abt. B Ländlicher Raum,
Landwirtschaft, Forsten
2) Landesbetrieb „Saarforst“ als
Auftragsverwaltung

Landesbetrieb „Saarforst“
Betriebszentrale, Abt. L5 Dienstleistungszentrum
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Federal State
(Bundesland)
Saxony
(Sachsen)

Language
English

German

Saxony-Anhalt
(Sachsen-Anhalt)

Ministry
State Ministry for Environment and
Agriculture (MUL)

Staatsministerium für Umwelt und
Landwirtschaft (MUL)

Management of state forests

Forest supervision, Forest police

Forest consulting and promotion of
non-state-forests

State Forest Administration
1) MUL, Dept. 7 Forests
2) State Forest Office
3) 46 Forest Offices + 1 National
Park and Forest Office

State Forest Administration
1) MUL, Dept. 7 Forests
2) State Forest Office
3) 46 Forest Offices + 1 National
Park and Forest Office

State Forest Administration
1) MUL, Dept. 7 Forests
2) State Forest Office
3) 46 Forest Offices + 1 National
Park and Forest Office

planned from 2006-01-01
State Enterprise “Sachsenforst”
Organization unexplained

planned from 2006-01-01
unexplained

planned from 2006-01-01
unexplained

Landesforstverwaltung
1) MUL, Abt. 7 Forsten
2) Landesforstpräsidium
3) 46 Forstämter + 1 Nationalparku. Forstamt

Landesforstverwaltung
1) MUL, Abt. 7 Forsten
2) Landesforstpräsidium
3) 46 Forstämter + 1 Nationalparku. Forstamt

Landesforstverwaltung
1) MUL, Abt. 7 Forsten
2) Landesforstpräsidium
3) 46 Forstämter + 1 Nationalparku. Forstamt

geplant ab 01.01.2006
Staatsbetrieb „Sachsenforst“
Aufbau noch ungeklärt

geplant ab 01.01.2006
noch ungeklärt

geplant ab 01.01.2006
noch ungeklärt

English

Ministry for Agriculture and Environment (MLU)

State Enterprise “State Forest Enterprise Saxony-Anhalt”
1) Head Office
2) 24 Forest Offices

State Forest Authority
1) MLU, Dept. 4 Nature Protection
and Forests
2) State Administration Office, Dept.
4 Agriculture and Forests
3) 24 Forest Offices of State Enterprise (in order)

State Enterprise “State Forest Enterprise Saxony-Anhalt”
1) Head Office
2) 24 Forest Offices

German

Ministerium für Landwirtschaft und
Umwelt (MLU)

Landesbetrieb „Landesforstbetrieb
Sachsen-Anhalt“
1) Betriebsleitung
2) 24 Forstämter

Forstbehörde
1) MLU, Abt. 4 Naturschutz u.
Forsten
2) Landesverwaltungsamt, Abt. 4
Landwirtschaft und Umwelt
3) 24 Forstämter des Landesbetriebes als Auftragsverwaltung

Landesbetrieb „Landesforstbetrieb
Sachsen-Anhalt“
1) Betriebsleitung
2) 24 Forstämter
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(Bundesland)
Schleswig-Holstein

Forest supervision, Forest police

State Forest Administration
1) MUNL, Dept. For Nature Protection, Forestry and Hunting
2) 7 Forest Offices

State Forest Administration
1) MUNL, Dept. For Nature Protection, Forestry and Hunting
2) 7 Forest Offices

1)

Ministerium für Umwelt, Naturschutz
und Landwirtschaft
(MUNL)

Landesforstverwaltung
1) MUNL, Abt. f. Naturschutz,
Forstwirtschaft und Jagd
2) 7 Forstämter

Landesforstverwaltung
1) MUNL, Abt. f. Naturschutz,
Forstwirtschaft und Jagd
2) 7 Forstämter

1)

English

Ministry for Agriculture, Nature
Protection and Environment (MLNU)

State Forest Administration
1) MLNU, Dept. 7 Forests
2) 46 Forest Offices

State Forest Administration
1) MLNU, Dept. 7 Forests
2) 46 Forest Offices

State Forest Administration
1) MLNU, Dept. 7 Forests
2) 46 Forest Offices

German

Ministerium für Landwirtschaft,
Naturschutz u. Umwelt (MLNU)

Landesforstverwaltung
1) MLNU, Abt. 7 Forsten
2) 46 Forstämter

Landesforstverwaltung
1) MLNU, Abt. 7 Forsten
2) 46 Forstämter

Landesforstverwaltung
1) MLNU, Abt. 7 Forsten
2) 46 Forstämter

English

German

Thuringia
(Thüringen)

Federal Level

Federal Republic of Germany
Bundesrepublik Deutschland

Forest consulting and promotion of
non-state-forests

Management of state forests

Language

Language
English

Ministry
Ministry for Environment, Nature
Protection and Agriculture (MUNL)

Ministry
Federal Ministry of Finance (BMF)

Management of Federal state forests
Federal Forest Administration
1) BMF, Dept. Federal Real Property
2) 3 Forest Inspections
3) 36 Federal Forest Offices

Federal Ministry of Consumer Protection, Food and Agriculture (BMVEL)

German

Bundesministerium der Finanzen
(BMF)

Forest policy and legislation

BMVEL, Directorate-General 5 Rural
Areas, Social Structure, Plant Production, Forestry and Forest Industries,
Directorate 53 Forestry, Forest Industries and Hunting
Bundeforstverwaltung
1) BMF, Abt. Bundesliegenschaften
2) 3 Forstinspektionen
3) 36 Bundesforstämter

Bundesministerium für Verbraucherschutz, Ernährung und Landwirtschaft
(BMVEL)

Source: Own compilation of informations from the State Forest Administrations

BMVEL, Abt. 5 Ländlicher Raum,
Sozialordnung, Pflanzl. Erzeugung,
Forst- und Holzwirtschaft, UAbt. 53
Forstwirtschaft, Holzwirtschaft, Jagd

2)

2)

Chamber of Agriculture, Dept. for
Forestry
3 Project Management Districts

Landwirtschaftskammer, Forstabteilung
3 Projektleiterbezirke

Forest consulting and promotion of
non-state-forests
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2.8 Tasks of National Forest Administration
The main tasks of the national forest administrations in Germany are defined in the forest
acts of the Bund and the Bundeslaender (see above).
For the formulation of fundamental forest political guidelines in the framework of a “National Forest Programme” (NFP) since 1999 the Federal Government has initiated a continuous dialogue process, whose two first rounds are finished (1st round 1999 – 2000, 2nd
round 2001 – 2003). The 1st phase has identified and dealt with the following fields:
1)
2)
3)
4)
5)

Forest and society
Forest and biological diversity
The role of forests in the global carbon cycle
The importance of wood as renewable resource
The contribution of forestry and forest industries to the development of rural areas

In the 2nd phase a guide for all actors of the NFP was developed to make the process more
transparent and efficient in the future. Based on the results of the 1st phase the following
fields of action were either tackled for the first time or dealt with in a differential form:
1)
2)
3)
4)
5)

Forests and international co-operation/International trade
Biological diversity; forest management and nature conservation
Selection of forest policy instruments
Economic significance of forestry and forest industries
New role(s) for the forest?

The process shall be continued.

2.9 Forms of Private Forest Owners Associations
In Germany the forest owners have syndicated to forest owner associations on the level of
the Bundeslaender summing up to 14 forest owner associations in Germany (16
Bundeslaender, except the 3 city states. Lower Saxony has two associations: one for the
western and one for the eastern part of the Land). Except Baden-Wuerttemberg they all
have syndicate to a working committee on the federal level, the “Alliance of German Forest Owner Associations” (Arbeitsgemeinschaft Deutscher Waldbesitzerverbände, AGDW).
The AGDW is member of the “Confederation of European Forest Owners” (CEPF), the
umbrella organisation of national forest owner organisations in the European Union.
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3 Education in Forestry
3.1 Forestry Education on University Level
In Germany there are 4 universities (see table 9) for the education of foresters on the
higher level (Höherer Dienst). The length of studies averaged 4-6 years (Diploma, University) and 3-4 years (Bachelor).
Table 9: Universities for Forest Education in Germany
Universities

Graduates per
year
ca. 70 – 90
ca. 60 – 80

University of Freiburg, Faculty of Forest and Environmental Sciences
University of Goettingen, Faculty of Forest Sciences and Forest Ecology
Technical University of Munich, School of Forest Science and Resource
ca. 60 – 70
Management
Technical University of Dresden, Faculty of Forest, Geo, and Hydro Scica. 70 – 80
ences
Total
ca. 260 – 320
Source: Own compilation

3.2 Forestry Education on UAS-Level
In Germany there are 5 Universities of Applied Sciences (UAS) (see table 10) for the education of foresters on the engineer level (Gehobener Dienst). The length of studies averaged 4 years (Diploma, FH = Fachhochschule = University of Applied Sciences)
Table 10: Universities of Applied Sciences for Forest Education in Germany
Universities of Applied Sciences (UAS)
UAS Hildesheim/Holzminden, Faculty of Resource Management
UAS Eberswalde, Department of Forestry
UAS Weihenstephan (Freising), Department of Forestry
UAS Rottenburg, School for Forestry
UAS for Forestry Schwarzburg
Total

Graduates per
year
ca. 70 – 90
ca. 80 – 100
ca. 70 – 90
ca. 80 – 100
ca. 10 – 20
ca. 310 – 400

Source: Own compilation

3.3 Forestry Education on Technical Forest School Level
In Germany there are only one technical forest school (see table 11) for the education of
foresters on the secondary level (Mittlerer Dienst). The length of education averaged 2
years (Forest Technician).
Table 11: Technical Forest Schools for Forest Education in Germany
Technical Forest Schools
Bavarian Technical Forest School in Lohr
Total
Source: Bavarian Technical Forest School, Lohr

Graduates per
year
ca. 20 – 30
ca. 20 – 30
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4 Forest Research
In Germany the parallelism of education and research at the universities has a long tradition. So the universities for forest education are also centres of forest research (see above).
All universities for forest education and research are financed by the state (Bundeslaender);
there are no private financed universities in this field.
Beside the forest research at the universities there are in Germany research centres for forestry with the primary task to assist the governments and the forest administrations. Such
centres are existing on the federal level (1) and on the level of the Bundeslaender (11). An
overview on the most important of this 12 research centres gives table 12.
Table 12: Overview on the most important Centres of Forest Research (without Universities)
Research Centres
English
German
Federal Research
Centre for Forestry and
Forest Products, Hamburg

Bundesforschungsanstalt für Forst- und
Holwirtschaft, Hamburg (BFH)

Forstliche Versuchsund Forschungsanstalt
Baden-Württemberg,
Freiburg (FVA)
Bayerische LandesanBavarian State Institute
stalt für Wald und
for Forestry
Forstwirtschaft (LWF)
Landesanstalt für
State Institute for
Forstwirtschaft EForestry Eberswalde
berswalde (LFE)
Service Centre Forest
Hessen-Forst DienstPlanning, Information
leistungszentrum für
and Research of
Forsteinrichtung,
“Hesse-Forest”,
Information und
Gießen and Hann.
Versuchswesen (FIV)
Muenden
Niedersächsische
Forest Research StaForstliche Versuchstion of Lower Saxony,
anstalt, Göttingen
Goettingen
(NFV)
Landesanstalt für
State Centre for EcolÖkologie, Bodenordogy, Land Regulations
nung und Forsten,
and Forests, Dept.
Abt. Waldökologie,
Forest Ecology, ForWald und Jagd
ests and Hunting
(LÖBF)
Forschungsanstalt für
Forest Research InstiWaldökologie und
tute RhinelandForstwirtschaft RheinPalatinate, Trippstadt
land-Pfalz (FAWF)
Forest Research Station of BadenWuerttemberg, Freiburg

Source: Own compilation

Bund/
Bundesland

Staff

Main Research Directions in
Forestry
World Forestry, Forest and
Forest Products Economics,
Forest Policy, Timber Markets, Forest Genetics, Forest
Tree Breeding

Bund

250

BadenWuerttemberg

207

All fields of practice oriented
Forestry

Government of BadenWuerttemberg

Bavaria

132

All fields of practice oriented
Forestry

Government of Bavaria

Brandenburg

144

All fields of practice oriented
Forestry

Government of Brandenburg

Hesse

80

All fields of practice oriented
Forestry

State Forest Enterprise “Hesse
Forest”

Lower
Saxony,
SchleswigHolstein

120

All fields of practice oriented
Forestry

Governments of Lower Saxony
and Schleswig-Holstein

NorthrhineWestphalia

26

All fields of practice oriented
Forestry

Government of NorthrhineWestphalia

RhinelandPalatinate

53

All fields of practice oriented
Forestry

Government of RhinelandPalatinate
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Government of the Federal Republic of Germany
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a b s t r a c t
Forest policy and management are subject to various and often conﬂicting demands, which internationally have
led to distinct policy responses and related management paradigms. These range from a strong focus on commodity production complemented by economic rationalities – e.g. focusing on plantations – to communitybased or social forestry approaches highlighting local participation and stakeholder engagement, to a focus on
ecosystem services and conservation. A major challenge involves the potential orientation of the overall forest
policy and management paradigm either towards integrating manifold demands more or less evenly across an
area, or towards dividing the land base into forest areas with different management priorities. The speciﬁc reconciliation and integration of both sides of the spectrum have been at the centre of scientiﬁc and political discussion
on forest policy and management for several decades.
In this context, the “German model” of integrative and multifunctional forest management has received international attention. It is regarded as an example for integrating diverse (societal and ecological) demands into a timber-production-oriented management approach. At the same time, the model's primary focus on timber
production has been criticised by some.
In this paper, we analyse the political dimension of the German model by tracing the birth and evolution of the
so-called LÖWE programme, a much noticed governmental forest management programme in the German state
of Lower Saxony. LÖWE has frequently been presented as a particularly successful example of multifunctional
forestry. We ﬁrst assess the speciﬁc societal and political circumstances that led to the establishment of the programme 20 years ago. Subsequently, we assess its political function in forest policy debates about various demands on Lower Saxony's public forests. We show that the evolution of the programme can be interpreted in
two distinct but non-exclusive ways. On the one hand, LÖWE was a strategic success story for the Forest Service
because it aligned (and also appeased) conﬂicting demands in line with the changing political priorities. On the
other hand, it also embodied a learning process towards environmental policy integration. By underlining LÖWE
as an example of the German model of integrative multifunctional forest management, we reiterate the strategic
importance of this model in the German context and also highlight future challenges and related research needs.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The sustainable management and conservation of the world's forests
remains a major challenge. Confronted with an enormous variety of social needs and demands ranging from biomass/wood production, biodiversity conservation, aesthetic and cultural values to the importance of
forests for climate change mitigation, various approaches to forest management and conservation have developed (Umans, 1993). These can
be characterised as forest or resource management paradigms deﬁned
⁎ Corresponding author.
E-mail addresses: lars.borrass@ifp.uni-freiburg.de (L. Borrass),
daniela.kleinschmit@ifp.uni-freiburg.de (D. Kleinschmit), georg.winkel@eﬁ.int
(G. Winkel).

as sets “of common values, beliefs, and shared wisdom that collectively
provides the lens through which individuals in resource management
professions form attitudes and upon which they base their actions”
(Brown and Harris, 1992, 232). Winkel (2014), for instance, describes
four major forest management paradigms (industrial forestry, sustained
yield/multipurpose forestry, ecosystem management/conservation, and
social forestry) in the US Paciﬁc Northwest. These are closely connected
to speciﬁc forest policy actor groups and their respective values and interests, but they are also supported by different scientiﬁc disciplines
with their speciﬁc paradigms and related types of generated knowledge.
The diversity of societal preferences and related forest management
paradigms is reﬂected in a speciﬁc spatial distribution of management
patterns. In many forested regions of the world, a clear separation or
segregation exists between extensively managed or fully conserved

http://dx.doi.org/10.1016/j.forpol.2016.06.028
1389-9341/© 2016 Elsevier B.V. All rights reserved.
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natural forests and intensively managed (plantation) forests. Other regions, speciﬁcally in temperate but partially also in boreal and tropical
areas, strive for integrated forest management schemes. Integration refers here to combining, at least to some degree, wood production and
the provision of other forest services within the same forest area
(Lindenmayer and Franklin, 2002; Winkel, 2008, García-Fernández et
al., 2008; Gustafsson et al., 2012; Kraus and Krumm, 2013; Schulz et
al., 2014). In this regard, Central Europe has a reputation for
emphasising integrative and “multifunctional” approaches to forest
management (Brukas and Weber, 2009; Winkel and Jump, 2014;
Winter et al., 2014). These approaches highlight the provision of multiple forest ecosystem services including a focus on wood production and
the harvesting of a signiﬁcant proportion of the annual increment.
While the practical management aspects are one facet of such approaches, their political meaning is equally important. The German
model of integrative multifunctional forestry is perceived as being
“attracted towards a harmonious image of forest policy” devoted to
common welfare (Krott, 2005, 11; Ruppert-Winkel and Winkel, 2011).
It has been praised for its potential to balance various demands and to
enable wood production even in an urbanised societal context, culminating in the often used phrase: “Schutz durch Nutzung” (“conservation
through utilization”) (DFWR, German Forestry Council, 2008). At the
same time, precisely this integration and attempted harmonisation of
conﬂicting demands under a management scheme, perceived as being
technically centred on sustained yield, has prompted critique from
scholars and stakeholders alike. Inter-alia, the underlying assumption
of forestry that all societally relevant services are supplied “in the
wake” of timber production has been criticised (Glück and
Pleschberger, 1982). An inherent tendency of such approaches to obscure trade-offs between timber production, recreation, and biodiversity conservation rather than regulating these has been observed
(Winkel, 2006, 2014). Moreover, the strategic political importance of
the German model for protecting the autonomy of the state forest services has been frequently stressed (Krott, 1985; Weber, 2004; Winkel,
2006; Pistorius et al., 2012; Suda and Pukall, 2014). Being literally
squeezed between the private sector – a timber industry which demands market-oriented reforms in the sector and an intensiﬁcation of
management practices – and an environmental movement promoting
more conservation-oriented forest management practices, forest services attempted to use the model to demonstrate leadership by taking
into account and integrating very distinct and often conﬂicting demands
(Krott, 1985; Sotirov and Winkel, 2015). In this sense, Suda and Pukall
(2014) have characterized the use of multifunctionality with regard to
forest management regimes as an “empty formula enabling consensus”
(337).
In this paper, we take the divergent interpretations of the political
importance of the German model of integrative multifunctional forestry
in the academic debate as a starting point for a closer empirical assessment of the model's strategic meaning as a tool for the integration of
broad societal, but also speciﬁcally environmental, demands on forest
management. The model or approach stands exemplary for the ambition to “integrate” various societal demands towards forest in a “multifunctional/multipurpose” approach to management. It is presented by
some as the solution to the problems of sustainable management of
the world's forests (co-existence of protection and sustainable management), while others are more sceptical and underline the political, strategic potential of the approach to dilute conﬂicts instead of tackling
them. It is this ambiguity and diversity of meanings that this paper
aims to explore.
Our analysis targets the level of the Federal States (Länder). We take
this approach because the development of forest management
programmes in the federal German policy system rests at this level,
with the Federal States formulating and implementing forest policy
goals within a legal framework set by the Federal Forest Law, further
federal laws, and respective non-binding national strategies (e.g. the
Forest Strategy 2020 and the German National Strategy on Biodiversity).

More speciﬁcally, we select the case of the LÖWE programme, a governmental forest management programme in the German state of
Lower Saxony, as an example of the German integrative approach to
multifunctional forestry. LÖWE explicitly addresses the idea of multifunctional and “close-to-nature” forestry in the public forests. It is one
of the earliest examples in Germany of a political programme explicitly
targeting this type of management, including a strong emphasis on environmental aspects. In this regard, it has received sustained political attention in Germany and internationally and can be understood as an
exemplary case of the German model. The focus on LÖWE was motivated by the need to understand the variety of social, economic, and scientiﬁc factors that feed in the development of a forest management
paradigm and the intention to more comprehensively evaluate LÖWE's
potential to contribute to the sustainable management of the world's
forests.
The LÖWE programme (programme for long-term ecological forest
development) was adopted in 1991 after several years of preparation
and negotiations especially within the state forest service administration and the ministries of agriculture and environment. Its political importance was underpinned by being made compulsory through a
governmental decree. Since then, LÖWE has been embraced and upheld
by subsequent governments of different political afﬁliations.
In this paper, we focus on the LÖWE programme and investigate
a) which factors and processes led to the establishment of this integrative multifunctional forest management programme, and.
b) what strategic importance it has had over time.

Finally, we will draw conclusions on the importance of the German
model of integrative multifunctional forest management in the global
forest policy context.
2. Theoretical perspective
This paper considers multifunctional forestry and analyses the
LÖWE programme through the conceptual lens of environmental policy
integration (EPI). EPI is both a political progamme and a scientiﬁc concept. It refers to the inclusion of environmental aspects in all policy
areas. This inclusion of environmental aspects can take place in decision-making processes and outputs as well as in the implementation
of public policy (e.g. Hertin and Berkhout, 2003; Persson, 2004; Jordan
and Lenschow, 2010). EPI can consist of consideration (weak EPI) or
prioritisation (strong EPI) of environmental concerns in other policy
areas (Jordan and Lenschow, 2010). The scholarly concept of EPI comprises different strands: the institutional, political, and cognitive perspectives (ibid.). The institutional perspective highlights the challenge
of EPI practices associated with governments that are functionally differentiated into sectoral ministries (e.g. Jordan and Lenschow, 2000).
The political perspective on EPI is focussed in particular on the political
will of different political actors to integrate environmental demands
into distinct policies (Schout and Jordan, 2008). Finally, a cognitive perspective has become increasingly relevant in recent years as a means of
exploring factors and processes that lead to or hinder environmental
policy integration (Hertin and Berkhout, 2003; Nilsson, 2005; Nilsson
and Eckerberg, 2007). The underlying idea of this cognitive perspective
is that policy interests are often embedded in a frame of reference (or
sets of ideas), “which pre-structures the thinking within a policy sector”
(cf. Lenschow, 2002, 17). These frames can correspond to predominant
paradigms of particular sectors (Russel and Jordan, 2009).
This paper is based on Entman's (1993) general deﬁnition of frames
as “mentally stored clusters of ideas that guide individuals' processing of
information” (53). More speciﬁcally, we follow Schön and Rein (1995),
23) who describe frames as “underlying structures of belief, perception
and appreciation” (Schön and Rein, 1995, 23). These frames are not
“free ﬂoating” but “grounded in the institutions that sponsor them,
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and policy controversies are disputes among institutional actors who
sponsor conﬂicting frames”. Schön and Rein (1994, 29) furthermore
argue that “interests are shaped by frames and frames may be used to
promote interests”. They suggest that the construction of frames can
be explored through stories as each story constructs a view of social reality through selecting speciﬁc attributes for attention. In this paper, we
will concentrate on stories about the LÖWE program which provide different views of reality and present particular ways of seeing by placing
the features selected within the frame of a particular context (ibid., 26).
Following the cognitive strand of EPI literature, shared ideas and
frames are a prerequisite for successful policy integration. Two major
pathways towards the emergence of a common understanding are
identiﬁed in the literature: circumstances and factors external to the
policy process such as exogenous shocks or crises, and learning processes based on attaining relevant knowledge (Jordan and Lenschow, 2010).
However, based on a review of EPI studies, Jordan and Lenschow (2010)
are sceptical about the latter especially when considering the great resistance of sectors towards cross-sectoral integration. They instead assume that a change of frames and ideas mainly represents a response
to political crises (ibid.). Hence, they consider the likelihood of intrinsically driven learning processes in policy sectors to be relatively low.
This paper addresses EPI as the integration of environmental objectives and means into forest sector policy by taking the LÖWE programme to assess the so-called “German model” of integrative and
multifunctional management. Although focusing on the cognitive dimension of EPI by exploring the stories told, elements of the institutional (sectoral divide in the government) and political perspectives
(political will of parties) on EPI are also taken into consideration.
3. Methods
The integration of different societal, and particularly environmental,
demands into forest policy and management is a highly dynamic and
contested social process. Analyses of such processes beneﬁt from qualitative approaches which are attuned to the details and speciﬁcities of
contexts and places. The present article applies such approaches. It is
based on two main sets of data. First, a literature review and document
analysis was carried out. Documents analysed included the different
versions of LÖWE from 1991, 1994, 2007, 2013; the predecessors of
LÖWE; key publications on LÖWE by the ministry or the forest service;
and ﬁnally, a set of grey literature on LÖWE and its implementation. Second, six in-depth interviews were conducted in 2014 with policy experts from Lower Saxony (Ministries, State Forest Service, Agencies)
on the development and changing landscape of forest and nature conservation governance. The interviews followed a thematic guideline
which focused on the topic of nature conservation approaches within
the state forest service. The interviews took between 45 min and
2 hours, they were recorded and fully transcribed.
Interviews as well as key documents were analysed and coded with
MAXQDA. The analysis targeted the exploration of stories told about objectives and means of multifunctional management, in particular regarding the integration of environmental aspects with a speciﬁc focus
on changes over time. As the amendments to LÖWE occurred rather
regularly, the emphases on speciﬁc aspects of integrative forest management within different periods could be identiﬁed through the document analysis, and these were blended with interview data to trace the
origins and the dynamic evolution of LÖWE over time.
As interviews were conducted on a non-attribution basis, no direct
link between interviewees and statements will be made in the following. In order to render the interviews anonymous, they were assigned
numbers from one to six.
In the subsequent presentation of our ﬁndings, we adopt an interpretive perspective to describe major stories that were told relating to
the birth and evolution of LÖWE. The combined analyses of documents
and interviews enable the identiﬁcation of these related but distinct
stories, which underpin the multifunctionality project and show if,
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how, why, and which environmental concerns have been integrated in
Lower Saxony's forest policy.
4. Results
4.1. Background
In the state of Lower Saxony, forests cover around 1.1 million hectares, which represents nearly one quarter of the state's territory. Twenty-eight percent of these forests are owned by the state, 5% by the
Federal Republic of Germany, 59% by private owners, and 8% by public
bodies (ML, 2014).
The state forest service of Lower Saxony holds an important position
in forest policy and management. It is responsible for forest law enforcement in the state, whereas the public forests are managed by a partially
autonomous public enterprise. This separation is the result of an administrative reform in 2005—prior to this, both authoritative tasks and the
management of the state forests were performed by the forest service
alone. Although LÖWE, like its predecessors, was developed within
the state forest administration and was ﬁrmly rooted in the state forest
service, it had a novel political character as it was politically negotiated
between the Ministry of Food, Agriculture and Forestry and the Ministry
of the Environment and eventually became adopted as a governmental
decree by the state government. This added a stronger legitimacy and
credibility to the programme compared to its predecessors that were
merely administrative internal programmes. Furthermore, it entailed
an obligatory character for the state forest service. The birth of LÖWE occurred in a forest policy environment in Lower Saxony that was
characterised by partially conﬂicting views on forest management and
related debates on nature conservation. These controversies mirror similar debates in most of the German Länder. In these debates, forest administrations and the forest sector in general eagerly defended their
control over decision making regarding forests and aimed to limit environmentalists' inﬂuence (Winkel, 2006). Weber (2004) even speaks of a
shell protecting a traditional triangle of forestry politics, administrations, and industry. Although this protective shell has been generally
weakened since the early 1990s (Winkel, 2006), it has remained largely
intact with regard to controversies over environmental standards in forest management (Winkel and Sotirov, 2011; Sotirov and Winkel, 2015).
The LÖWE programme's guiding principles are an integrative approach, multifunctional forest management, and a long-term perspective. Together with the forest act of Lower Saxony, the LÖWE
programme governs forest management practices in the state forests.
LÖWE aims at balancing the multifunctional demands on forests and
the interactions of natural climatic, biological, and local conditions in
the context of silvicultural approaches in Lower Saxony. A for its time
novel focus on ecological aspects complements social and economic elements. However, although the LÖWE programme stipulates the even
balance of these factors, ecological aspects are seen as serving economic
and social aspects. The underlying idea is that the ecological aspects of
LÖWE can be measured and purposefully controlled by natural science
and mainly serve to reduce risks and create stability (NLF, 2011, 3).
LÖWE comprises 13 rather general principles, which present speciﬁc
foci on important aspects of multifunctional forest management
(Fig. 1). These principles are underpinned by speciﬁcations of measures,
which are binding for the state forest service staff.
4.2. The birth of LÖWE
LÖWE did not emerge in a vacuum but rather was developed and negotiated over a long period. These discussions and negotiations involved
key actors from the government and ministries, state forest administration and service, but also the nature conservation administration, which
after its foundation in 1986 became increasingly important for forest
policy. Environmental NGOs, which had gained some leverage with regard to forests during the discussions on forest dieback (“Waldsterben”)
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Fig. 1. The 13 principles of LÖWE (NLF, 2011).

and deforestation in tropical forests in the 1980s, were unable to participate directly in the LÖWE process.
More speciﬁcally, the origin and adoption of the LÖWE programme
can be explained by a variety of inﬂuencing factors and the co-evolution
of several stories that will be introduced in the following. Their identiﬁcation is based on the analysis of documents and interviews conducted
for this research. The stories provide a background to the various accounts provided in the literature and used by the interviewees to justify
and rationalise the adoption of LÖWE. Some of these stories were drawn
up and developed by individual actors or a small group of actors (mostly
from the forest administration and forest ministry, the state forest service, the nature conservation administration, and environmental ministry), while others emerged and developed in a broader environment.
The speciﬁc assemblage of stories creates a comprehensive foundational
myth that garners support from the most important forest policy actors.
Moreover, the continuous reafﬁrmation of these stories has guaranteed
that, despite being modiﬁed and adapted, LÖWE has been upheld and
supported to this day.
a) The state of the forests story: plantations, forest ﬁres, and natural
catastrophes

The LÖWE programme is frequently placed in a speciﬁc historical
context of forest management development. Legitimacy for the adoption of LÖWE is drawn from the non-natural conditions of forests that
were increasingly problematised during the 1980s. In a publication of
the Lower Saxony State Forest Service (NLF, 2011), it is argued that interim solutions became necessary due to the poor state of forests. This
resulted from a range of factors including major clear-cuts after the
First and Second World Wars, storms and forest ﬁres in the 1970s, as
well as “the dominating style of forest plantations in the 1960s [that]
left mainly monotonous, even-aged, often unstable pure stands, especially of conifers” (4).
Speciﬁc importance is accorded to Quimburga, also referred to as the
Lower Saxony Storm. This storm hit northern and central Europe between 12 and 14 November 1972. It was the most devastating storm
in Lower Saxony in the 20th century: “In Lower Saxony around 10% of
all forests were felled. On more than 100.000 ha hit by the storm around
50 million trees were felled. The pictures offered by the forests after the
storm were an incomprehensible trauma for the local people. […] Overcoming the catastrophe was a huge task for all, especially as further
storms and forest ﬁres followed in the subsequent decade” (NLF, 2015).
The collective memories of the storm and forest ﬁres that devastated
a signiﬁcant area in the Lüneburg Heath some years later (1975) featured strongly in all interviews. The storm was often mentioned as a
key reference point for a number of forest development programmes.
These eventually facilitated the adoption of LÖWE by gradually integrating ecological considerations with references to more stable forest
structures, diversiﬁcation of tree species and forest conversions. LÖWE
was framed as a major strategy to reduce risks and at the same time

react to growing environmental expectations. In this sense, the Lower
Saxony Storm and forest ﬁres were emblematic events (Hajer, 2005)
problematising the ecological state of the forests and accentuating
their vulnerable and unstable condition.
b) The scientiﬁc story: expanding notions of forestry planning including
new ecological knowledge

Another factor contributing to the adoption of LÖWE repeatedly
mentioned in the literature and interviews was the advancement of forestry planning away from an approach oriented towards agricultural
production and technical management towards the integration of
knowledge gained through ecosystem analysis. This move was closely
connected to Hans-Jürgen Otto who worked as a site mapping specialist
for the Lower Saxony forest administration and as an ofﬁcial adviser on
silviculture, forest protection, and research for the Ministry of Food, Agriculture and Forestry. In the latter position, he played a crucial role in
the conception of the close-to-nature approach that is central to the
LÖWE programme. Otto was also responsible for developing the predecessor of LÖWE, the so-called long-term forestry planning programme,
which in many ways cleared the ground for LÖWE: “The predecessor
of LÖWE, the long-term forestry planning from 1974, which Otto revised in 1989, already contained a basic notion of nature conservation
[…] The LÖWE programme can be seen as the last milestone in a longterm technical development, which aimed at basing forestry more ﬁrmly in ecological principles” (I 3). LÖWE is thus presented as, and positioned within, a major paradigmatic move of forest policy
(silvicultural planning) instruments starting with Kremser, who developed the long-term, regional planning approach for the Lower Saxony
state forest administration, which was made compulsory by a decree
in 1974, updated in 1989, and eventually replaced by LÖWE in 1991.
The story about expanding and scientiﬁcally substantiating forestry
planning is linked to the “state of the forest story” described above.
One interviewee argues that LÖWE's adoption must be seen against
the backdrop of “discussions about the risks of forestry. Based on
these discussions professor Otto developed the predecessor of LÖWE
which contained elements like the site-adequate choice of tree species
and mixed forests” (I 1). In addition to storms and forest ﬁres, another
phenomenon that shook the German forest sciences and forest services
in the 1980s was the already mentioned “Waldsterben.” In the debate
surrounding this issue, changes related to the ecological state of the forests and physiologically weakened trees were interpreted as signs of a
major dieback of the German forests. This resulted in unprecedented
public attention not only on the forest but also on the forest sector as
both a victim of an environmental problem caused by the emissions of
modern society and industry and a sector incapable of protecting the
forests: “Especially the core discipline of forestry, silviculture, was increasingly faced with insecurity due to the Waldsterben. Silvicultural
experts were confronted with an overwhelming phenomenon, which
caused impotence and a loss of control” (Schäfer, 2012). Otto even
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wrote that “the damages caused by emissions are perceived as a catastrophe, as they escape control through forestry measures and management in a truly exceptional way” (Otto, 1987, 121). Ecological sciencebased forest planning was hence also presented as a (forest) science response to this major challenge in order to demonstrate the sector's
(science's) capability to respond to new environmental phenomena.
Yet, in order to gain traction within the forest sector, the new approaches of ecologically oriented forest planning needed to be connected to an existing forest management paradigm. Such a paradigm was
found with the (much older) concept of “close-to-nature” forestry,
which will be introduced in the following story.
c) The silvicultural story: close-to-nature forestry

In the 1950s, following losses and damages to the forest stock as a result of the Second World War and once the susceptibility of the evenaged high forests became obvious, a small group of foresters founded
the Study Group for Close-to-Nature Forestry (ANW). The ANW strove
to enhance both the natural and economic outcomes of forestry. To
reach this goal, it was considered necessary to replace the until then
mainly even-aged, poorly structured, and often unstable and uniform
stands with stable, structured, uneven-aged, mixed forests containing
site-adequate tree species. Thus, clear-cuts and short-term regeneration
strategies were to be replaced by single-stem and target diameter harvest according to the continuous cover forest principle. Instead of artiﬁcial rejuvenation, the forest was to be predominantly regenerated
through natural processes. In long-term processes through the support
of biological automation, the next tree generation was to grow under
the cover of older generations, which were increasingly used to produce
large-diameter stems (Schütz, 2011).
Most German state forest services were, for a long time, sceptical of
or even rejected these ideas. Nonetheless, the ANW ideas were introduced in three forest districts of Lower Saxony from 1949 onwards (forest of Gittelde in the state forest district Stauffenburg, state forest
districts Erdmannshausen and Osterholz-Scharmbeck). Until today, forestry in these districts is oriented towards the ideas of the ANW. These
developments are regarded by the interviewees as an initialisation of a
new forest management concept, “a ‘small nucleus’ […] which propagated the aspect of multifunctional forestry and took into account elements of nature conservation more thoroughly and intensely than
other forest districts” (I 1).
Due to the increasing social awareness regarding ecology and the
environment, the ANW gained more support and awareness in the
1980s. The “Waldsterben” debate catalysed this trend and “elements
of close-to-nature silviculture increasingly found entrance into the silvicultural concepts of various German federal states' forest services. Continuous cover mixed forests made up of site-adequate tree species were
perceived as more stable in comparison to monocultures and even-aged
high-forests. Therefore, the Waldsterben reinforced a trend, which had
already started in the 1970s, when a growing environmental awareness
of society also began to inﬂuence forest administrations” (Schäfer, 2012,
245–246).
Thus, the LÖWE programme represents a carefully designed coupling of the close-to-nature forestry paradigm with ecological (forest)
science-based planning. Schäfer (2012) argues that “the turn to closeto-nature and the triumph of the scientiﬁcation of ecosystem research
were not mutually exclusive, yet could be neatly integrated. [...] Otto
contributed signiﬁcantly to the development of the silvicultural policy
guidelines of the LÖWE programme which present the forest as a
‘biocybernetic machine’. On a linguistic level, this remarkable blend of
diverse forest ideas reveals a casual juxtaposition of rather traditional
continuous cover forestry vocabulary and ecosystemic concepts”
(247). Hence, many of the principles of the ANW and its silvicultural
ideas were incorporated into LÖWE. This story also made it possible to
place LÖWE within a certain liberal and historic tradition, thereby
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sidelining the state forest service's long-standing, rather sceptical view
of the ANW. One interviewee argued “we have always been exceptionally tolerant regarding silvicultural practices. We always held a liberal
stance being convinced that in the forests there are many answers not
one. That led to a gradual and incremental growth of the ideas of
close-to-nature forestry. It has been a slow process, which nonetheless
gained pace through the adoption of the governmental programme, as
it became binding” (I 4).
d) The economic story: the crisis in revenues of the state forest sector.

Another important motif for the adoption of LÖWE was the critical
ﬁnancial situation of German forestry and the state forest services in
the 1980s and early 1990s that triggered attempts to make forest management practices less intensive in order to reduce management costs.
This was especially urgent in state forests that were drifting increasingly
into an economic crisis at that time. Forest management practices were
regarded as time and staff intensive, using for example soil cultivation,
applications of pesticides, and removal of deciduous trees from conifer
cultures (I 3). In response to these practices, LÖWE and its less intensive,
close-to-nature approach to forest management “can also be
interpreted as a model of extensiﬁcation which aimed at accommodating economic and ecological perspectives, yet under the premise of
achieving better economic results” (I 1).
The successful linkage of this story with the one on expanding notions of forestry planning and close-to-nature forestry was an important
step towards LÖWE. Otto, along with his predecessor Kremser, was
recognised by the interviewees as having stressed the need to change
the “intensive forest agriculture with even-aged stands and monocultures” on the basis that is was no longer affordable, not least because
of the frequency of calamities (I 3). The link between ecology and economy was also crucial for overcoming resistance among forest service
staff to the introduction of basic notions of ANW within the LÖWE
programme.
e) The socio-political story: shifting social and political awareness.
A ﬁnal story concerning the birth of LÖWE relates to changing political and societal perspectives on forest management in Germany at the
end of the 1980s and the beginning of the 1990s. These increasingly presented forests not as a place of production but as a place for nature and
recreation (Winkel, 2006). Shifting social and political awareness is exempliﬁed by broader discussions on Waldsterben and tropical deforestation creating a speciﬁc societal and political context for the adoption
of the LÖWE programme, which is well expressed in the following
quotation:
“At the same time the big cities give birth to psychological needs,
whose scales foresters are only slowly starting to apprehend. If we
continue to neglect these ongoing social changes and their psychological consequences, our profession will not survive the next century, regardless of which silvicultural approach we follow, regardless
of guaranteeing the sustainable use and improving the protection
of nature. […] It is evident that […] psychological needs of an ever
more urbanising population must be satisﬁed” (Otto in Loboda,
1996, 970).
As this quotation indicates, changing societal needs also threatened
the self-esteem of forest sector actors and exacerbated conﬂicts about
forestry and nature conservation. In this speciﬁc socio-political environment, LÖWE also responded to these conﬂicts—and is an attempt to
contain them through (scientiﬁc) objectiﬁcation. In line with this observation, Otto argues that the mediation of conﬂicts between nature conservation and forestry needs to be based on objective facts. He appeals
to the forest sector that nature conservation arguments must be
heard, that past silvicultural mistakes must be conceded, but also that
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the nature conservation sector must acknowledge the willingness of
(public) forestry to undergo reform (Otto, 1993).
The growing importance of environmentalism that was connected
to the shifting societal perception of forests also resulted in increasing
membership of green NGOs and the Green Party. In this regard, the
1990 change from a (long-term) Christian Democratic and Liberal
Party coalition government to a government coalition of the Social
Democrats and the Green Party in Lower Saxony was crucial. The new
government (and its Green Party environmental minister) was keen
on demonstrating its progressive approach with regard to environment,
nature conservation, and forests. In his governmental declaration before
the parliament, then Minister-President (and later German Chancellor)
Gerhard Schröder (Social Democrats) stated: “The forest needs our special attention. We will propose a new ecologically oriented silvicultural
planning strategy for the state forest, which will aim at site adequate
and species rich forests. […] All measures to enhance the resilience of
forest ecosystems are to be taken. The ecological forest programme
will signiﬁcantly contribute to this”.
The 1990 government turnover in Lower Saxony also inﬂuenced the
relationship between nature conservation and the forest sector. One interviewee highlighted that the change from a government dominated
by the Christian Democrats to a coalition between Social Democrats
and the Green Party was accompanied by changing “allocation and orientation of ministries and the government. Accordingly this was an impulse for a stronger anchoring of nature conservation goals, something
which is essential for green politics” (I 5).
In line with these changes, the embracing of LÖWE in 1991 through
the government of Lower Saxony meant that “what until then had been
only technical planning suddenly became politically anointed and was
strengthened by being endorsed as an ofﬁcial governmental programme. This development enormously increased the vigour of the
planning” (I 4).
4.3. The evolution of LÖWE over time
Despite having been a governmentally endorsed programme since
its adoption, LÖWE has been adapted several times (1991, 1994, 2007,
2013). These adaptations incorporated internal and external developments in nature conservation and reﬂect the dynamic evolution of nature conservation and forestry discourses. For example, LÖWE was
complemented by a habitat and dead-wood sub-programme and was
amended to incorporate requirements of the EU's Habitats Directive as
well as a so-called hotspot biodiversity conservation concept. The latest
government coalition of the Social Democrats and the Greens from 2013
announced in its coalition programme a new adaptation: it wants to further develop LÖWE to “more strongly take into account ecological standards and to be more strictly guided by common welfare” (Coalition
Agreement, 2013, 74). This most recent envisaged change is considered
by interviewees to be a result of the Social Democrats/Green Party coalition government's renewed emphasis on the importance of nature
conservation (I 1). The implementation of the German National Strategy
on Biodiversity, the EU's Habitats Directive, as well as the revision of
LÖWE are regarded as constituting the institutional framework for this
emphasis (I 1).
To understand the signiﬁcance of such shifts and the evolving interpretations of LÖWE, which express the “Zeitgeist” of particular periods,
a closer look at the above-mentioned stories that were woven together
into LÖWE and enabled its adoption in 1991 is helpful. As the different
amendments indicate, the LÖWE programme has turned out to be a dynamic institution, and several of its interpretations and central deﬁnitions have changed over time. This multifaceted character and even
malleability of the program is celebrated as demonstrating its value as
a ﬂexible and successful tool of integration: “The programme breathes
economic and ecological aspects completely in and leads to basic principles that evenly express both sides” (I 2). Others praise LÖWE for its potential to serve as a holistic business philosophy: “It would be a

misinterpretation to describe LÖWE as a pure nature conservation concept. It would be equally misinterpreting to present LÖWE as a pure economic or silvicultural concept. LÖWE is the overarching business
philosophy of our company. It is the framework for our forest management which combines and balances economic and ecological aspects” (I
6). The importance of LÖWE for the Lower Saxony state forest as well as
its encompassing character is trenchantly expressed in the statement
“we have LÖWE and LÖWE is everything” (I 2).
However, the LÖWE programme has also been criticised. One group
of critics stresses that the balance between ecological and economic
functions has shifted in favour of economic functions over time, due to
a stronger business and proﬁt output orientation in state forest management. Environmental groups argue that “the purposeful and gradual
change of the principles of LÖWE in favour of short-term optimised
monetary goals can be reconstructed since the late 1990s” (BUND,
2007, 5). These critiques intensiﬁed in light of perceived changes
resulting from the above-mentioned 2005 reform of the former state
forest service which resulted in the foundation of a business-oriented
public enterprise with the goal to be at least cost-neutral in its
operations.
This shift towards an economic perspective is also reﬂected in a
shifting emphasis in the LÖWE programme. The 1991 version of
LÖWE stated that “the principle of economic efﬁciency (economic principle) means that goals have to be achieved with the lowest input of resources or when resources are lacking to the largest extent possible.”
Following the administrative reform of the state forest service, the
2007 version of LÖWE points out that the management of the state forest shall be carried out in such a way “that the production of timber and
other products (forest management in the product segment 1) will from
2008 onwards be at least cost-neutral.” Critics argue that this constitutes an important shift from economic efﬁciency as a means of achieving broad multifunctional goals towards an emphasis on economically
efﬁcient timber production (as the most important goal) (Weber,
2006).
Negative environmental effects of the state forest reform were acknowledged by some of the interviewees. It is argued that “misinterpretations within the enterprise” were based on priorities that had not
been properly deﬁned. This is assumed to have led to a “focus in management measures on timber production and too little a focus on corresponding aims of forest nature conservation” (I 1). Against the
background of these perceptions, it will be interesting to observe perceptions of the effects of the current Lower Saxony government's
planned ecologisation of LÖWE and the accompanying attempt to ﬁnd
a new balance between nature conservation and timber-productionoriented forest management in the future (see above).
5. Discussion
The successful integration of seemingly disparate stories and LÖWE's
changing meaning over time call for an interpretation of its strategic importance as an integrative and multifunctional forest policy and management programme. In the following, we will outline two possible
interpretations.
a) LÖWE as outcome and catalyst of EPI

According to the ﬁrst interpretation, LÖWE can be regarded as an example of integrating environmental concerns into forest policy and
management practices, and as such a case of environmental policy integration (Lenschow, 2002). The stories identiﬁed in the empirical study
reveal a shift towards close-to-nature forestry based on ecological (forest) sciences foundations. In accordance with literature on EPI (Russel
and Jordan, 2009), the identiﬁed stories correspond to particular sectoral viewpoints while integrating environmental concerns. Moreover,
some of the stories about the evolution of LÖWE hint at the
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programme's importance as both a result of external effects and a catalyst
for (internal) learning processes related to close-to-nature forestry. As we
have shown above, the LÖWE programme was a response to, and integrated broader societal, economic, and ecological trends, which became
visible through crises such as storms and budget deﬁcits, into a programme that constituted a new management philosophy for Lower
Saxony's public forests. As such, a window of opportunity (cf. Kingdon,
1984) occurred and was exploited by the leadership of key people such
as Otto. His role in particular can be interpreted as one of a policy entrepreneur that managed the difﬁcult task of interpreting and combining diverse societal, economic, and scientiﬁc frames into a programme that was
not only acceptable and digestible for the forest service but was also able
to demonstrate to other policy stakeholders and broader society the ability of the sector to learn and reform. The appearance of this window of opportunity has been substantially supported by a change in the
government of Lower Saxony to a coalition of the Social Democrats and
the Green Party. The political will of the latter party has substantially contributed to adaptation of the LÖWE programme. This ﬁnding corresponds
with other results of EPI studies highlighting the important role of political will and leadership (Schout and Jordan, 2008). In line with EPI literature, the LÖWE process of integrating environmental concerns is a
result of external effects rather than an institutionalisation of changing
everyday routine (Jordan and Lenschow, 2010).
Whether the integration of environmental concerns in LÖWE can be
interpreted as a learning process where environmental issues become
part of “habitual activities of sectoral policies” (Söderberg, 2008) or represents an “accumulation of relevant knowledge” (Jordan and
Lenschow, 2010) remains unclear. This holds true given that our alternative interpretation below instead suggests that the main function of
LÖWE is to serve as a political power strategy aimed at avoiding overly
far-reaching EPI.
b) LÖWE as a successful sectoral power strategy to contain EPI

Contrary to its perceived effect of catalysing EPI within the forest service (as outlined above), LÖWE can also be understood as a successful
sectoral power strategy aimed at avoiding overly far-reaching EPI. Developed by key forest actors in Lower Saxony, this strategy was meant
to mitigate external pressure and to maintain control over forest management and the forest sector at a time when this sector was under
strong pressure from different sides: On the one hand, LÖWE was a response to an economic crisis of public forestry demanding a change in
forest management to less time- and staff-intensive practices in order
to maintain a viable economic basis for the sector. On the other hand,
the adoption of LÖWE was a reaction to pressure from environmental
NGOs that were demanding an ecologisation of forest management. In
this regard, the adoption of LÖWE can even be interpreted as closing a
window of opportunity for environmentalists that had opened up
through the new coalition of Social Democrats and the Green Party in
Lower Saxony: Through LÖWE, the forest service could demonstrate
its willingness and capability to reform itself and in this way negate
the necessity for environmental groups and administrations to engage
directly in forest management. Moreover, as LÖWE was enacted as a
governmental program, it provided the forest service with the political
legitimation to remain fully responsible for nature conservation issues
related to the public forests. In line with Bölsing (2001), LÖWE can
thus be regarded as a political compromise between the forest and the
environmental administration that entailed certain concessions by the
former to the latter, but at the same time shielded the forest service
against more far-reaching demands, particularly from environmental
NGOs (216–223). In that sense, and quite contrary to the ﬁrst interpretation offered above, LÖWE could then be understood as a strategy to
contain EPI rather than to promote it.
Even though these two interpretations have signiﬁcantly different
connotations, they are not mutually exclusive. Rather, they might
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partially re-enforce each other, particularly when the “functioning” of
LÖWE is considered with regard to both its “internal” effect on the forest
service and forest sector (predominantly as a learning tool promoting a
weak type of EPI and a fulﬁlment of sustainable development) and its
“external” importance as a tool for maintaining control over forests,
their governance, and management within the sector.
6. Conclusions
In this paper, we have investigated Lower Saxony's LÖWE programme as a prominent example of the “German model” of integrative
multifunctional forest management. Our ﬁndings demonstrate that the
LÖWE programme evolved out of strategic coupling of diverse trends
that are still expressed through a comprehensive “founding myth”
that merges different (sub-)stories surrounding the birth and evolution
of the programme. LÖWE also took on quite distinct (and distinctly
interpreted) social and political functions for Lower Saxony's forest sector. These functions may be distinguished with regard to environmental
policy integration and a sector external strategic power function of (re)legitimising the sector's responsibility for the forests and their management, also in response to more far-reaching economic and environmental demands.
Our interpretation of LÖWE's “double function” is in line with the divergent interpretations of the German forest model as outlined above
and, moreover, is likely to reconcile these. LÖWE was indeed “everything” – to quote one of our interviewees again – combining the promise of integrative multifunctional forest management in response to
diverse societal demands with a critical perspective that unmasks the
model as a sectoral power strategy. In this regard, the “double function”
of LÖWE may also be explained through its amorphous character that
merges political notions of power with natural science logics of (technical) forest management—the very same may hold true for the overall
German model of integrated, multifunctional forestry. However, the
promise of LÖWE and its ability to resolve conﬂicting demands on forest
management will depend on the ability of supporting actors to stabilise
the approach through a continuous reproduction and adaptation of the
stories and myths that have contributed to the programme's birth and
remained crucial for its success in subsequent decades. If this fundament of stories and myths begins to erode through changing societal
values and discourses that cannot be integrated, the power and importance of LÖWE is likely to wane.
In conclusion, open questions remain. These questions relate, for instance, to how both spheres and logics (the power logic of politics and
the rationalistic logic of forest management) affect the practices of multifunctional forestry. To be more concrete: our ﬁndings demonstrate the
potential of LÖWE as a tool for EPI but cannot answer the question of
how effective this tool is in terms of on-ground forest management
practices in public forests. This question is particularly interesting
when multifunctional forestry programmes are considered as only one
element of a complex arrangement of forces that may guide forest management practices on the ground, including deeply rooted old paradigms and incentive structures that are changing, for instance,
through new legislation or the (above-mentioned) administrative reforms in the (German) forest sector (cf. Borrass et al., 2015). Further research will be needed to better explore this question that is particularly
relevant for the international debate on “segregative” versus “integrative” approaches to the management of the world's forests. An investigation of these approaches' contributions to developing stronger or
weaker types of integration through the lens of EPI could also inform interesting analyses. This paper is intended to prepare the ground for such
research.
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Forest management of Scots pine (Pinus sylvestris L.) in northern
Germany – A brief review of the history and current trends
Kiefernwirtschaft (Pinus sylvestris L.) in Norddeutschland – ein kurzer Überblick über Geschichte
und aktuelle Trends
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1
2

The management of Scots pine (Pinus sylvestris) in Germany goes back to the early 19th century. The large-scale pure stands
established in the past are currently being converted into mixed and more structured forests. After a brief history of Scots
pine management in Germany over the past 200 years, and a compilation of relevant silvicultural characteristics of Scots pine,
recent management approaches of pure and mixed Scots pine forests are outlined. Various production goals and their impact
on an appropriate silvicultural treatment are described. Finally, the adaptive capacity of Scots pine to climate change is briefly
assessed.
Key words: conifer, production goal, thinning, regeneration, mixed forests, adaptive capacity, Germany

Kurzfassung

Die planmäßige Bewirtschaftung der Waldkiefer (Pinus sylvestris) in Deutschland geht zurück in das frühe 19. Jahrhundert.
Die seit damals entstandenen großflächigen Reinbestände werden aktuell in gemischte und strukturreichere Wälder umgebaut. Nach einer Kurzdarstellung von wesentlichen Aspekten der Kiefernbewirtschaftung der vergangenen 200 Jahre
und der wichtigsten waldbaulich-waldwachstumskundlichen Eigenschaften der Waldkiefer, werden in aller Kürze aktuelle
Bewirtschaftungsansätze für Kiefernrein- und mischbestände ebenso vorgestellt wie unterschiedliche Produktionsziele und
die entsprechende waldbauliche Behandlung der betreffenden Bestände. Schließlich wird kurz die Anpassungsfähigkeit der
Waldkiefer angesichts sich verändernder Umweltbedingungen erörtert.
Schlüsselwörter: Nadelbaum, Produktionsziel, Durchforstung, Verjüngung, Mischwald, Anpassungsfähigkeit, Deutschland

Brief history of Scots pine forest management in Northern Germany
The success story of Scots pine in Germany began with the period
of forest restoration in the late 18th and the early 19th century. Many
degraded or cleared areas at that time were reforested with robust conifer species. While Norway spruce (Picea abies [L.] Karst) was used
on fertile sites with sufficient precipitation, Scots pine was cultivated
on poor and/or dry sites. As a rule, Scots pine was initially regenerated naturally by strip cuttings or sparsely stocked shelterwoods
(Schwappach 1924). However, after 1830 the practice of planting
with cheap 1-year-old seedlings and the replacement of the shelterwood system by clearcuts were promoted by Pfeil (Bergmann 2009).
Thus, planting and direct seeding conifers for restoring deforested
sites but also for the replacement of less productive broad-leaved
forests became the most widely used regeneration methods in the
German lowlands (Dohrenbusch 1995). By 1865, 70% of the forests
in Prussia were even-aged pure Scots pine forests (Milnik 2007). It
is worth mentioning that at that time most of the tree seeds were
collected from easily accessible locations. Therefore in many cases
other provenances than the local ones were used. This led to inferior
growth performance, low stem quality, and crown damage on many
sites (Milnik 2007).

The newly established large pure forests were highly susceptible
to various pests such as the gypsy moth (Lymantria dispar) or pine
beauty moth (Panolis flammea). Moreover, the risk of forest fire increased dramatically. As a consequence, ideas evolved how to enrich
the pure forests by the late 19th century. Already at that time the first
underplantings of pure Scots pine forests with broadleaved species
were carried out (Danckelmann 1881). The concept of establishing
mixed forests, which had been promoted by Cotta (1828) and Gayer (1886) in the 19th century, was further developed for Scots pine
forests towards the idea of continuously covered mixed forests by
Möller (1922). However, the perpetuated forest movement remained
relatively unimportant and found few supporters, mainly private forest enterprises (Thomasius 1996). After World War II, the German
Democratic Republic (GDR) initially supported continuous-cover
forestry and mixed stands. However, to meet the demand for timber
and fuel wood, beginning in the 1960s emphasis was again placed
on large-scale clearcuts with artificial regeneration in order to increase forest production. Moreover, in East Germany a significant
proportion of old pine trees was tapped for resin production (Figure
1). As a result of these developments, by the end of the 20th century
most of the pine forests in the north-eastern German lowlands were
dense, even-aged, pure and homogeneous (single-layered) stands. In
West Germany, beginning around 1980, two major shifts in pine
management could be observed. One was related to the treatment of
forstarchiv 86, Heft 3 (2015), 59-66
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existing pure stands. Instead of keeping the stands dense for the first
decades after establishment, early and heavy thinning from above
was proposed to favour potential crop trees (Franz 1983, Huss 1983,
Burschel et al. 1994). The primary goal of this kind of treatment was
no longer the production of as much woody biomass as possible, but
rather to produce high-quality timber. In some cases this objective
was supported by trunk pruning of the target trees. The other new
approach focused on the conversion of mature pure pine stands into
mixed stands (Ebeling and Hanstein 1989). Initially, this was suggested mainly for ecological reasons. First, it was shown that underplanting of mature pine stands with European beech (Fagus sylvatica
L.) reduced the abundance of insect pests (Lüdge 1971). Second, by
analyzing mixed stands which had already been established at the beginning of the 20th century, it turned out that some decades after European beech was introduced, soil fertility and humus type had improved markedly over the former pure pine stands (Kmonitzek 1930,
Prietzel 2004). These changes were found to be more pronounced
on poor sites (Prietzel 2004). Due to a more abundant and partially
more diverse earthworm community, the introduction of beech led
to a translocation of soil organic matter from the forest floor into
the mineral top soil (Prietzel 2004, Ammer et al. 2006). However, in
contrast to the initial conversion of pure stands into mixed stands the
establishment of mixed stands and/or the enrichment of pure stands
are meanwhile also recommended for economic reasons (Knoke et
al. 2008, see below).
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Tree species characteristics, growth performance and silvicultural treatment of Scots
pine
Tree species characteristics
Scots pine is an early successional (pioneer) species showing rapid
growth in the juvenile stage. It is well adapted to drought (Irvine
et al. 1998) although growth and survival is restricted on very dry
sites (Dobbertin et al. 2005). Scots pine develops a tap root on soils
not affected by ground water, and has good soil anchorage. The fine
root system in general is well developed and can reach deeper soil
horizons (Otto 2002). Thus, pine is well adapted to the subcontinental climate with low precipitation levels in eastern Germany. Scots
pine litter shows a wide range of C/N-ratios and decomposes slowly
(Berg and McClaugherty 2014). Scots pine has modest nutritional
requirements. Although the species achieves its best growth on fertile
sites, it is mainly found on poor and sandy soils due to its low ability
to compete successfully with other species (Jenssen and Hofmann
2004, Ellenberg and Leuschner 2010). As a consequence, Scots pine
forests would, under natural conditions, only occupy around 5 to
10% of the forested area in northeastern Germany (Hofmann 2007).
Although being steadily replaced by other species over the past two
decades (Bundeswaldinventur 2014), Scots pine still covers more

Figure 1. Scots pine trees tapped for resin production (in East Germany until 1990). Photos: P. Spathelf.
Geharzte Kiefern (in Ostdeutschland bis 1990). Fotos: P. Spathelf.
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than 60% of the forest land of northeastern Germany. This indicates that it was cultivated outside its natural range. Traditionally
Scots pine was planted in nitrogen-limited environments, e. g. on
formerly litter-raked sites, but later also on better sites. Currently
most Scots pine stands in Germany are well supplied with nitrogen,
phosphorous and potassium due to atmospheric depositions (Prietzel
et al. 1997). The result-ing shift from nitrogen-limited forest ecosystems to conditions of good nitrogen supply has led to a substantial
increase of tree growth. Even at the same site, trees grow much taller
than previously. Hence on the same site many stands today belong to
another yield class than in the past (Pretzsch 1999, Heinsdorf 2007).
Growth performance
According to the last National Forest Inventory (Bundeswaldinventur 2014), Scots pine in Germany achieves average increments of
9.5 m3 ha-1 a-1, which lie between the annual yield of European beech
(10.3 m3 ha-1 a-1) and the two oak species Quercus petraea, Quercus
robur (8.3 m3 ha-1 a-1). Measurements on permanent observation
plots in pure stands in northern Germany for a site index of 28 m
average height show a mean annual increment (MAI) of 7 m³ per
ha and year at the age of 100 years (yield table Wiedemann 1943,
in Schober 1995). Inventories based on permanent sample plots in
southern Germany (period 1990–1999) show MAIs of around 8 m³
per ha and year (von Bülow et al. 2005). The recent German national
forest inventory (observation period 2002–2012) reveals for Scots
pine an MAI of around 10.6 m³ per ha and year in the Berlin and
Brandenburg region (Bundeswaldinventur 2014). Compared with
the growth rates of Scots pine in the boreal zone and other pine
species in the Mediterranean/subtropical zone (Table 1), Scots pine
in Germany occupies an average position.
The relative productivity of pine trees (i. e. the volume growth per
area unit of crown size [e. g. per square metre of crown projection
area]) is highest for trees with long and small crowns (Lockow 2007).
Spacing and thinning experiments have shown that the response in
terms of increase in crown size and subsequent diameter growth of
young Scots pine decreases with age (Stähr and Hainke 2009). In
contrast to other tree species such as European beech or Norway
spruce, Scots pine target trees cannot fully compensate reduced stand
density after very heavy thinning (Mäkinen et al. 2005, Degenhardt
and Lange 2009). Older Scots pine trees respond less if freed from
competing neighbouring trees.
Silvicultural treatment of pure Scots pine stands
The major production goal of pure pine forest management in Germany today is sawnwood of average quality, and in a few cases also
valuable timber for veneers. As with other species, when deciding
the number of trees to be planted per hectare, two conflicting ob-

jectives have to be taken into account. On the one hand high tree
densities, resulting in high intraspecific competition and subsequent
low branch thickness, seem to be a reasonable option. On the other
hand the costs for seedlings and planting argue for lower densities. As
a compromise, figures of around 6,000 seedlings ha-1 are suggested
(Röhrig et al. 2006). Tending is recommended for young pine stands
when crown closure has been attained and annual height increment
culminates. Tending primarily aims at maintaining the stand mixture
and reducing the stand density. The latter fosters the crown development of the remaining trees and supports a more stable individual
tree due to lower h/d-values. In particular the risk of snow breakage
decreases (Kohnle et al. 2014). Most of the pine thinning trials in
northeastern Germany show that repeated heavy thinning from above (grade B) stimulates diameter growth at breast height of the target
trees, but significantly decreases stand volume growth (Noack 2012).
Thus, if forest management aims to grow economically valuable
target trees within a short rotation period, young stands should be
thinned from above frequently and heavily, beginning from an early stage (Huss 1999, Spellmann 2002). In later stages (stands older
than 40 to 50 years) such measures are less advisable as older Scots
pine trees are hardly able to respond to additional space by increasing
their crowns vertically and horizontally. However, if forest management aims at maximum stand volume growth then the best strategy
is a moderate reduction of stand density by thinning from below
(Lockow 2007). As for any silvicultural measure, the production goal
determines the treatment of the stands: If pulpwood production is
the primary goal, stand densities should be quite high. If the aim is
to produce large timber dimensions with high quality, losses in stand
volume growth are economically counterbalanced by the high value
of the trees at the final harvest and by the regular income due to the
frequent thinning, which is important if interest payments are taken
into account (Spiecker 1991, Knoke 1998). There is much evidence
that producing valuable timber in a short time requires strategies to
accelerate diameter growth that focus on the individual trees (Storch
et al. 2011). Only the prime competitors of future crop trees are then
removed by selective thinning. When the basic qualitative characteristics of the trees are visible, a limited number of future crop trees is
selected and marked permanently according to vitality, quality, and
distribution (in that order). Once selected, these trees are periodically released to promote their diameter growth. Figure 2 shows a
released future crop Scots pine tree at 30 years of age. As pine has a
low capacity for self-pruning, artificial pruning may be considered
if valuable timber is to be produced (Burschel et al. 1994, MLUV
2004, Beinhofer and Knoke 2009). Trees should be pruned as soon
as the future crop trees have been identified, which might be already
the case when the dominant trees have reached a diameter around
12 cm (Burschel et al. 1994). Whereas older studies suggest higher
numbers of trees to be pruned, Beinhofer (2008) came to the conclusion that around 100 trees per ha should be pruned from an economic point of view. In his study on the economic feasibility of pruning
Scots pine, however, he found that pruning results in a lower internal

Table 1. Productivity and rotation length of pine management systems (acc. to FAO 2005).
Produktivität und Umtriebszeit in Kiefern-Bewirtschaftungssystemen (nach FAO 2005).

Species

Region of occurence

Production goal

Rotation length [years]

Volume growth [m3 ha-1 yr-1]

Pinus sylvestris

Sweden, Finland

Sawnwood, Pulpwood

70–140

3–6

Pinus sylvestris

Germany

Sawnwood, Pulpwood

80–120

4–10

Pinus pinaster

Mediterranean area

Sawnwood, Pulpwood

30

15–20

Pinus radiata

New Zealand

Pulpwood

15–25

18–24

Pinus taeda/elliottii

Brazil, U.S.A.

Pulpwood

15–25

20–40
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Figure 2. Released future crop tree of Scots pine with artificially pruned bottom log
to produce high valuable timber. Photo: P. Spathelf.
Freigestellter Kiefern-Z-Baum, geastet, zur Produktion von Wertholz. Foto: P. Spathelf.

rate of return when compared to other investments within a forest
enterprise (Beinhofer 2008).
Another option to produce valuable pine timber is leaving reserve
trees (see below). Over the past two decades the price for high-value
timber (veneer quality) in the Berlin region has been twice that for
normal sawlog quality (Bilke and Noack 2007).
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The mixed forest paradigm in public forests is based on several
positive ecological and economic effects (Knoke et al. 2008). Improved soil fertility (Prietzel 2004), increased robustness against pests
(Jactel et al. 2005), higher yield (Pretzsch et al. 2013), higher faunal
biodiversity (Oldenburg and Müller 2004) and economic advantages
due to diversification are the most important points in this context
(Schröder et al. 2010).
In contrast to mixtures with oak, where it may take decades until
the soil fertility improves (Schua et al. 2007, Elmer et al. 2009), mixtures of Scots pine and European beech have already shown positive
effects on nutrient availability and humus type (Anders et al. 2004,
Prietzel 2004).
Over-yielding of mixtures of Scots pine and beech has recently
been reported by Pretzsch et al. (2013). This means that mixed stands
grow better than expected on the basis of their growth in pure stands
and taking their shares in the mixed stand into account. Interestingly, it was shown that the positive mixing effects were highest on
poor sites and less pronounced on more fertile sites. More specifically, mixing Scots pine with Norway spruce or European beech (i. e.
two tree species occupying different ecological niches with different
complementary resource use), resulted in up to 30% more volume
production than a comparable pure pine stand (Klemmt et al. 2007).
As detailed analyses revealed, beech or oak in mixed stands benefited very much from neighbouring Scots pine (Bartsch et al. 1996,
Küsters et al. 2004, Dieler and Pretzsch 2013). In a recent study
Metz et al. (2013) found that under comparable conditions (site,
distance of subject tree to competitors, number of competitors) the
competitive effect of Scots pine on the growth of European beech
trees was much lower than the effect of conspecific trees, resulting in
much higher diameter growth of beech in mixture with Scots pine.
The high growth of beech when exposed to interspecific rather than
intraspecific competition may explain the over-yielding effect of the
mixture.
Although studies on the effect of species mixture on soil water
availability are rare, there is evidence that interception losses are higher in pure conifer stands with Scots pine compared to broadleaved
or mixed stands with European beech (Mitscherlich 1971, Barbier
et al. 2009). The positive mixing effect is due not only to reduced
interception losses but also to higher stemflow on broadleaved trees
compared to pure pine stands. Moreover, thick ground vegetation
layers under pure stands often lead to a further reduction of soil water with negative consequences for tree transpiration and growth (Irrgang 1999, Müller and Bolte 2009).
Silvicultural considerations

Management of Scots pine in mixed forests
General considerations
For a systematic and long-term management approach in public forests, so-called forest development types (FDT) were developed in
order to describe the desired long-term composition and structure of
a given stand. A variety of FDT have been defined for Scots pine in
northern Germany. They can be grouped into FDT with Scots pine
as leading tree species on poor sandy soils where pine dominates under natural conditions, and those with pine admixed to broadleaved
tree species on medium fertile soils with significant levels of loam and
better water storage capacity. Generally, if Scots pine is considered in
all German state forest enterprises, the establishment of mixed stands
is advisable (e. g. MLUV 2004). Therefore, most pure pine stands in
Germany are being converted into mixed forests (as defined by Bravo-Oviedo et al. 2014) with a considerable admixture of European
beech or oak (see Figure 3 a and b and the next section).
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In mixed stands, particularly with European beech, Scots pine needs
to be repeatedly released from neighbouring trees by tending and
thinning measures. As outlined above, Scots pine is characterized
by a rapid growth in early stand development phases. This enables
the species to outgrow interspecific competition if light availability
is high. In this case tending and thinning measures are only needed occasionally to maintain a given share of Scots pine. If, however,
height growth of Scots pine is retarded by reduced light availability
(e. g. due to overstorey tree shelter) or if Scots pine trees exceed 40
years of age (when the species becomes increasingly less responsive to
competition reduction) frequent interventions are needed to prevent
Scots pine from interspecific exclusion.
Final harvesting starts when the future crop trees have reached
their target diameter (40 to 60 cm at breast height depending on
region and tree quality). When the terrain is not too steep (< 30°
incline) fully mechanized harvesting systems are used. Annual financial returns per hectare depend much more on productivity of the
site than on the intervention regime. For the best sites (relative site
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a

b

Figure 3 a, b. Typical pure pine stand in northeast Germany (a) and another stand after conversion into a mixed forest (b). Photos: P. Spathelf.
Typischer Kiefern-Reinbestand in Nordostdeutschland (a) und ein Mischbestand nach Waldumbau (b). Fotos: P. Spathelf.

index 0 to I.5) they culminate between 70 and 90 years of stand age
at 150 Euro to 200 Euro per ha and year (Degenhardt et al. 2007).
A variety of silvicultural options exist to regenerate Scots pine,
ranging from clear cuts to the creation of canopy gaps or patch cuts.
In any case, for Scots pine light availability is a crucial factor (Dong
et al. 2003). This is particularly true if more shade-tolerant tree species are already established. In such cases Scots pine needs large canopy openings to outgrow the more competitive species. Otherwise
a significant decrease in tree quality (e. g. shape, side branching) is
expected (Hafemann and Stähr 2007). It might be an option to leave
some vital and valuable single Scots pine trees as standards or reserve
trees even longer than the trees from the admixed species until they
reach a given target diameter. The economically optimum time for
the final harvest of these trees depends on soil fertility and stumpage
prices (Knoke and Peter 2002)
To date, there are very few successful examples of vertically structured or uneven-aged pine stands in Germany. Vertically structured
mixed stands often lack Scots pine seedlings in the regeneration and
/or in the second layer even if the mature stands is mainly composed
of pine. If present, Scots pine seedlings are often much smaller than
the admixed species (Schirmer et al. 1999). As a result Scots pine is
likely to be outcompeted if no distinct canopy openings improve
light availability. The first proponent of continuous-cover forestry in
Germany, Alfred Möller, found a pine forest district near Berlin (Bärenthoren) as a model for his vision of vertically structured forests.
However, it should be noted that the vertical structure of these stands
is barely visible today (Bergmann and Lebus 2011). Natural rege-

neration of Scots pine is now promoted within the close-to-nature
forest management approach. The success of natural regeneration of
pine depends on the accessibility of the mineral soil (without accumulation of litter or thick layers of competing herbs), sufficient light
and controlled ungulate populations (Dohrenbusch 1995, Wagner
and Huth 2010). Therefore in some cases thick humus layers or competing vegetation are removed by marginal soil preparation (Petersen
2001). However, not more than 20% of the stand area are usually
treated in this way (Lehnigk and Ammer 2012). As for other light
demanding species (cf. Lüpke and Hauskeller-Bullerjahn 2004), the
light requirement of Scots pine saplings increases with increasing
size/age (Gaudio et al. 2011). As a result, overstorey trees have to be
removed repeatedly.
Whereas regenerating Scots pine naturally in mixture with other
species may become difficult unless the canopy is open enough, introducing other species into pure Scots pine stands is comparatively
easy. The shade-tolerant European beech can be planted or sown under fairly dense mature Scots-pine stands, where it grows quite well
and is protected from frosts (Wagner 1994, Balandier et al. 2007).
If beech is already present in immature Scots pine stands, it may
compete with the mature Scots pine trees after 30 to 40 years, both
above and below ground (Guericke 1999, Curt and Prévosto 2003).
Another option for achieving mixed stands of Scots pine and
broad-leaved tree species is underplanting with oak (Schröder et al.
2006). Beside planting there are examples where pure Scots pine forests were converted into mixed Scots pine oak forests by making use
of naturally regenerated oaks from acorns which had been placed in
forstarchiv 86, Heft 3 (2015), 59-66
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Scots pine stands by the European jay (Garrulus glandarius) (Schirmer et al. 1999, Stimm and Knoke 2004). If oak density is high
enough, the naturally regenerated oaks were found to be of similar
growth and quality as regularly planted saplings (Mosandl and Kleinert 1998).

(Kölling and Zimmermann 2007, Bolte et al. 2009a, b). However,
reducing the vulnerability of the existing pure Scots pine stands in
northern Germany by measures such as their conversion to mixed
stands and carefully planned thinning interventions remains a challenge for the coming decades.

Adaptive capacity of (mixed) pine forests to climate
change
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1 Introduction
Adaptive forest management (AFM) and forest landscape
restoration (FLR) are two major concepts for forest
(landscape) adaptation enhancing the functionality of both
forests and forest landscapes under multiple pressures of
global change (Mansourian et al., 2017; Trumbore et al.,
2015). Global change includes the alteration of growing
conditions for forests due to climate change impacts, in
particular due to extreme weather events (Allen et al.,

2010; Bräuning et al., 2017) and accompanying pathogen
pressures (Bolte et al., 2009). However, also, the requirements for ecosystem services by an expanding world population and shifting social demands for food, bioenergy,
and water supply are rapidly increasing (Thorsen et al.,
2014). To meet these geographically variable social requirements in the face of the effects of climate change on
local growing conditions is one of the major challenges in
the twenty-first century for the management of forests and
forest landscapes.
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In this paper, we analyze and discuss the two concepts of
AFM and FLR in order to assess the options and constraints to
integrate both concepts into a common approach for restoring
and managing forest landscapes to be adaptive in the face of
global drivers of changing conditions, values, and expectations. To this end, we introduce the concept of adaptive measures (AM) as an overarching approach to forest conservation
in the Anthropocene (Zalasiewicz et al., 2010). This integrative approach forms the concept for the work of the Task
Force on Forest Adaptation and Restoration under Global
Change within the global network of the International
Union of Forest Research Organizations (Bolte et al.,
2017, IUFRO, http://www.iufro.org/science/task-forces/
forest-adaptation-restoration/).
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Fig. 1 Integrative adaptive measures (AM) concept combining adaptive
forest management (AFM) and forest landscape restoration (FLR)

3 Forest landscape restoration—the regional
concept
2 Adaptive forest management—the local
concept
AFM is forward-looking and aims to preserve and develop the
functionality of specific forests as a prerequisite for fulfilling
the future need for forest ecosystem services (Holmes et al.,
2014; Bolte et al., 2009). This is dedicated to all measures that
adapt intact forests to changing growth and management conditions due to environmental setting, but also, e.g., due to
diverse economic perspectives (Fig. 1). Yousefpour et al.
(2017) introduced three pillars of AFM: (1) knowledge of both
environmental settings including uncertainties, but also of perception changes among decision-makers; (2) options to identify forest adaptive capacity, to protect forest performance and
to apply AFM strategies; and (3) decisions to repeatedly optimize AFM according to significant evaluation outcomes.
Thus, the AFM concept produces feedback loops of silvicultural interventions and management aims against the background of changing environments and varying owners’ perspectives (Wagner et al., 2014). With this, AFM represents a
flexible forest management concept, but with distinct local
reference considering small-scale variations of climate and
site conditions.
To be clear, AFM is not the same as adaptive management
although AFM may be usefully applied within an adaptive
management framework. Contrarily, adaptive management
may not be useful in guiding adaptation under rapidly changing climatic conditions as it relies on information gained from
management experiments under current conditions to guide
future actions that may be conducted under quite different
conditions of novel climate (Williams and Jackson, 2007;
Allen et al., 2011). Several strategies for adaptation under
global change have been described in relation to tolerance of
ecological novelty, or how different the future ecosystem is
relative to the historic past (Joyce et al., 2013; Perring et al.,
2013; Radeloff et al., 2015; Stanturf et al., 2015).

FLR, in contrast, is the process of regaining ecological functionality and enhancing human well-being across deforested
or degraded forest landscapes (Fig. 1; GPFLR, 2018). The
FLR approach seeks to balance different values/functions at
the landscape scale such as water regulation, wildlife habitat,
and biodiversity or carbon storage (Stanturf et al., 2015;
Sabogal et al., 2015; Jacobs et al., 2015). Most of the many
relevant restoration techniques for FLR are not new (Stanturf
et al., 2014a), but the new is that FLR requires the involvement of a wide range of stakeholders and competences to
fulfill the landscape approach in populated regions.
Nevertheless, a central element in restoration management is
the use of ecological key concepts such as succession, disturbance, functional characteristics of species, or safe sites.
The contexts of FLR projects vary according to biome,
landscape history, and social factors such as governance, tenure, and technical capacity (Mansourian et al., 2017; Stanturf
et al., 2017). FLR projects are highly heterogeneous also because they begin with different initial objectives such as offering employment in economically constrained areas, reduction
of soil erosion in agricultural land (China) (Buckingham,
2016; Xi et al., 2014), landscape rehabilitation in abandoned
farmland (Eastern Europe) (Navarro and Pereira, 2015), reduction of natural hazards (human-populated mountain
areas) (Casteller et al., 2017), carbon sequestration (Ireland)
(Black and Farrell, 2006), or reconstruction of fragmented
habitats in degraded landscape (Italy) (Digiovinazzo et al.,
2011). Too often, FLR is backward-looking and aims to return
to historical conditions of species composition, stand structure, or both (Stanturf et al., 2014b) but this is not inherent
in the FLR approach (Hobbs et al., 2011; Hulvey et al., 2013;
Stanturf et al., 2015).
Nevertheless, the FLR concept is still being refined to accommodate new perspectives, such as technical problems
(lack of large-scale experience), goal conflicts between the
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various stakeholders involved (Emborg et al., 2012; Redpath
et al., 2013), the inclusion of non-forest land use within the
landscape including agroforestry measures, or even the appropriate measure of success (Maginnis and Jackson, 2007;
Stanturf, 2015; Mansourian et al., 2017).

4 Integrative adaptive measures
concept—helpful for adaptation
and restoration success?
AM comprises all actions that increase adaptive capacity of
forests and forest landscapes to changing environmental conditions (IUFRO, 2016). Examples hereby are compiled in
Kolström et al. (2011) or Brang et al. (2014) and either consist
of stand measures (such as regeneration, tending, or thinning)
or extend to the landscape scale (e.g. disturbance management) (Spittlehouse and Stewart, 2004; Keenan, 2015).
In the following, we discuss how the AM concept could
serve as the link between FLR and AFM. In addition, two
essential ambits of stand and landscape-related concepts of
AM and their contribution to maintain or restore forest functionality are looked at in more detail.

5 AM interaction with biodiversity issues
There is strong evidence that tree species richness and high
genetic diversity positively affect the adaptive capacity of forests against climate change (Spathelf et al., 2015; Brang et al.,
2014; Spathelf et al., 2014). But can species-rich and genetically diverse forests better restore basic functions in forest
landscapes? One of the emerging research questions is how
biodiversity affects the functionality of a forest ecosystem
(functional biodiversity research; Scherer-Lorenzen, 2011).
Forests rich in woody species often contain plants with different “strategies” concerning establishment and competitiveness
(plant functional types, according to McArthur and Wilson,
2001). Therefore, resources such as light, water, and nutrients
can be spatially and temporally used by different species,
which in some cases lead to a superior productivity of diverse
compared to mono-specific forests (e.g., Pretzsch et al. 2010).
Moreover, does tree species diversity positively affect
resistance/resilience of forests to disturbances or stresses
(Pretzsch et al., 2013)? That is, could pre-disturbance functionality be better restored in a diverse stand, because tree
species with different response patterns to these stresses can
compensate for losses of more vulnerable species (Drever
et al., 2006)? In this respect, there is increasing agreement
on the role of non-native species in the provision of important
ecosystem services such as desired products or habitat for
other species in the future (Davis et al., 2011; Hulvey et al.,
2013; Radeloff et al., 2015). The difficulty of removing all
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non-native species from ecosystems contradicts the still dominant goal to push ecosystems back to historical composition
and function (Hobbs et al., 2009).
Another important measure to enhance the restoration capacity of a forest after disturbance is to retain a significant
amount of ecosystem legacies (e.g., seed trees, deadwood,
stand remnants), thus increasing the structural diversity of
stands (Seidl et al., 2014; Johnstone et al., 2016; Jõgiste
et al., 2017). Legacies provide seed dispersal, nutrient translocation, water storage, and the maintenance of genetic information in the recovery phase of an ecosystem after disturbance (Bauhus et al., 2009; Drever et al., 2006). Moreover,
stand-level legacies contribute as important habitat to faunal
species richness, e.g., as antagonist species which can curb
biotic disturbances. Therefore, legacies increase the number
of potential pathways for ecosystem restoration after disturbance. This fits well with the general goal to manage forests
for resilience.
Advantageous hereby are multi-aged stands with structural
diversity—they have the potential to increase the resistance
and resilience of both stands and forests. There are several
ways and approaches to achieve this. In central Europe,
even-aged mono-specific forests are currently being converted
into uneven-aged mixed forests for multiple purposes
(Spiecker et al., 2004). Moreover, the integration of disturbance into forest management can be a means to achieve this
goal. Here, O’Hara and Ramage (2013) give an overview of
concrete measures to promote uneven ageness and structural
diversity: emulation of disturbances and carefully designed
salvage operations, emphasizing the important role of retained
elements of the stand and variable treatment intervals or intensities. Most of these measures are more feasible at the landscape scale because uneven-aged stands with high structural
diversity gradually lose their stand compartment structure.
With the integration of stand and landscape perspectives in
the AM concept, adaptive features like tree species richness,
structural diversity, and enhanced gene flow can be managed
more effectively both at the stand and landscape levels.

6 AM contribution to reduce vulnerability
and increase resistance and/or resilience
Vulnerability can be described as the probability with which
an environmental system can be damaged through changes in
the environment, society, or both after taking into account
reduction of its adaptive capacity (Turner et al., 2003). A
variety of measures that reduce vulnerability in a forest stand
or landscape play a positive role in restoring the resilience
potential of a forest ecosystem after disturbance.
Site preparation can be a central measure to enhance the
regenerative capacity of an ecosystem by removing inhibiting
factors for seedling’s growth or by increasing the variability of
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site conditions. Furthermore, the use of stress-tolerant plant
material (improved seedlings) or stress-tolerant provenances
is essential to overcome the vulnerable juvenile growth phase
of trees or to reclaim a disturbed or degraded ecosystem
(Jacobs et al., 2015).
Another important tool to reduce vulnerability of forest
ecosystems is assisted migration of more adapted or adaptive
species (Williams and Dumroese, 2013; Park et al., 2014;
Dumroese et al., 2015) whereby species (often non-natives)
are intentionally transferred to regions outside of their natural
range that are characterized by a matching climate which represents the artificial extension of the range distribution of a
more resilient species. Many forest conversion activities in
Europe in the past decades have already applied this approach
to replace endangered species (Mason and Bathgate 2012;
Spiecker et al., 2004). Moreover, in regions where past land
use led to significant degradation (e.g., Denmark), the transfer
of suitable mostly non-native species proved to be successful
in establishing ecosystems with a high degree of novelty
(transformational restoration; Stanturf et al., 2018). Assisted
migration also encompasses the choice of appropriate stresstolerant provenances, e.g., towards extreme weather events
like heat and drought (Bräuning et al., 2017). This goes along
with the assisted gene flow concept to translocate pre-adapted
individuals to facilitate adaptation of planted forests to climate
change (Aitken and Whitlock 2013; Aitken and Bemmels,
2016). In particular, marginal provenances originating near
the drought-induced range limits can provide tree species ecotypes more tolerant to drought (Stojnic et al., 2017; Taeger
et al., 2015). Yet, there is evidence that these ecotypes often
maintain their stress tolerance at the expense of growth
(“growth or defence?”; Kätzel, 2009).
Restoring forest landscapes can be accompanied by systematically combining plant (tree) species with specific adaptive traits that make the ecosystem more resilient against climate change (Park et al., 2014; Hobbs et al., 2009). During the
course of stand management, the reduction of stand density
most likely increases the individual stability and stress resistance of the remaining trees in the stand, especially if management is concentrated on previously selected superior future
crop trees (e.g., Sohn et al. 2013). At the same time, in specific
cases, the increase of stand density with different tree species
could be beneficial in terms of resilience potential and provision of ecosystem services. The application of silvicultural
systems, maintaining—on a long term—low or moderate
stocking levels or smaller target diameters, does not contribute
that much to increase the forest’s resilience but certainly decreases the risk for disturbances, such as storm and fire (Brang
et al., 2014).
A comprehensive vulnerability reduction needs to account
for biotic stress. Climate change modifies the population dynamics of pests and pathogens and needs to be considered by
AFM as well as FLR (Wingfield et al., 2015). Moreover, more

advanced forest adaptation and restoration measures need to
acknowledge the overarching challenges that reduce their effectiveness such as loss or degradation of forest land (Foley
et al., 2005; Putz and Redford, 2010; Lambin and Meyfroidt,
2011) or damage by ungulates (Côté et al., 2004; Rooney
et al., 2015).

7 Conclusions
Adaptive forest management and forest landscape restoration
do not contradict—ecosystem integrity and health are benefits
and central goals in both concepts and thus can be integrated
within the multi-scale adaptive measures concept. AFM measures can be embedded in FLR strategies providing local elements of landscape-oriented restoration approaches. Over the
long term, a lack of adequate AM frequently leads to forest or
landscape degradation and to a loss of ecosystem and landscape functionality. The AM concept can be helpful in
streamlining and focusing existing concepts on (1) forest adaptation and restoration as well as (2) to help forest restoration
to focus more on the ability of ecosystems to self-organize in
the future and to adapt to changing environmental conditions
instead of attempting to restore to a previous historical state.
There is an urgent need to consider novel or no-analog ecosystems to potentially provide the best mix of ecosytem services in the future under uncertainty. In particular, the link to
the large-scale concept of assisted migration and assisted gene
flow is important to integrate forest adaptation strategies from
the local to the international scale (Bolte et al., 2009).
Research gaps and obstacles to transferring information are
still impediments to applying both concepts and necessitate
establishing clear goals, including local participation, and
carefully analyzing the local context and the difficulty of
upscaling research to operational level, and last but not least
securing inclusion of impact monitoring of the measures taken
as a precondition for adaptive measures.
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Forest ecosystem-service transitions: the ecological dimensions of the forest
transition
Sarah Jane Wilson 1,2, John Schelhas 3, Ricardo Grau 4,5, A. Sofía Nanni 6 and Sean Sloan 7
ABSTRACT. New forests are expanding around the world. In many regions, regrowth rates are surpassing deforestation rates, resulting
in “forest transitions,” or net gains in forest cover. Typically measured only in terms of aggregate“'forest cover” change, these new
forests are ecologically distinct from each other and from those originally cleared. We ask, what are the ecological attributes, goods,
and services we might expect from different pathways of forest recovery? To address this question, we proposed a typology of forest
transitions that reflects both their social drivers and ecological outcomes: tree plantation, spontaneous regeneration, and agroforestry
transitions. Using case studies, we illustrate how the ecological outcomes of each transition type differ and change over time. We
mapped the global distribution of forest-transition types to identify global epicenters of each, and found that spontaneous transitions
are most common globally, especially in Latin America; agroforestry transitions predominate in Europe and Central America; and
plantation transitions occur in parts of Europe and Asia. We proposed a conceptual framework to understand and compare the
ecological services arising from different types of forest transitions over time: forest ecosystem-service transition curves. This framework
illustrates that carbon sequestration tends to be comparatively lower in agroforestry transitions, and biodiversity recovery is lower in
industrial plantations. Spontaneously regenerating forests tend to have relatively high biodiversity and biomass but provide fewer
provisioning and economically valuable services. This framework captures the dynamism that we observe in forest transitions, thus
illustrating that different social drivers produce different types of ecosystem-service transitions, and that as secondary forests grow,
these services will change over time at rates that differ among transition types. Ultimately, this framework can guide future research,
describe actual and potential changes in ecosystem services associated with different types of transitions, and promote management
plans that incorporate forest cover changes with the services and benefits they provide.
Key Words: biodiversity; carbon; ecosystem services; forest conservation; forest cover change; forest transition; land use change;
plantations; secondary forest
INTRODUCTION
Even as forest area continues to decline globally, forest cover is
increasing in many regions as the area of “new forests” (i.e.,
secondary forests, plantations, and other woody vegetation)
increases (Sloan and Sayer 2015, Rudel et al. 2016). Over the past
two centuries, notable forest transitions, in which a country or
region moves from losing to gaining net forest cover (Fig. 1A),
occurred in Western Europe and the United States (Mather 1992,
Rudel et al. 2005). Driven by industrialization, agricultural
intensification, and rural-to-urban migration, forest cover
increased through both spontaneous forest succession on
abandoned agricultural lands and tree plantations (Mather 1992,
Rudel et al. 2005, Meyfroidt and Lambin 2011). More recently,
forests have begun to return in many tropical countries, suggesting
incipient tropical forest transitions (Rudel et al. 2002, Sloan 2008,
Vaca et al. 2012, Aide et al. 2013, Sloan and Sayer 2015). These
new forests are often ecologically distinct from those originally
cleared (Dent and Wright 2009, Meyfroidt and Lambin 2011,
Redo et al. 2012, Chazdon et al. 2016), and the ecological
consequences of these tropical transitions are still poorly
understood. The scale, speed, and ecological nature of nascent
tropical forest transitions raise important questions about the
ecological and environmental benefits they will ultimately
provide.

1

The forest transition literature measures primarily changes in
undifferentiated forest area without considering the ecological
characteristics of the forest (Mather 1992, Rudel et al. 2005) (Fig.
1). But from ecological and social perspectives, aggregate area
of “forest” (or “tree”) cover provides a poor metric of the social
and environmental benefits from expanding new forests, both in
the short and long term (Chazdon et al. 2016).
Rudel et al. (2005) and Lambin and Meyfroidt (2010) identified
several pathways of socio-agrarian change that can lead to forest
transitions. Different pathways and drivers of forest recovery
can produce different types and distributions of forest cover,
which possess different ecological characteristics (e.g.,
biodiversity, biomass, structure, and proportions of native and
non-native species) (Holl et al. 2000, Chazdon 2003, 2014, Dent
and Wright 2009, Wilson and Rhemtulla 2016), geographic
characteristics (e.g., regrowth on steep slopes or plantations near
roads) (Dent and Wright 2009, Redo et al. 2012, Nanni and Grau
2014, Angonese and Grau 2014, Sloan 2016), and landscape
attributes (e.g., connectivity, spatial relationships among
secondary and remnant primary forest, habitat corridors)
(Thomlinson et al. 1996, Hecht and Saatchi 2007, Angonese and
Grau 2014) (Fig. 2). Different ecological attributes,
configurations, and trajectories of new forests in turn produce
different suites of ecosystem services (Chazdon 2008, Grau et
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al. 2008, Locatelli et al. 2015), which change over the trajectory
of the forest transition. Although the forest transition literature
has identified different pathways of social change that can
produce forest transitions (Rudel et al. 2005, Lambin and
Meyfroidt 2010), and the ecological literature has established that
recovering forests provide a variety of ecosystem services that
differ between forest types (Brown and Lugo 1990, Chazdon 2008,
2014, Dent and Wright 2009), to date these fields have not been
systematically integrated to examine the ecological consequences
of forest transitions over time.
Fig. 1. The forest transition. (A) The classic forest-transition
curve, depicting a decrease in forest area over a given
geographical area (continental, national, or regional), followed
by an increase as forests return. (B) The distinction between
primary and secondary forests, and the relative amounts of
each at the forest-area inflection point. Note that point A
represents a transition with a relatively high proportion of
primary forest remaining, whereas at point B, most forests on
the landscape are secondary.

ecological characteristics of forests resulting from different forest
transitions differ from the forests that previously existed, as well
as from each other? (3) How common are the different forms of
reforestation underlying our forest transition types globally, and
how are they and the forests and services associated with them
geographically distributed?
We propose a conceptual framework: “the forest ecosystemservice transition.” This framework describes the ecological
attributes, goods, and services arising from different forest
transition pathways, how these change over the trajectory of a
forest transition, and how they differ from pre-existing forests.
We support this concept with current literature on the ecosystem
services arising from different types of secondary forests, and with
case studies of the drivers and services arising from transitions in
different ecological and social contexts. To operationalize this
concept, we use existing data sets to estimate the global
distribution of different forest transition types and their respective
suites of ecosystem services.
Our paper is structured as follows. The first section defines a
typology of forest transitions relevant to ecological outcomes by
summarizing the forest transition literature. The second section
draws on the ecological literature to highlight the ecological
characteristics of new forests and their associated ecosystem
services. In the third section, we present four case studies of
subtropical and tropical forest transitions to provide examples of
different ecosystem-service transitions, how they arise, and how
they change over time. In the fourth section, we synthesize the
previous sections and present conceptual “forest ecosystemservice transition curves” to illustrate how the ecosystem services
arising from different forest transition types converge and diverge
over time. In the fifth section, we estimate the prevalence of
different forest transition pathways globally and apply our
ecosystem-service transition curves to describe global patterns in
the ecosystem services that may result from different pathways of
recovery.
By incorporating a nuanced ecological perspective into a largely
social science-based forest-transition theory, our synthesis
provides a framework for understanding and anticipating the
ecosystem goods and services that new forests can provide over
time. While at present, data are not sufficient to test our
framework, we believe that our conceptual framework will help
guide future research and make the forest transition theory more
useful to policy and planning.

We examine how variations in the type and drivers of a given
forest transition correspond with ecological variations in forests
and forest services over time. We address three key questions: (1)
What ecological attributes, goods, and services might we expect
from different pathways of forest recovery? (2) How do the

FOREST TRANSITION TYPOLOGIES
Forest transitions are driven by changes in socio-economic
conditions and cultural perceptions of remnant forests, often in
concert (Mather 1992). Rudel et al. (2005) identified two main
pathways by which forest transitions occur: the urban–economic
development pathway, where rural to urban migration creates
opportunities for new forests to spontaneously regenerate on
abandoned, marginal agricultural land, and the forest scarcity
pathway, where declines in forest coupled with demand for forests
goods and services induce landowners and governments to plant
trees. Lambin and Meyfroidt (2010) expanded this dichotomy to
incorporate three contemporary forest transition pathways
emerging in tropical areas: a smallholder agroforestry pathway,
where smallholders plant trees to intensify land use, increase
productivity, and stabilize crop yields (Rudel 2005, 2009, Tiffen
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Fig. 2. The three forest transition pathways, their drivers, and their relative ecological outcomes. Note: The final column represents
the potential amount of each service that would be expected to return during a transition, relative to the other transition types.
(NTFP: nontimber forest product)

et al. 1994); a globalization pathway—a contemporary urban–
economic development pathway in which rural poor seek
employment and send back remittances from outside their
country, potentially reducing local agricultural activities (Aide
and Grau 2004, Hecht et al. 2006); and a state forest policy
pathway, in which “strong states” seeking to fulfill economic and
political agendas formalize land titling and conserve and plant
forests to arrest soil degradation, protect watersheds, or increase
the supply of forest products (Mather 2007, Meyfroidt and
Lambin 2008).
Local contexts and cultures create variations in the
aforementioned pathways, and as a result, the outcomes are not
easily quantified. Culture clearly influences the nature of new
forests and inflection points, and whether there is a forest
transition at all. Despite the importance of culture—Mather
(1992) suggested that changing environmental values, social
movements, and policies can also drive increases in forest cover
—neither Meyfroidt and Lambin (2008) nor Rudel et al. (2005)
emphasize cultural drivers. But during the forest transitions
observed in the United States, western Europe, and parts of Latin
America, forests have also returned as they have become more
valuable for cultural reasons. Cultural values, discourse, and
religion may deem forests important for aesthetics, recreation,
and spiritual appreciation of biodiversity and nature generally,
and thus contribute to the pathways of forest recovery described
by Lambin and Meyfroidt (2010). Globalization transitions have
occurred as conservation ideologies have spread (Brechin and
Kempton 1994, Schelhas and Pfeffer 2008); forests have returned
when communities protect them for spiritual reasons, as has
occurred in Himalayan forests (Lambin and Meyfroidt 2010), and
a recent forest landscape restoration “movement” is well poised
to produce regional transitions in the coming decade (Kull et al.
2007, Schelhas and Pfeffer 2008, Lambin and Meyfroidt 2010).

Cultural transitions, which occur even in the poorest counties
(such as Nepal), partially counter the idea that forest transitions
are driven mostly by economic factors and thus occur mainly in
wealthier, “developed” countries (Lambin and Meyfroidt 2010).
We examine the ecological outcomes of three different forest
transition pathways: economic growth, industrial plantation
reforestation, and smallholder agroforestry/on-farm trees. This
typology integrates the diverse social drivers of the
aforementioned pathways into a typology in which different
pathways are associated with distinct ecological outcomes (Fig.
1, Fig. 2). Our typology reflects the economic growth versus forest
scarcity dichotomy described by Rudel et al. (2005), but it also
splits their forest scarcity pathway (as per Lambin and Meyfroidt
2010) to distinguish industrial plantation reforestation (large,
commercial tree plantations, generally implemented by strong
states and commercial forestry interests) from smallholder
agroforestry intensification (smaller scale tree planting and
assisted regeneration, generally undertaken to provide local forest
goods and services). We also consider the effect of cultural factors
on landholders’ actions in situations of both forest scarcity and
economic growth (Mather 1992, Robbins and Fraser 2003,
Redman and Foster 2008) through our four case studies. We
elaborate on each pathway of our social-ecological typology to
illustrate how each produces different ecosystem goods and
services (Fig. 2).
The economic development pathway can occur when countries
or regions urbanize, agriculture modernizes, and opportunities
for work and education in cities draw people off the land. As a
result of both a reduction in on-farm labor capacity and the
increasing availability of labor-reducing technology for
agricultural production, farmers mechanize and intensify
production on flatter, more fertile land, and abandon marginal
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lands (Rudel et al. 2005). In some cases, forests have regenerated
spontaneously on these lands (Bentley 1989, Aide and Grau 2004,
Daniels 2010). Similarly, forests have regenerated when economic
collapse and withdrawal of government subsidies induced farmers
to abandon agricultural land, as occurred in Cuba and Eastern
Europe after the fall of the Soviet Union (Kuemmerle et al. 2011,
Alvarez et al. 2013).
The type of forests produced by economic-driven transitions
varies with context and the surrounding forest landscape.
Vegetation regenerating on abandoned land ranges from lush,
productive forests where land remains fertile and seed sources are
nearby (Thomlinson et al. 1996, Chazdon 2003, 2008) to grasses
and shrubland where land is too degraded for regrowth without
intervention (Holl et al. 2000, Wilson and Rhemtulla 2016).
Regrowth in areas surrounded by intact forest tends to have more
native species, higher diversity, and spatial connectivity than that
in extensively cleared areas (Holl et al. 2000, Sloan et al. 2015).
In peri-urban areas, new forests produced by economic growth
(e.g., managed parks, plantations) sometimes resemble the
“simplified” forests produced by forest scarcity transitions, and
often contain relatively high proportions of non-native species.
These forests can also be ephemeral, subject to clearing if land
values rise (Grau et al. 2003, Padoch 2007, Padoch et al. 2008,
Lugo 2009, Gutierrez and Grau 2014). Forest species composition
and integrity will vary depending on whether landholders
abandon lands outright or maintain a reduced or iterant presence
in the landscape (Hecht and Saatchi 2007) and whether migration
is long distance and thus more “permanent” or local/cyclical
(Waters 1997, Schmook and Radel 2008).
If forests are perceived as scarce at the country, regional, or local/
household level, forest cover may expand as people intentionally
plant trees (Mather 1992, Rudel et al. 2005, Rudel 2009).
Governments may subsidize plantations to produce forest goods
and commodities (e.g., timber, palm oil) or to stabilize land in
regions degraded by deforestation (Mather 1992, Rudel et al.
2005, Sloan 2016), thereby potentially producing industrial
plantation transitions. These forests differ from natural forests
but are nevertheless included in many national and global
estimates of tree and forest cover (FAO 2015, Chazdon et al. 2016).
State-driven reforestation is mediated by social and cultural
processes and so does not necessarily reflect “objective” forest
scarcity. It can also occur where prices signal perceived scarcity
(as in Indonesia) or a lack of essential forest services (as in
Vietnam) (Mather 2007). Similarly, at the regional level,
communities and municipalities may plant trees to protect or
restore ecosystem services, such as water or nontimber forest
products (NTFPs) (Wilson 2015), or to supply forest products for
increasing demand (e.g., fuel for the steel industry in Brazil)
(Sonter et al. 2014). At both national and regional scales, the
distribution of “new forests” in scarcity-driven transitions is
heavily influenced by land values, and is sometimes confined to
unproductive uplands that are relinquished or disused by other
land users (Grau et al. 2003, Laclau 2003, Padoch et al. 2008),
although market signals or local values may occasionally invert
these expected “core-periphery” patterns (Foster and Rosenzweig
2003, Sloan 2016).
On a local scale, the scarcity of forest products (i.e., firewood,
timber, food crops) and services (i.e., soil maintenance, erosion

control, shade) can drive smallholders to plant or protect forest
cover in and around farms to enhance household production and
resilience, thereby producing smallholder agroforestry transitions
(Reij et al. 2005, Reij 2006, Rudel 2009, Wilson 2015). Although
practiced at small scales, widespread agroforestry intensification
has produced significant national-scale gains in forest cover in the
African context (Reij 2006). Compared to other forms of
reforestation, agroforestry tends to be labor intensive and often
highly utilitarian; thus, agroforests often correlate positively with
rural population density (Rudel et al. 2005, Rudel 2009).
Regardless of scale, scarcity-driven transitions (both industrial
plantation and smallholder agroforestry) will usually produce
human-created forests (plantations, agroforests) with different
social-ecological properties from the forests that were originally
cleared (Fig. 1, Fig. 2). In particular, these utilitarian forests often
have a simpler structure (tree size, age, species composition) than
primary forests, and contain species with high commercial value
or multiple uses (Wilson and Rhemtulla 2016). This ecological
simplification is generally greater for industrial plantations than
for agroforests (Bhagwat et al. 2008, Chazdon et al. 2016).
Changes in culture and social processes shape the aforementioned
pathways, and can also lead to forest regrowth. Forest cover may
increase because people encourage or permit forests to return for
recreation or spiritual reasons because they believe forests possess
intrinsic value, or to conserve biodiversity. Cultural changes can
be prompted by economic development (Stern 2004) combined
with forest scarcity (Wilson 2015), as when, for example, a growing
middle class desires forests for recreation and natural amenities
(Locatelli et al. 2017). But cultural changes are also shaped and
motivated by social movements and processes that operate across
these paradigms. Changes in how people perceive or value forests
may be realized far from their original source through
globalization: the rise and global spread of environmentalism
(Brechin and Kempton 1994, Schelhas and Pfeffer 2008);
international initiatives (e.g., the Bonn Challenge, which aims to
restore 150 million hectares of deforested land by 2020, and the
UN Sustainable Development Goals) (Kull et al. 2007, Schelhas
and Pfeffer 2008, Lambin and Meyfroidt 2010); tree planting
cultures and associated organizations and campaigns (Brechin
1997, Cohen 2004); and social demand for forest-grown crops,
such as shade coffee (Perfecto et al. 1996). Local, cultural-driven
initiatives can also produce transitions when local communities
install biodiverse, native forest restoration plantations (Diaz et al.
2009, Piotto et al. 2010, Potvin et al. 2011), as occurred during a
forest-oriented “back to the land” sustainable production
movement in Ecuador (Wilson 2015). Cultural shifts can therefore
operate across other types of pathways, and produce a variety of
different forest types in a range of different contexts.
ECOLOGICAL OUTCOMES OF FOREST TRANSITIONS
Forest transitions, like all land use and cover changes, have
implications for biodiversity and ecosystem function. However,
these are often poorly appreciated because the forest-transition
literature addresses changes to overall forest cover, and ignores
ecologically important characteristics such as forest age, species
composition, vertical structure, or all but the most severe levels
of degradation (Lund 2009, FAO 2011, Hansen et al. 2014, Putz
and Romero 2014, Tropek et al. 2014, Chazdon et al. 2016, but
see Kauppi et al. 2006). Different types and ages of forests are
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known to support different types of species, biodiversity, biomass,
and other structural and functional features (Bhagwat et al. 2008,
Dent and Wright 2009, Klanderud et al. 2010, Chai and Tanner
2011, Martin et al. 2013, Putz and Romero 2014). However, forest
transition theory fails to systematically account for biophysical
differences in forest types and dynamics, including the amount and
distribution of primary forest remaining at the inflection point,
the rate and extent of forest recovery, and the types of resulting
new forests (Perz 2007). The following discusses such points in
relation to the ecological implications of a forest transition.
Forest cover inflection points and primary forest cover
In many regions around the world, more than half of extant forest
cover is secondary (including naturally regenerating and
plantations) (FAO 2015). New forests possess different ecological
and social attributes from primary forests, and from each other,
and ultimately provide different services and goods to both local
and global users (Pascarella et al. 2000, Kanowiski et al. 2005,
Bhagwat et al. 2008). The ecological implications of forest
transitions vary according to the degree to which primary forests
were cleared or degraded, and to which deforestation and
reforestation occur simultaneously. Areas of expanding and
retracting forest cover also often differ in geographic location (i.e.,
deforestation in the lowlands and reforestation in highlands),
which will affect the services provided after a transition, especially
in regions with steep topographic gradients (Redo et al. 2012, Aide
et al. 2013, Nanni and Grau 2014). If primary forests continue to
be cleared as forests regrow, or if inflection points occur at low
levels of forest cover, even large increases in forest cover may fail
to sustain forest ecological value (such as native species
biodiversity) compared to transitions that occur with more
remaining primary forest cover (Mather 1992, Gibson et al. 2011,
Dent and Wright 2009). Primary forests are important sources of
native propagules for nearby secondary forests (Dent and Wright
2009, Holl et al. 2000, Chazdon 2014); without them, the
biodiversity potential of secondary forests is greatly diminished
(Gibson et al. 2011).
The extent to which primary forests are depleted prior to a forest
transition is related partly to the drivers of the transition (Mather
1992) and the simultaneity of the drivers of deforestation and
reforestation (Grainger 1995, Sloan 2008). Forest scarcity
transitions are most likely when primary forests are depleted to
critical levels, but can begin even as primary forests are being
cleared (Grainger 1995, Mather 1992). In some cases, plantations
replace primary forests (Rudel et al. 2016), as occurred with oil
palm and acacia in Southeast Asia, which further degrades native
forests (Chazdon et al. 2016). The extent of primary forest
remaining at the time of a forest transition varied between
countries in the historical European context, partially driven by
demographic shifts, agricultural intensification, or other external
economic forces (Mather 1992). National inflection points have
occurred at increasingly greater levels of forest cover over the past
two centuries (Rudel et al. 2005), possibly due to global cultural
attitudes toward forest conservation, although the precise reasons
are unknown (Rudel, personal communication).
Ecosystem services from tropical secondary forests
Tropical secondary forest can take decades or even centuries to
attain the plant species diversity of primary forests (Lamb et al.
2005, Klanderud et al. 2010, Chazdon 2014). The ecological
properties of the new forests diverge from each other and from

primary forests in various ways depending on ongoing use and
management, past land use, landscape attributes, and species
available or used, factors which vary systematically among our
three forest-transition types.
Spontaneously regenerating forests
Where environmental conditions allow, forests spontaneously
regenerate when other land uses (e.g., agriculture, pasture) stop,
which can occur when land is abandoned or intentionally
protected (Chazdon 2014). In the forest transition literature,
researchers often attribute spontaneous regeneration to shifts to
more intensive farming practices, which lead farmers to abandon
marginal land and concentrate farming in the most fertile and/or
accessible areas, or to declines in agricultural activity following a
decrease in rural populations (Mather 1992, Aide and Grau 2004,
Rudel et al. 2005). But forests also sometimes fail to
spontaneously regenerate. Less productive areas with long
histories of land use and clearing are the least likely to recover
unassisted (Aide et al. 2010, Mulligan 2010, Young 2011).
Deforested areas dominated by non-native, sometimes invasive,
fire-prone grasses and other competitive vegetation can also
retard or preclude forest recovery (Aide et al. 2010).
Spontaneously regenerating forests often rapidly accumulate
above-ground biomass, and sequester large amounts of carbon,
although when both above-ground and soil carbon are
considered, most will still contain less biomass than a mature
forest even after 80 years (Martin et al. 2013, Chazdon 2014,
Poorter et al. 2016). However, the diversity and composition of
plant species in spontaneously regenerating forests often remains
different from primary forests for decades to centuries (Lamb et
al. 2005, Dent and Wright 2009, Klanderud et al. 2010, Chai and
Tanner 2011, Martin et al. 2013). Forest plant species composition
and diversity vary depending on duration and intensity of past
land use, the amount of remnant primary forest, and the available
species pool (which may include non-native tree propagules) (Uhl
et al. 1988, Aide et al. 2000, Guariguata and Ostertag 2001,
Chazdon et al. 2003, Foster et al. 2003, Styger et al. 2007, Cramer
et al. 2008). Spontaneously regenerating forests are also a source
of timber and nontimber products (e.g., food, medicines, and
firewood for many local peoples) and often contain more
culturally and economically “useful” species than do local
primary forests (Kirby and Potvin 2007, Wilson and Rhemtulla
2016).
Industrial plantations
In the tropics, industrial plantations are one of the most common
types of planted “forest,” and are often monospecific stands of
non-native species (such as teak, eucalyptus, pine, rubber, oil
palm) (FAO 2010, Rudel 2009, Payn et al. 2015). Plantations of
fast-growing trees can sequester large amounts of carbon at rates
that are higher than natural secondary forests (Kraenzel et al.
2003). This carbon may remain sequestered if harvested wood is
used for long-term construction and plantations are regenerated
(Oliver et al. 2014), but plantation reforestation remains a
relatively risky option for long-term carbon sequestration because
of their vulnerability to pest outbreaks, wind, and fire, which
release stored carbon to the atmosphere (Jactel et al. 2005, Abbas
et al. 2016).
Plantation trees may be harvested in as few as 10 years, thereby
quickly producing timber, fuel, or pulp, often at the expense of
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other ecosystem services. Some plantation forests house highly
diverse plant communities in their understories (Lugo 1997), but
some also emit toxins that prevent other trees from growing.
Managers also often employ techniques to minimize the
understory and natural tree recruitment. In general, plantations
have much simpler structures and accommodate fewer animals
and plants than do native forests (Healey and Gara 2003,
Kanowiski et al. 2005).
Plantation trees often grow well in harsh conditions but can also
degrade soils where, for example, fast-growing commercial species
(such as teak) that inhibit understory growth are established in
marginal areas (Healey and Gara 2003, Zhang et al. 2010).
Depending on the environment and their situation in the
landscape, plantations can enhance water resources and mitigate
floods, but they may also consume large quantities of water,
thereby reducing stream flow and groundwater recharge
(O’Loughlin and Nambiar 2001, Jackson et al. 2005). The net
effects of plantations on hydrological function are both unclear
and context dependant.
Agroforests and on-farm trees
On-farm trees include agroforestry systems, household
plantations (typically smaller and more diverse than industrial
plantations), windbreaks, and orchards, which are all designed to
stabilize, diversify, or intensify agricultural or pastoral activities.
Agroforestry encompasses a diverse range of systems from
planted hedgerows and pasture trees to crops (such as coffee)
grown in the understories of older native forest (Schroth et al.
2004). Agroforestry and other on-farm tree systems often involve
planting trees or assisting natural regeneration (Schroth et al.
2004).
The amount of carbon sequestered by agroforestry systems varies
dramatically with the type of system implemented. As with
plantations, many agroforestry and on-farm tree systems are not
designed to result in permanent forest cover but are instead grown,
cleared, or thinned, and then regenerated or replanted (Schroth
et al. 2004), which could compromise long-term carbon
sequestration and biodiversity benefits. These systems can also
provide a valuable refuge for many forest species in the landscape.
Wildlife species, however, are most often not the most threatened,
nor those in conflict with human population, such as large
carnivores or herbivores (Montagnini and Nair 2004, Jose 2009,
Power 2010, Tscharntke et al. 2012). In general, agroforestry
systems are more biodiverse than other types of agriculture but
still contain fewer native species than primary forests, with the
possible exception of regions where natural forests have relatively
low biodiversity (McNeely and Schroth 2006, Schroth and Harvey
2007, Bhagwat et al. 2008, Power 2010, Phalan et al. 2011, Reji et
al. 2011, Kremen and Miles 2012).
Agroforestry systems often produce food and other NTFPs in
relatively high quantities compared to both native forests and
plantations. Because agroforests are often implemented at a small
scale, they can be strategically positioned in the landscape to
maximize services; for example, in watersheds to protect water
resources, in erosion-prone areas, in buffer zones alongside
primary forest fragments to conserve biodiversity, and in
silvopastoral systems to increase pasture productivity (Nair and
Garrity 2012, Calle et al. 2013, McGroddy et al. 2015).

CASE STUDIES OF FOREST TRANSITION TYPES
To illustrate the diversity and changes in ecosystem services
produced by different types of transitions, we present case studies
from around the world where forest transitions of different types
have occurred (Boxes 1–4). Cases were selected that (1) describe
a range of different types of transitions; (2) have published studies
on the ecosystem services arising from those transitions; and (3)
are in locations where our co-authors have expert knowledge and
access to data on context and ecosystem services. We describe the
geography and history of forest and land use in each site, and
compare the services provided to a primary forest reference site
(Fig. 2, Boxes 1–4). We focused on ecosystem services that are
amenable to being directly compared (preferably quantitatively)
and that are highly regarded by people locally and globally.
New forests resulting from different transition types provide
different suites of goods and services (Fig. 3). We observed that
across all forest-transition types, compared to a primary forest
baseline, services that are directly useful to people (e.g., timber,
NTFPs) increased, while services with less direct/obvious utility
(e.g., biodiversity) were lost (Fig. 3). This is consistent with other
reviews of ecological service trade-offs following reforestation in
montane areas (Locatelli et al. 2017), and highlights the
anthropogenic nature of emergent forest landscapes and their
ecosystems (Lugo 2009). The case studies also illustrate that
spatial patterns of new forests are important: in all our case
studies, reforestation was concentrated in proximity to water
sources or aquifers, which resulted in relatively high water
provision services per unit area of forest post transition.
Fig. 3. The services resulting from different forest-transition
types based on case studies. Each service was compared to a
primary forest baseline in the country in which the transition
was occurring, and was given a score from -3 to 3 based on
studies that quantified or described the services found in the
secondary forests in each. A negative value indicates a
reduction in a given ecosystem service after the forest-area
inflection point relative to provision levels of primary forest; a
positive value indicates an increase in a given ecosystem service.
(NTFPs: nontimber forest products)
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Box 1. Plantation forestry: Misiones, Argentina
Geography: Misiones is a province (c. 30,000 km2) in subtropical
Argentina (24–26º S), which contains one of the largest
continuous areas of Atlantic Forest, a highly diverse ecoregion.
History: Misiones reached the lowest point of forest cover area
in the 1990s (Chevez and Hilgert 2003) when government
initiatives to halt deforestation included creating a biosphere
reserve and several provincial reserves.
New forests: New forests expanded primarily as plantations of
North American pines (Pinus ellioti and P. taeda) for pulp, paper,
and saw wood. Plantations, owned by large companies, were
established primarily on land that was previously used for shifting
agriculture and established managed landscapes, which created
riparian forest belts and corridors between native forest patches.
Native forest cover has since remained stable, and because
selective logging has decreased in protected areas, forests are likely
recovering biodiversity. Shifting agriculture, the main historical
driver of deforestation, has slowed due to government restrictions
and rural–urban migration (Izquierdo et al. 2011).
Ecosystem services and products: Biomass and carbon content in
these tree plantations have been found to be even higher than in
native forests (Fassola et al. 2009). The strategic placement of
these plantations in watersheds and erosion-prone areas means
that per unit forest area, the watershed and soil services they
provide are also greater (Izquierdo and Clark 2012). Plantations
have much lower biodiversity than native forests but they do
provide habitat for some species, especially in association with the
corridors, and they frequently act as buffers of native forests,
which limits access and expands the habitat for jaguars, peccaries,
and other large vertebrates (Di Bittetti et al. 2006, Paviolo et al.
2008, Zurita et al. 2006). The economy of the province is
dependent on forests for both industrial forest products and
tourism (Izquierdo et al. 2008). Plantations are not used for
recreational or aesthetic purposes (but they buffer protected areas
that are). Tree plantations produce large volumes of timber and
pulpwood. Nontimber forest products have declined because
plantations produce primarily timber, and access to native forests
by local populations is increasingly restricted by protected areas
and plantations.

Box 2. Agroforestry: African Sahel
Geography: The Sahel is a semi-arid (rainfall 100–600 mm year-1)
transitional ecoregion between the subtropical Sudanian
woodlands to the south and the Sahara Desert to the north. It is
dominated by savanna, grasslands, and scrublands.
History: People traditionally practiced extensive or migratory
grazing, and cultivated millet and sorghum for subsistence.
Following the droughts of the 1970s and 1980s, the Sahel
(particularly in Chad and Burkina Faso) experienced a “greening”
as precipitation levels returned to normal (Herrmann et al. 2005,
Hickler et al. 2005, Olsson 2012, Seaquist et al. 2009) and people
adopted adaptive land management techniques (Rasmussen et al.

2001, Mortimore and Turner 2005, Olsson et al. 2005, Reij et al.
2005, Reij 2006, Reij and Waters-Bayer 2014).
New forests: In response to droughts, landholders intensified soil
and water conservation by protecting young forest to increase
agro-ecological production and resilience (Reij 2006), and, to a
lesser degree, planting trees (Reij et al. 2005). These practices
produced forests with tree density that was comparable or
superior to unmanaged woodlands (Mortimore and Turner 2005,
Reij et al. 2005). Most new forests grew in managed areas and
areas with relatively high population density, even as people
continued to degrade forests along open-access peripheries
(Mortimore and Turner 2005, Mortimore and Adams 2001). A
perceived shift in economic rights to trees from the State to
individual landholders greatly enhanced these efforts (Reij and
Waters-Bayer 2014).
Ecosystem services and products: Carbon sequestration is
significant (Olsson 2012) as new, dense forests span vast areas
(Mortimore and Turner 2005, Reij 2006). Biodiversity likely
increased as new forests contained many rare native tree species
(89% of such species were found exclusively on managed lands)
(Reij et al. 2005). Fuel wood and timber also increased
(Mortimore and Turner 2005, Rudel 2005: Ch.7), but no other
data on NTFPs are available. Higher water tables (> 5 m) and
local rainfall (+30%) have been attributed to soil and water
conservation efforts, including reforestation (Reij et al. 2005).
Cereal yields (Reij et al. 2005) and fodder also increased following
reforestation (Mortimore and Turner 2005, Rudel 2005: Ch.7),
but this is indirectly and partially attributable to increased tree
cover.

Box 3. Spontaneous regeneration: Guanacaste, Costa Rica
Geography: Guanacaste is a province (10,141 km2) in
northwestern Costa Rica (10.6° N). Volcanic mountains in the
east drop down to a broad alluvial plain and beaches on the Pacific
coast. Natural vegetation is predominantly tropical dry forest.
History: Widespread deforestation reduced forest cover to 23.6%
of the province by 1975. Driven by international beef markets
and favorable policies for cattle, an expanding road network
allowed smallholders who were pushed out of other regions of
the country to colonize land, and government policies encouraged
forest clearing (Calvo-Alvarado et al. 2009).
New forests: After a period of very low deforestation rates from
1979 to 1986, forest cover began to increase and expanded to
47.9% of the province by 2005 (Kleinn et al. 2002). The transition
is attributed to urbanization, a decline in the beef industry, a sharp
drop in agricultural employment, a rise in service sector
employment (particularly tourism), agricultural intensification in
the lowlands, and conservation policies, including the
establishment of protected areas, payments for ecosystem
services, and restrictions on timber extraction and forest clearing
(Calvo-Alvarado et al. 2009, Daniels 2010, McLennan and
Garvin 2012). Spontaneous regeneration dominates the new
forests, although the earliest regrowth on hilly terrain with coastal
views was later cleared and fragmented for tourism and real estate
development (Calvo-Alvarado et al. 2009), and tree plantations
are concentrated on flatter land (Morera et al. 2007).
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Ecosystem services and products: Carbon stocks in primary forest
are much higher than in regenerating forest (after nine and 21
years) (Hall et al. 2012). New forests are often strategically located
in “forested protection zones” that have been created to provide
drinking water and biodiversity corridors, and address stream
corridor protection laws, and water improvement per unit forest
area is likely high (Mata 2004). Biodiversity is highest in primary
forest, but regenerating forests tend to have higher biodiversity
than both plantations and nonforest areas (Hall et al. 2012). As
forests recover, biodiversity increases due to increased habitat,
greater connectivity, and lower edge-to-area ratios (Hall et al.
2012). However, because of complex pollination and migration
patterns, fragmented landscapes are unlikely to approach the
biodiversity of intact forest (Frankie et al. 2004). Most harvested
timber comes from teak plantations (Piotto et al. 2004). The shift
from rural to urban lifestyles, and a sharp decline in households
cooking with fuel wood likely means that NTFPs (including fuel
wood) are decreasing in importance to livelihoods (CalvoAlvarado et al. 2009).

Box 4. Mixed transition: Intag Valley, Ecuador
Geography: The Intag Valley (Imbabura, Ecuador) is a region in
western Andean Ecuador. The valley is located 1100–3700 m
above sea level, and receives 1600–2400 mm of precipitation per
year. Vegetation ranges from premontane to upper montane cloud
forest, with grasslands at higher elevations.
History: Intag’s dense cloud forests were cleared rapidly in the
1970s, 1980s, and 1990s for agriculture and cattle ranching
(Sarmiento 2002, Kocian et al. 2011). Forests were felled
(sometimes after extracting timber), burned, planted with crops,
and then converted to pasture. Like many Andean landscapes,
soil fertility has declined over the past several decades (Jokisch
2002, Mayer 2002). Between 1991 and 2001, pastures and
cropland expanded at the expense of intact and degraded forests,
and the northeast portion of the valley lost 37% of its primary
forest (Wilson 2015).
New forests: In response to severe declines in water quality and
to seasonal droughts that followed deforestation, in the 1990s a
local NGO helped communities establish more than 40
community-based watershed reserves for reforestation. The forest
cover inflection point occurred in the early 2000s at 40% cover,
and between 2001 and 2010, forests returned on 26% of the land
area for a net increase of 3%. Forests returned through adopting
agroforestry, planting native species along waterways, and
spontaneous regrowth on agricultural land and pastures.
Ecosystem services and products: The carbon stock of primary
forests in the region remains six times greater than in young
naturally regenerating and restored forests (S. Wilson, unpublished
data). Primary forest diversity is two times greater than in planted
forests and four times greater than in spontaneously regenerating
forests, which tended to be species poor and dominated by early
successional species with low wood density. Planted forests had
much higher tree diversity than spontaneously regenerating
forests (Wilson and Rhemtulla 2016), while agroforests had
intermediate diversity (S. Wilson, unpublished data). Residents

reported improvements in water quality as new forests (natural,
planted, agroforestry) were frequently established around
waterways. However, compared to past conditions, water quality
and quantity are still low and will likely take years to return to
predeforestation conditions (Bruijnzeelet al. 2010). In the process
of planting trees, people came to value them for the services they
provide and developed new uses for them. The main forest
products are fuel wood and timber. Planted forests contain more
species that are used for timber, while naturally regenerating forest
contain more species that are used for firewood. Planted forests
contain more NTFP species (used for fertilizer, food, livestock
fodder, and medicine) than both primary and naturally
regenerating forests. Returning forests thus have both higher
timber and NTFP potential value per unit forest area than do
primary forests (Wilson and Rhemtulla 2016).

FOREST ECOSYSTEM-SERVICE TRANSITION CURVES
Our literature review and case studies demonstrate that different
socio-economic changes yield different types of reforestation,
ultimately giving rise to different suites of ecosystem services.
These suites change and develop nonlinearly over the course of
forest transition as forests mature and grow. To describe this
development of ecosystem services coincident with reforestation,
we propose conceptual “forest ecosystem-service transition
curves” (Fig. 4), which illustrate how the type, amount, and
trajectory of how ecosystem services change over the course of
each transition type. These curves provide a framework for
visualizing the ecosystem services that are likely to result from
different types of transitions, and for estimating the long-term
impacts of a transition from primary to secondary forest cover in
different contexts. The conceptual curves presented here simplify
the variability in actual reforestation outcomes, and are not
intended to be rigorously quantitative (Norden et al. 2015).
Instead, they indicate the relative amount of a given service that
we might expect following a given type of forest transition. These
estimated outcomes are based on our summary of the literature
and consultations with leading experts in ecology, land use, cover
change, and secondary forests through the PARTNERS
reforestation research network (http://partners-rcn.org/).
The ecosystem-service curves illustrate the ecological implications
of different forest transition types at local, national, or regional
scales (Vallet et al. 2016). At a given scale, the suite of ecosystem
services produced will depend on the dominant type of
reforestation. To examine patterns and identify the ecological
implications of these suites over time, in the next section we
estimate the global distribution of different types of reforestation.
GLOBAL DISTRIBUTION OF FOREST TRANSITION
TYPES
We estimated to what extent the new forest types (corresponding
to our forest transition types) have expanded in different countries
around the world. This analysis illustrates the relative global
extent of different forms of reforestation and, by extension, their
suites of ecosystem services. But more importantly, it pilots our
curves as a framework for evaluating the ecological effects of
forest transitions.
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Fig. 4. Forest ecosystem-service transition curves. The total
forest cover depicted in a classic forest-transition curve is
indicated by a solid line. Each panel shows conceptual curves of
how quickly a given service recovers relative to forest area for
each type of forest transition. (NTFP: nontimber forest
product)

values are likely to be less common. On the other hand,
plantations are often intentionally established for utilitarian
purposes and have a clear role in human-dominated landscapes,
which may increase the likelihood that they persist.
Regions with lower population densities (e.g., the boreal northern
latitudes and South America) tend to show transitions through
spontaneous regeneration, as did the higher population density
Asia–Pacific region (Rudel et al. 2016). Spontaneous regeneration
transitions were the most common type in the global south,
generally, possibly due to high levels of rural–urban migration
throughout (Aide and Grau 2004, Güneralp and Seto 2013, Hecht
et al. 2015). This pattern contradicts the profile of the “tropical
forest transition” defined by FAO Forest Resources Assessment
data, which suggests that most tropical forest transitions occur
through plantation reforestation (Sloan and Sayer 2015). The
ecological implications of this difference are enormous; while
plantation transitions tend to yield lower biodiversity,
biodiversity in spontaneously regenerating forests can be
relatively high. That most of the countries in our analysis
experienced transitions through spontaneous regeneration is thus
good news for biodiversity, especially as these transitions occurred
disproportionately in the global south and Latin America, where
from a global perspective, forest biodiversity tends to be highest
(Aide and Grau 2004, Kreft and Jetz 2007).
Agroforestry and mixed transitions types are most common in
Europe and in archipelagoes (Caribbean, Philippines) (Fig. 6B).
Europe has many private, small-scale forests and sustainable
forest management enterprises (Nabuurs et al. 2007, MacDicken
et al. 2015), which could explain the prevalence there. Food
production and associated services (e.g., water) are expected to
result from transitions in the Philippines and the Caribbean.

In our analysis, we estimated the dominant form of reforestation
(plantation, agroforestry, natural, and mixed) for the 52 countries
with the greatest gross gains in forest cover from 2000 to 2012,
proportional to the national area (Table 1, Fig. 5). Plantation
reforestation was characterized by recently established tree
plantations, agroforestry by forest regeneration on nominal
agricultural lands, and spontaneous regeneration (likely owing to
economic growth) by forest regeneration in other areas. We also
defined a “mixed” reforestation class in which plantation
reforestation and either agroforestry or spontaneous regeneration
both occur at high levels (> 40%) in a given country (Table 1).
Our methodology is summarized in Appendix 1, and the final
national classification is presented in Table 1.
Prevalence of different types of regrowth globally
In general, most countries experience appreciable regrowth of
more than one forest type (Fig. 6A), which illustrates the
complexity of forest transitions. However, several trends are still
apparent with respect to regional ecological service transitions.
The dominant reforestation types tend to group regionally (Fig.
6). Plantation forests account for most of the new forests in
regions with higher population densities (e.g., Central America,
Western Europe, Japan, parts of Southeast Asia). This pattern
would imply that timber, fibers, and short-term carbon
sequestration are likely the dominant services derived from
transitions, while biodiversity, NTFPs, and aesthetic or spiritual

Overall, our global analysis shows that forest transitions produce
different “types” of new forests in different contexts, which lead
to different groups of services that are geographically distributed.
Anticipating the services that will result from a given transition
type will help managers, governments, communities, and policymakers understand, anticipate, and plan for the present and future
services that people can expect to receive from forests transitions,
locally and globally.
CONCLUSIONS
Forest transition theory has provided a powerful framework for
describing an important and previously neglected process of
forest cover expansion. The use of a simplified metric—
undifferentiated forest cover—facilitated the wide application of
this theory (Rudel et al. 2005, Chazdon et al. 2016). However,
forest cover alone tells us little about the ecosystem services forest
transitions provide, as they are driven by a variety of socialecological drivers that produce different forest types with different
ecological functions, and ultimately, different ecosystem services.
Our forest ecosystem-service transition curves provide a
framework for understanding this global forest change that goes
beyond coarse estimates of forest cover (Fig. 1, Fig. 4). This
framework illustrates how the benefits of reforestation change
over time as forests are cleared and return in different contexts.
Linking underlying social and ecological conditions with the
different new forests they produce and the associated levels of
goods and services can help planners and policy-makers promote
and adapt different strategies for forest recovery.
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Table 1. The 52 countries with the highest national proportional gross forest cover gain, and their dominant forest transition type. The
dominant forest transition type was identified by the type of forest cover that accounted for most of the recovery (> 50%). When no
forest type made up more than 50%, the transition was recorded as “mixed”. Since FAO forest resource assessment estimates of plantedforest gain are independent of Hansen estimates, forest gains through different pathways add to more than 100% when planted forest
gains occur.
Forest transition type determination
Country

Russia
United States
Canada
Brazil
Indonesia
Malaysia
Sweden
Chile
Finland
South Africa
New Zealand
Vietnam
France
Poland
Thailand
Uruguay
Spain
Madagascar
Belarus
Ukraine
Laos
Portugal
Philippines
Germany
Japan
Ivory Coast
Cuba
Latvia
Romania
Hungary
Czech Republic
Ireland
Lithuania
Cambodia
Guatemala
Liberia
Estonia
Austria
Swaziland
Slovakia
Sierra Leone
Dominican Republic
Costa Rica
Belgium
Denmark
Solomon Islands
Fiji
Brunei
Jamaica
Puerto Rico
Mauritius
Luxembourg

Gross forest gain
2
(km )

Gross forest
gain (as % of
national area)

Agroforestry gain
(as % of gross
forest gain)

162292
138082
91071
75866
69701
25798
15281
14611
10849
8313
7102
5643
5062
5041
4992
4965
4482
4051
3755
3529
3379
2866
2726
2582
2570
2298
2271
1857
1530
1350
1331
1238
1226
1096
1094
1084
894
658
603
523
451
393
382
373
322
203
119
88
68
64
30
27

0.98
1.52
1.07
0.9
3.7
7.86
3.71
1.59
3.56
0.7
2.68
1.75
0.92
1.65
0.95
2.95
1.03
0.69
1.8
0.62
1.48
3.22
0.92
0.74
0.72
0.73
2.1
2.93
0.66
1.46
1.69
1.75
1.93
0.62
1
1.12
2.05
0.78
3.47
1.06
0.62
0.81
0.74
1.24
0.79
0.74
0.67
1.54
0.62
0.72
1.56
1.04

19.0
10.0
21.0
15.9
30.2
39.0
1.7
9.6
2.8
5.0
6.5
38.8
47.0
46.5
70.5
13.7
33.7
18.6
48.5
53.8
8.4
14.9
53.9
30.1
13.6
24.6
88.1
26.6
37.9
76.0
36.4
3.7
43.0
19.4
39.8
11.6
25.6
17.3
3.3
22.4
13.6
71.6
54.9
26.3
59.6
9.2
26.8
25.0
65.6
68.5
82.8
40.8

Natural
Plantations gain
regeneration gain (as % of gross
(as % of gross
forest gain)
forest gain)
81.0
90.0
79.0
84.1
69.8
61.0
98.3
90.4
97.2
95.0
93.5
61.2
53.0
53.5
29.5
86.3
66.3
81.4
51.5
46.2
91.6
85.1
46.1
69.9
86.4
75.4
11.9
73.4
62.1
24.0
63.6
96.3
57.0
80.6
60.2
88.4
74.4
82.7
96.7
77.6
86.4
28.4
45.1
73.7
40.4
90.8
73.2
75.0
34.4
31.5
17.2
59.2

10.0
20.3
34.5
29.6
-1.8
5.7
3.7
30.7
87.4
4.7
0.4
259.1
7.9
48.4
175.3
62.2
39.0
35.3
43.9
25.8
37.0
25.5
9.2
0.0
-1.9
33.1
63.4
-43.6
29.4
76.3
14.3
84.0
48.9
-9.1
73.1
0.0
-2.2
0.0
-16.6
1.9
15.5
0.0
99.5
-32.2
142.9
-4.9
395.0
22.7
-14.7
0.0
0.0
0.0

Forest transition type

Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Mixed reforestation
Natural regeneration
Natural regeneration
Plantation
Natural regeneration
Mixed reforestation
Plantation
Mixed reforestation
Natural regeneration
Natural regeneration
Mixed reforestation
Agroforestry
Natural regeneration
Natural regeneration
Agroforestry
Natural regeneration
Natural regeneration
Natural regeneration
Mixed reforestation
Natural regeneration
Natural regeneration
Mixed reforestation
Natural regeneration
Mixed reforestation
Mixed reforestation
Natural regeneration
Mixed reforestation
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Natural regeneration
Agroforestry
Plantation
Natural regeneration
Plantation
Natural regeneration
Plantation
Natural regeneration
Agroforestry
Agroforestry
Agroforestry
Natural regeneration
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Fig. 5. Gross increase in forest cover as a percentage national area, for the top 52 countries, 2000–2012.
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We have provided an overview of forest and ecosystem-service
transitions, combined with detailed local examples. The “forest
ecosystem-service transition” concept will only become more
rigorous and applicable for describing services gained and lost as
global data sets are improved and systematically linked to detailed
case studies. Our global analysis of regionally dominant
reforestation types was limited by a lack of consistent global data
sets that differentiate between secondary forest types (Hansen et
al. 2013, Chazdon et al. 2016). This limitation highlights a need
for global spatial data on agroforestry, which currently do not
exist, and for better remote sensing products generally that
discriminate between new forest types. Although some techniques
exist to identify changing forest types over time (Fagan et al. 2015),
they have been applied only at relatively small scales. Combining
satellite-based indicators of ecological function with census
statistics on land use and human population, or with participatory
remote sensing methods, are potential avenues to yield a more
rigorous classification of forest types (Chazdon et al. 2016). A
complementary and promising (but labor-intensive) avenue is
visually interpreting agroforestry and planted forests using highresolution satellite imagery, as has been conducted at regional
scales (Miettinen and Liew 2010) and for select countries (World
Resources Institute Global Forest Watch http://www.
globalforestwatch.org/).
Case studies provide nuanced analyses that integrate diverse
economic and cultural factors, show complex patterns of forest
recovery, and provide corresponding data on ecosystem services,
as we have demonstrated. Meta-analyses of case studies could
potentially refine our ecosystem-service transition models. But to
date, case studies that track multiple services over time are rare,
and case study data are often incomplete. We found many cases
where one or a couple of ecosystem services were quantified, but
the scope for quantitative comparisons was limited by a lack of
consistency among cases in terms of which services were
measured, by which metrics, and relative to which baseline. Case
studies are needed that (1) examine a broad array of ecosystem
services produced by different types of secondary forests at
different ages, and (2) use comparable sets of metrics to assess
these services. The forest ecosystem-service framework could
serve as a guide to design studies at specific locations that
represent important cases of interest.
Despite data limitations, our analysis illustrates why and how
forest transitions differ from each other, socially, ecologically, and
regionally. The proportion of different forms of reforestation and
their corresponding suites of ecosystem services vary dramatically
among different world regions. According to our framework and
global analysis, biodiversity is likely relatively high (relative to
other forms of reforestation) in the global south, and in particular,
Latin America (although it is still lower than in the primary forests
that were cleared). The production of timber, carbon, and fibers
is likely high in plantation transition regions in the Western
Europe and the Asia–Pacific regions, perhaps in part because the
scarcity of these services is felt more acutely in these areas of high
population density (Mather 1992, Rudel et al. 2005). A wide range
of services likely occurs in the Philippines, Caribbean, and other
parts of Europe, areas which have mixed transitions and
agroforestry transitions.
Our case studies show that patterns in the types of new forests
reflect differences in underlying social, economic, and ecological

conditions. This creates both challenges and advantages in terms
of both the ease of promoting forest recovery (through education,
policies, and management), and in anticipating the suite of
ecosystem services they ultimately produce (Sloan 2015, 2016).
However, new forests and forest transitions provide an important
opportunity to partially reverse historical environmental
degradation. Because different forest transition types enable
different cobenefits, policy-makers and practitioners can use our
framework to guide choices about what types of transitions to
promote to achieve specific end goals at regional and global scales,
as in the context of REDD+ or multilateral reforestation
initiatives like the Bonn Challenge.
Our study points to a particular win-win in that forest transitions
are likely to enhance soil and watershed conservation, since new
forests tend to be located in riverine and steep areas where
competition with industrial agriculture is minimized. This pattern
occurs both because of intentional actions (i.e., establishing
plantations or forests to protect water supplies) and as a
byproduct of agricultural intensification (i.e., when farming
technologies are introduced and marginal land is abandoned),
and it can be strategically built upon elsewhere.
With respect to planning for different services, carbon
sequestration will be comparatively lower in agroforestry
transitions, whereas biodiversity recovery is likely to be lower in
industrial plantations. Naturally regenerating forests usually have
highest biodiversity and relatively large biomass but tend to
provide less provisioning and economically valuable services.
Understanding the tendency for different socio-economic drivers
to produce different forest-transition types provides us with an
opportunity to promote and manage new forests in a way that
meets the needs of populations, and to contribute to
environmental goals, such as mitigating climate change and
biodiversity loss. We encourage other researchers to elaborate on
and test the forest ecological-service transition curves we have
outlined, and to develop this framework for policy application.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses.
php/9615
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Appendix 1. Categorizing countries by forest transition (FT) type.
The aim of this analysis was to provide and pilot a framework for evaluating the
ecological impacts of forest transitions, which will become more useful as remote sensing
technology improves our ability to distinguish between different types of secondary forest. To
understand where different types of transitions are occurring, and the relative scales at which
different packages of ecosystem services are unfolding globally, we classified countries with
high levels of reforestation (Figure 2) according to their apparent predominant forest transition
type. First, we used satellite estimates from the Hansen dataset (Hansen et al. 2013) to select the
50 countries with the greatest national proportional gross forest cover gain between 2000 and
2012. These 50 countries included all continents (except Antarctica) and several biomes (Table
1). We then categorized each as undergoing either a forest plantation transition, an agro-forestry
transition, or a spontaneous regeneration transition. Because a number of countries had a
relatively even distribution of two or more forest types, we added a “mixed” forest transition
category with an even combination of plantations, agro-forestry or spontaneous regrowth.
Countries were group into one of these four types as follows: A national “forest plantation
transition” occurred where more than >50% of the gross forest cover gain according to Hansen et
al. (2013) was attributed to an increase in planted forest area from 2000-2010 according the FAO
FRA 2010 (FAO, 2010). Planted forests range from monotypic industrial plantations to seminatural forests propagated by assisted reforestation (FAO, 2010). An “agroforestry transition”
occurred where >50% of gross forest cover gain according to Hansen et al. (2013) occurred
within “agricultural” and “agricultural mosaic” lands of 2001 as mapped by the MODIS
MCD12Q1 global-land cover classification (Friedl et al. 2010), following the approach of Zomer
et al. (2014). The label of “spontaneous regeneration transition” was applied to any country not
satisfying these criteria for a forest-plantation or agro-forestry FT. In general, the spontaneous
forest transition label describes natural forest gain dispersed in large part outside agricultural
landscapes. The label of “mixed” forest transition was applied where forest cover was evenly
split between two or more types of cover
In the absence of better global data, agroforestry was necessary defined here simply as an
increase in forest cover on agricultural lands, as per Zomer et al. (2014). In practice, it is
ambiguous whether the agroforest extent thus calculated comprises forests and fallows managed
for agriculture (i.e., agroforestry) on still-occupied agricultural lands, or by natural regrowth on

abandoned agricultural lands. In the latter case, this would mean our agroforestry classification
would be conflated with a spontaneous regeneration transition in contexts of widespread
agricultural abandonment (Rudel et al. 2000). This data limitation speaks to the need for a
comprehensive global database of agroforestry, which at present time does not exist. Our
estimation here represents an alternative used elsewhere in the literature (Zomer et al. 2014).

Insights on linking forests, trees, and people from
the air, on the ground, and in the laboratory
Elinor Ostroma,b,c and Harini Nagendraa,d
aCenter

for the Study of Institutions, Population, and Environmental Change (CIPEC), Indiana University, 408 North Indiana Avenue, Bloomington, IN 47408;
in Political Theory and Policy Analysis, 513 North Park, Indiana University, Bloomington, IN 47405; and dAshoka Trust for Research in Ecology
and the Environment (ATREE), 659 Fifth A Main, Hebbal, Bangalore 560024, India
bWorkshop

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected on May 1, 2001.
Contributed by Elinor Ostrom, September 18, 2006

Governing natural resources sustainably is a continuing struggle.
Major debates occur over what types of policy ‘‘interventions’’ best
protect forests, with choices of property and land tenure systems
being central issues. Herein, we provide an overview of findings
from a long-term interdisciplinary, multiscale, international research program that analyzes the institutional factors affecting
forests managed under a variety of tenure arrangements. This
program analyzes satellite images, conducts social-ecological measurements on the ground, and tests the impact of structural
variables on human decisions in experimental laboratories. Satellite images track the landscape dimensions of forest-cover change
within different management regimes over time. On-the-ground
social-ecological studies examine relationships between forest
conditions and types of institutions. Behavioral studies under
controlled laboratory conditions enhance our understanding of
explicit changes in structure that affect relevant human decisions.
Evidence from all three research methods challenges the presumption that a single governance arrangement will control overharvesting in all settings. When users are genuinely engaged in
decisions regarding rules affecting their use, the likelihood of them
following the rules and monitoring others is much greater than
when an authority simply imposes rules. Our results support a
frontier of research on the most effective institutional and tenure
arrangements for protecting forests. They move the debate beyond the boundaries of protected areas into larger landscapes
where government, community, and comanaged protected areas
are embedded and help us understand when and why deforestation and regrowth occur in specific regions within these larger
landscapes.
deforestation 兩 reforestation 兩 research methods 兩 institutions 兩
monitoring and sanctioning

I

n one of the most influential articles written in the last half
century, Hardin (1) opened a major debate over the best property
rights system for controlling overharvesting of shared natural
resources.e Hardin recommended that governments impose public
or private ownership on all natural resources, because resource
users in what he called ‘‘the commons’’ are helpless to limit use
patterns. Many social scientists have pointed out serious problems
related to his assumptions and conclusions, including his confusion
of open-access resources with closed-access shared or corporate
resources (3, 4). Unfortunately, these strong critiques have not
penetrated policy circles that still recommend simple solutions to
the complex problems of resource governance. For example, many
analysts and conservation biologists assume that unless forests are
put under government ownership and protection, deterioration will
result. For these scientists, public ownership of forests, preferably as
a designated park, is the only way to achieve sustained conservation
over time (5–7).
Are Parks the Only Way?
Currently, ⬎100,000 protected areas exist around the world and
include ⬵10% of Earth’s forested areas (8). Many have received
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financial assistance from donors who have invested ‘‘heavily in
extensive background studies and elaborate plans’’ (ref. 9, p. 39).
Unfortunately, formal maps of these protected areas suggest a
precision that cloaks the fact that many are ‘‘paper parks’’ with no
effective control of their boundaries (10). Government-controlled
protected areas also have generated substantial conflicts with local
communities across the globe, in some cases threatening the
long-term sustainability of these programs (11).
Some large-N studies of the effectiveness of protected areas rely
on qualitative ratings by government officials and park managers
rather than field studies (12–14). These assessments may introduce
biases in the analysis and give rise to questions regarding subjective
variations in perceptions of effectiveness among different observers
(14–16). The much quoted study of protected area ‘‘effectiveness’’
by Bruner et al. (12) relies on a survey of park officials who were
asked to evaluate the conditions inside their own parks and within
a 10-km boundary outside the park. Asking people who have a
vested interest in a particular outcome can bias surveys, no matter
how large the sample, and it is not surprising the study found that
public, strictly protected areas are effective. There are much
sounder methods available for determining the relative success of
public protected areas with various management and protection
systems (16, 17). A recent metaanalysis of 20 studies of deforestation in and around protected areas, based on remote sensing,
suggested that 32 of the 36 protected areas in the studies had faster
deforestation outside the boundaries than within (ranging from
0.1% to 14% faster) (17). This finding suggests firmer evidence that
public protected areas may have some degree of effectiveness but
is also contradicted by studies like World Wide Fund for Nature
International’s examination (18) of ⬎200 protected areas in 27
countries, which found that many protected areas lack financial and
human resources and do not have effective control over their
boundaries. Because of these conditions, some areas endure extensive and frequent conflicts (11, 19). However, in a stimulating
new study, Nepstad et al. (16) broaden the debate by unpacking
tenure arrangements in protected areas. In evaluating the impact of
different tenure regimes, such as extractive reserves, indigenous
territories, and national forests in Brazil, they found that under
conditions of intense colonization pressures, strictly protected areas
are much more vulnerable to deforestation and fire than indigenous
reserves.
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and Mabry (2) noted that Hardin’s article was the most frequently cited scientific
article, having a major career impact by biologists included in their survey.
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The Challenge: Obtaining Reliable and Useful Data Regarding Forest–
People Relationships. Ecological systems rarely exist isolated from

human use. To understand observations of existing resource systems, one must link the biophysical aspects of a resource with the
ways that humans use and govern that resource and the incentives
facing users and managers (29, 30). Governing natural resources
sustainably is a continuing struggle (31). One must align the
incentives of participants with the challenges they face, acquire
adequate information concerning past and present conditions and
uses of the resource, generate projections regarding future scenarios, and achieve consensus concerning what rules and institutional
arrangements will govern the resource. The challenge of good
scientific observation of linked social-ecological systems is made
even more difficult because relevant variables operate at different
scales and their impacts differ radically (32). Thus, it is important
to develop better methods for studying these linked systems across
multiple levels.
Because of these challenges, scholars seeking to understand the
social-ecological factors related to forest management need to
conduct long-term research programs that use research methods
that focus at different temporal and spatial scales, such as timeseries remote images, repeated on-the-ground social-ecological
surveys of local stakeholders and their forests, and experimental
laboratory studies. It is important to link empirical results obtained
from multiple methods at diverse scales, in both natural and
laboratory settings, to achieve holistic and multiscale comprehension of resource management problems. Incongruities in findings
across scales should lead researchers to dig deeper into the reasons
for scale-dependent outcomes. Mutual consistency in results across
scales should reinforce the evidence. In this article, we provide an
overview of findings from a long-term interdisciplinary, multiscale,
international research program that studies factors affecting forest
cover. This program analyzes remotely sensed images, conducts
social-ecological measurements on the ground, and tests the impact
of structural variables on human behavior in the experimental
laboratory.
We focus on forests. Forests provide essential ecosystem services
for the entire globe and basic commodities such as timber and
nontimber forest products, help to regulate the world’s water
systems, and are the primary source of fuel for most of Africa and
Asia. Global forest cover is dynamic and nonlinear, with important
variations between and within temperate and tropical areas. For
Ostrom and Nagendra

From the Air: Over-Time Observations. Satellite remote sensing is the

most frequently used technique for mapping changes in forest cover
(38). When combined with on-the-ground observations, studies of
land-cover change enable us to analyze social incentives and actions
and explore environmental and social change (39, 40). Based on a
rigorous set of methods developed over the past decade at the
Center for the Study of Institutions, Population, and Environmental
Change (CIPEC), we have studied forests managed under a variety
fAfter

an excellent review of econometric data on tropical deforestation, Kaimowitz and
Angelsen (ref. 37, p. 104) concluded that they had ‘‘strong doubt about the value of
producing more global regression models’’; among the reasons for their warning was the
‘‘tendency to lose sight of strong micro-level relationships, which evaporate in the process
of aggregating data.’’
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example, the Millennium Ecosystem Assessment found that ‘‘deforestation in the tropics occurred at an average rate exceeding 12
million hectares per year over the past two decades,’’ whereas it also
found that ‘‘the global area of temperate forest increased by almost
3 million hectares per year’’ between 1990 and 2000 (ref. 33, p. 29).
But even within tropical forests, trends are not linear. Recent
research has argued that forest transitions of net forest regrowth
exceeding net forest loss are occurring in tropical forests in the
Americas from the Amazon to southeastern Mexico (24, 34). Much
of this forest regrowth in the tropics has been associated with the
presence of robust community institutions and兾or comanagement
partnerships between communities and national governments
(27, 28).
Thus, a basic question of key importance is ‘‘What types of policy
interventions will help support or create local institutions, supported by higher-level institutions, to protect current forests and
encourage positive local forest transitions?’’ Choices of property
systems and land tenure will be central for new policies and
institutional arrangements (27, 35). Finding answers to the question
of what factors affect the likelihood of sustaining and enhancing
existing forests and regeneration of past forested areas is important
if contemporary deforestation patterns are to be reversed. Considerable data has been collected regarding the levels of deforestation
and reforestation but at highly aggregated levels and for short time
frames (36).f Whereas public actors tend to respond to larger-scale,
regional-to-global socioeconomic and policy dynamics, the impact
of their decisions is mediated by local-scale ecology and social
structure (38). The relatively few long-term studies of forest growth,
lack of reliable and comparable datasets across multiple countries,
and relatively short time scales for which local-scale data are
available exacerbate the difficulties involved in multilevel comparative studies (39).
In this article, we describe insights obtained from a series of
explorations from the air (landscape scale), on the ground (forestpatch scale), and in the laboratory (individual decision-maker
scale). Remotely sensed images generate important information
regarding the landscape dimensions of forest processes and allow us
to go back in time. They provide reliable measures of land-cover
changes within different state and community management regimes. On-the-ground ecological and social studies provide evidence on variables associated with forest condition, which can be
associated with institution type and rules. They enable us to
understand how people living in or near a forest are organized (or
not), what kinds of institutions they generate (or don’t), what types
of incentives officials and users face, and how these factors shape
forest use and impact forest cover. Experimental laboratory studies
enable assessment of explicit changes in structure that affect
relevant human decisions and may suggest universal building blocks
that are also used in crafting human decisions on resource use, thus
enhancing efforts to understand issues such as overharvesting (23).
Behavioral studies under controlled laboratory conditions enhance our understanding of complex, multivariable, and multiscalar
human–forest interactions in the physical and social real world.

SUSTAINABILITY
SCIENCE

Thus, one should be skeptical of the claims that public protected
areas are the only effective way to conserve forests. On the other
hand, little evidence exists that turning forests over to local users is
a guaranteed method to achieve effective conservation. Some
communities manage their forests better than others (20–22).
Although strong evidence exists that local communities are capable
of creating robust institutional arrangements for governing local
resources sustainably (4, 23, 24), some analysts have gone overboard
and proposed community-based conservation as another cure-all.
This thinking has led some donor-funded efforts to turn control
over to local residents with a simple blueprint approach (25),
generating little community involvement and enabling local ‘‘elite
capture’’ of benefits (26).
It is becoming clearer that community management, under
direct ownership, government concessions, or other long-term
comanagement arrangements, has the capacity to be as effective
or, under certain conditions, more effective than public, strictly
protected areas (27, 28). The debate over the effectiveness of
strictly protected areas therefore needs to be extended to a much
larger landscape of tenure regimes that include various forms of
comanagement, in which local communities have substantial
management responsibilities and access to resources in and
around a park, and a wide variety of community management
types, from full ownership to community rights concessions on
public lands to private management.

Fig. 2. Electrified fence surrounding Mahananda Wildlife Sanctuary: keeping people out and wildlife in. (Photo by S. Pareeth, April 2004.)

Fig. 1. Multitemporal satellite image color composite of landscape surrounding MWS, India. Blue, band 2 from 1977 Landsat MSS; green, band 3
from 1990 Landsat TM; red, band 3 from 2001 Landsat ETM.

of tenure arrangements across the world. Some public protected
areas are protected only on paper, but effective management may
occur under public, community, comanaged, or private ownerships
(32, 41, 42). Formal ownership can be less important than the actual
rules and mechanisms used to manage forests on the ground (online
supporting material in ref. 31).
Our studies in South Asia are particularly illustrative. Forests in
this priority region for conservation have some of the highest
population pressures, with forest-dependent communities, emerging markets, and substantial conflicts over forest resources. A range
of forest institutions coexist, from strictly protected national parks
to comanagement of public protected areas to community concessions of public forest lands, providing an environment that facilitates careful comparative study of which policies, rule systems, and
institutions assist effective forest conservation (43).
Time-series analyses of remotely sensed images enable us to
identify trajectories of land-cover change at the landscape level. In
Figs. 1, 4, and 7, we present multitemporal color composites from
the Indian states of Maharashtra and West Bengal and the Chitwan
District of Nepal. Each composite is generated from three Landsat
satellite images of different dates by using the green band (band 2
of Landsat MSS and band 3 in TM and ETM images), which is
sensitive to the presence of vegetation. This method provides a
visual snapshot of patterns of land-cover change between three
points in time from the mid-1970s to the recent past.
By overlaying boundaries of different management regimes on
these images, we are able to interpret their impacts on forest
change.g Through in-depth interviews conducted with local inhabitants, we can understand the major social factors associated with
overharvesting in these forested landscapes. Detailed land-cover
keeping registration rms errors ⬍0.5 pixels and doing careful visual comparisons by
using overlay functions, we verified that the images overlapped exactly across the three
image dates and that there were no sliver areas of misregistration. This precision was
critical to ensure that any change we observed was due to real changes in land cover on
the ground and not due to spatial mismatch at the boundaries.
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classifications, analyses of change trajectories, and landscape fragmentation studies corroborate these findings and are discussed in
greater detail by Nagendra and colleagues (28, 42, 44).
Fig. 1 depicts the boundary of the Mahananda Wildlife Sanctuary
(MWS) to the north, a national park with a substantial budget and
protected by armed guards and electric fences (Fig. 2). To the south
is the Baikunthapore Reserve Forest (BRF), another government
protected area but assigned to a lower category of protection. The
MWS contains relatively stable forests shown by a fairly uniform
dark gray color, with some regrowth to the south (Fig. 1, blue, areas
1 and 2) that followed park establishment in 1976. The less
protected BRF area has witnessed some degradation and thinning
over time, shown by the lighter gray coloration and the reddish tint
toward the northwest, southwest, and southeast boundaries (Fig. 1,
areas 3–5). Despite monitoring by the Forest Department, substantial illegal timber harvesting continues, as Fig. 3 illustrates. Neither
forest governance includes any comanagement practices. Residents
in local communities frequently attempt to harvest timber, graze
cattle, and engage in other illegal activities within the park, leading
to conflicts with the Forest Department.
Fig. 4 portrays change in the Tadoba-Andhari Tiger Reserve
(TATR) in central India. The central core has maintained forest
cover since the mid-1970s, as can be seen by the predominantly dark
gray color. Initial clearing toward the northwest and southeast
(green patches in areas 1 and 2) was followed by regrowth when the
park boundary expanded in 1986 to cover these areas. Yet, small,

Fig. 3. Bicycles and trucks confiscated from people caught illegally removing
large logs from the MWS and BRF forests. Note the circular modification in the
cycle frame (Inset) made to hold large logs of teak wood. (Photo by S. Pareeth,
April 2004.)
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Fig. 4. Multitemporal satellite image color composite of area surrounding
TATR, India. Blue, band 2 from 1972 Landsat MSS; green, band 3 from 1989
Landsat TM; red, band 3 from 2001 Landsat ETM.

stable patches of clearing (white, area 3) are clearly visible toward
the east-central section. Here, the density of surrounding habitation
is high and nearby urban markets generate incentives for illegal
harvesting (42). As Figs. 5 and 6 illustrate, these activities continue
to impact the park. The understaffed and ill-equipped guards
working in this less prominent park are often unable to monitor the
area adequately and enforce sanctioning measures on violators.
When local people were briefly involved as allies in conservation
activities during the late 1990s in a comanagement regime, forest
monitoring and wildlife protection were seen to increase substantially. Yet, substantial conflicts between park guards and local
people have expanded in recent years, partly because of plans to
relocate interior villages outside the park (45). Thus, this underfunded public park with no consistent comanagement is maintaining forests in the interior, but showing some forest loss and
fragmentation at the periphery.
Fig. 7 depicts land-cover change in comanaged buffer-zone
forests adjoining the Royal Chitwan National Park (outlined in
yellow) and community forests managed by local user groups on
government lands (outlined in black). There is a visible contrast
between the partial to complete forest recovery in these forests and

Fig. 5. Cattle enter the TATR boundary (marked by the yellow-topped pillar in
the background) on their daily foraging beat. (Photo by H.N., December 2004.)
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the reddish-colored deforestation in the central area of the image,
where mostly private landholdings are being increasingly converted
to housing and agricultural use. The park itself is located to the
south of the image; although not visible in this figure, our findings
indicate that the park has been largely successful in maintaining
forest cover in the central core, but some degradation has occurred
at its periphery. Community forests (Fig. 7, C1–C8) and buffer-zone
forests at a distance from the park gate (Fig. 7, B1–B3, B11, and
B12) have been able to achieve some degree of forest regrowth,
despite lacking the finances to invest substantially in forest plantation or development activities (28). Several buffer-zone forests
located near the Royal Chitwan National Park main gate have
achieved nearly complete regrowth after protection (Fig. 7, B4–
B10). They receive more external technical and financial aid and
much higher incomes from tourist visits that they can contribute to
forest planting, maintenance, and monitoring (28).
Although rangers from the nearby Royal Chitwan National Park
and the Forest Department make surprise visits to some of the
buffer-zone and community forests, the substantial proportion of
the monitoring is contributed by the communities, demonstrating
their capacity to organize to successfully manage their forests under
appropriate conditions. Results from field visits in May 2005
indicate that these communities have been able to protect their
forests in the face of some very difficult and insecure situations after
the intense conflicts within the country, signifying the resilience of
their efforts. These comanagement initiatives have succeeded in
reducing park-people conflicts, taking some pressure off the national park, and encouraging forest protection and regrowth in the
larger landscape within which the park is embedded.
From these and other CIPEC studies (32), the official designation
of a forest as government, community, or comanaged does not
appear to impact forest conservation as much as the legitimacy of
ownership and degree of monitoring that takes place on the ground.
In the Nepal buffer-zone and community forests, where user groups
are provided with secure tenure rights to their forest resources and
ownership is perceived as legitimate and fair, communities themselves engage in monitoring efforts to successfully manage their
forests. Although traditional, strict public protection of parks can
work to protect forests, it has a high fiscal cost and a high cost in
terms of increased conflicts with local communities. This situation
is clear in the MWS, where the government has the main responsibility to safeguard forests from overharvesting by using approaches that involve guards with guns and protection by electric
fences. Such approaches are not feasible in all government protected areas, as seen in the BWR and the TATR, and come at the
expense of increased conflicts with local communities, indicating
the difficulties in sustaining such efforts over the long term.
From the Ground: Cross-Sectional Data. Let us turn to an overview of
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Fig. 6. Women harvest thatch grass from within the TATR while the forest
ranger accompanying our research team looks on helplessly. (Photo by H.N.,
December 2004.)

Fig. 7. Multitemporal color composite of east Chitwan district, Nepal. Blue, band 2 from 1976 Landsat MSS image; green, band 3 from 1989 Landsat TM image;
red, band 3 from 2000 Landsat ETM image.

ments by using on-the-ground measures. For this section, we rely on
data gathered by the International Forestry Resources and Institutions (IFRI) research program initiated in 1992. Two years of
intense development and review by ecologists and social scientists
around the world led to the creation of 10 research protocols for
obtaining reliable information regarding users and forest governance and the ecological conditions of sampled forests. A long-term
collaborative research network was established with centers located
in Bolivia, Colombia, Guatemala, India, Kenya, Mexico, Nepal,
Tanzania, Thailand, Uganda, and the United States, with supporting research in Madagascar and Brazil (see refs. 20 and 46).
In an effort to examine whether government ownership of
protected areas is necessary for improving forest density, Hayes and
Ostrom (47) compared the rating of forest density (on a five-point
scale shown in Table 1) assigned to a forest of a protected park or
other property regime by the forester or ecologist who had completed supervising the forest mensuration of trees, shrubs, and
groundcover conducted in a random sample of forest plots.h This
ranking rates the vegetation density of the forest in comparison to
the normally observed density for the ecological zone within which
the forest is located, thus generating a measure of forest condition
that is comparable across different ecological regions. We analyzed
163 forests located in the countries listed above, of which 76 were
government-owned forests that were legally designated as protected
forests and 87 were public, private, and community-owned forested
lands used for diverse purposes. As shown in Table 1, no statistical
difference exists between the forest densities related to officially
designated protected areas contrasted with other property regimes.
Thus, other institutional and tenure arrangements can work as well
as government-owned protected areas in the maintenance of vegetation density.
We also have shown that the monitoring activity undertaken by
the users themselves is related to forest density. Gibson et al. (49)
examined the rule-monitoring behavior of 178 forest user groups
studied as part of the IFRI research program. In group interviews

with members of user groups, researchers ask about the regularity
with which users monitor the rule conformance of other users.i We
found a strong correlation between the level of monitoring and
forest density, controlling for whether users were formally organized, whether the users heavily depended on a forest, and the level
of social capital within a group. Detailed field studies (50–52) and
metaanalyses (53) illustrate the feasibility of achieving high levels of
forest protection under diverse property regimes when local people
participate in monitoring.
From the Ground: Over-Time Data. A long-term goal of the IFRI
research program is to use the forest mensuration data collected at
each site to compare measures over time for the same forest (thus,
holding the ecological zone constant over time). Number of stems,
diameter at breast height (DBH), and basal area were obtained for
all trees within a 10-m circumference of a set of randomly sampled
plots.j We now have longitudinal data from 42 forests: 5 in India, 3
in Kenya, 10 in Nepal, 18 in Uganda, and 6 in the United States.
These forests do not constitute a random sample of all of the IFRI
forests we have studied, but rather those where research colleagues
have been able to return for a second field visit.k
For each forest, we determined whether our measures for basal
area, DBH, and number of stems had increased (⫹), decreased (⫺),
or remained unchanged (0) at a second visit to the forest by using
a two-tailed t test (P ⬍ 0.1). In Table 2, we array these dependent
variables by forest ownership types. Few of the forests have shown
substantial improvement over time, which may be due to the
relatively short time between visits (average of five years). However,
a higher percentage of community forests than government forests
were characterized by measures that had increased or were the
same. Individually owned private forests are primarily characterized
by similar or increased measures over time, but the sample (five) is
too small to draw definite conclusions.
In Table 3, we present the results from a one-way ANOVA to

iUser
hExtensive

forest mensuration is conducted at every IFRI site at the same time information
is obtained regarding forest users, their activities and organization, and governance
arrangements. Comparing forest measures across ecological zones is misleading because
measurements such as the average diameter at breast height in a forest are strongly
affected by precipitation, soils, elevation, and other factors that vary dramatically. Thus,
we ask the forester or ecologist who has just supervised the collection of forest data to rate
the forest on a five-point scale from very sparse to very abundant.
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group monitoring and sanctioning was coded as never, occasionally, seasonally, or
year round. For purposes of the analyses reported here, never or occasionally were recoded
as sporadic, whereas seasonally and year round were coded as regular. The variable focuses
on the level of effort that a user group devotes to monitoring established rules.

jWe

focus on changes in basal area, stem count, and DBH, because they provide estimates of
forest density and maturity that enable us to assess trends in forest condition over time.

kData exist for a third site visit for some forests, but we concentrate here on those with two.
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Vegetation density

Officially
designated
parks, %
(n ⫽ 76)
Nonparks, %
(n ⫽ 87)

Very
sparse

Somewhat
sparse

About
average

Somewhat
abundant

Very
abundant

13

21

36

26

4

6

22

43

26

3

Kolmogorov–Smirnov Z score ⫽ 0.472, P ⫽ 0.979; no significant difference.
Adapted from ref. 47, p. 607; ref. 48, p. 23.

assess whether significant associations could be observed between
management regimes and changes in forest condition or between
regular monitoring of forests and changes in forest condition.
Consistent with the earlier cross-sectional analysis of Gibson et al.
(49), we find that the type of ownership of these 42 forests does not
have a statistically significant relationship with any of these three
dependent variables. On the other hand, and consistent with our
other analyses, we find that the involvement of at least one user
group in regular monitoring of conformance to the rules related to
entry and use patterns is significant.
From the Laboratory. Findings that users of forest resources are

willing, in some settings, to undertake costly cooperative activities
including monitoring are consistent with other field studies of
resource use (27, 43, 54–56). Repeated field observations of users
taking costly actions to create, monitor, and enforce rule systems
are, however, contrary to predictions derived from the standard
economic model of individual choice that assumes individuals
maximize short-term, material payoffs (ref. 57, see also ref. 1). The
benefits of well enforced rules regarding entry and harvesting from
a resource are shared by all members of a group, whereas the costs
are borne by the individual. Thus, the repeated findings from the
field of high levels of cooperation challenge core economic theories
of human behavior.
Field settings are complex. It is difficult to sort out which of many
variables affect the willingness of individuals to engage in costly
actions that produce group benefits. To help address this theoretical
puzzle, we have conducted a series of laboratory experiments of
behavior in common-pool resource (CPR) situations (58, 59). In the
laboratory, we change one structural feature of a CPR situation at
a time to assess the specific differences in outcomes obtained across
experimental designs. In the experiments reported below, we used
the mathematical model of maximum sustainable yields that is used
in most environmental science textbooks to predict overharvesting
when multiple users can freely harvest from a CPR.l
Using this model, initial harvesting yields increasing returns. Net
returns begin to fall, however, once harvesting exceeds the optimal
level. When each harvester pays full attention to his兾her own
returns rather than to group returns, the game-theoretic prediction
based on income maximization is of substantial overinvestment. In
the laboratory, the ‘‘harvesters’’ are undergraduate students at
Indiana University who voluntarily agree to participate. For all

mThe
lThe

mathematical structure of our baseline experiment assumes a fixed number of
harvesters n with access to a CPR. Each harvester i receives an endowment e of resources
that can be invested in a CPR or in a safe outside activity w. One can think of a resource user
having a fixed endowment of time each decision period that can be invested in appropriating from the resource or in working for someone else at a fixed wage. The payoff to the
harvester from the CPR depends on aggregate group investment and on the individual’s
investment as a percentage of the total. Let xi stand for a harvester’s investment in the CPR,
where 0 ⱕ xi ⱕ e. The group return is given by a production function F (兺 xi), where F is a
concave function: F (0) ⫽ 0, F⬘(0) ⬎ w, and F⬘ (ne) ⬍ 0.
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concept of investing in alternative markets is more intuitive for undergraduate
students than asking them to play-act as if they were forest users, fishers, or irrigators. We
wanted subjects to take these experiments seriously. Payoffs were presented to students
and are reported here in ‘‘lab dollars.’’ Students were paid one-half of their total
computerized earnings and usually earned more than $25 per experiment session, which
lasted ⬇1.5 h, with time devoted to instructions and initial trial decisions to ensure the
subjects thoroughly understood the experiment.

nThe predicted Nash Equilibrium for this game was for all participants to invest eight tokens

each, or 64 tokens, in Market 2. If all invested at the predicted Nash Equilibrium, they
would each earn $1.55 (lab dollars) per round.
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experiments reported below, we recruited eight subjects who received an endowment of 25 tokens in each decision round. They
were given a choice between investing these tokens in Market 1, an
outside opportunity that returned $0.05 for every token invested, or
in Market 2, the CPR, with the concave production function of 23(兺
xi) ⫺0.25 (兺 xi)2. Subjects could earn $1.25 per round if they invested
all of their tokens in Market 1.m The return from investing any token
in Market 2 depended on how many tokens all members of the
group invested. A group investment of 36 tokens in Market 2 yields
the optimal individual return of $1.89 per round.n
In our baseline experiment, eight subjects anonymously made
decisions each round at a computerized work station. No communication was allowed. After each round, they were informed of the
total tokens invested by all subjects (Table 4, row A). As predicted,
subjects substantially overharvested in the baseline experiments.
Subjects averaged 21% of the maximum attainable returns from
their investments (see Table 4).
Next, we changed the baseline experiment to allow subjects to
engage in face-to-face communication for one period after they had
experienced 10 rounds of the baseline experiment (Table 4, row B)
(58). After a 10-min period in which subjects were brought to a
common area for open discussion, they returned to their computer
terminals, where they anonymously made independent decisions in
all remaining rounds. The game-theoretic prediction for this design
(Table 4, row B) is the same as for the baseline experiment. Mere
‘‘cheap talk’’ is not considered sufficient to change behavior.
Contrary to theoretical predictions, however, given a single opportunity to discuss potential joint strategies and to encourage each
other to keep promises, subjects increased their joint returns to 55%
of the maximum.
After the 10th round of the repeated communication design
(Table 4, row C), we enabled subjects to talk face-to-face between
all further rounds. Subjects increased their average net yield to 73%
of the maximum. The subjects effectively used the opportunity for
repeated cheap talk. Our findings are consistent with many experimental studies of social dilemmas that have found that face-to-face
communication greatly increased cooperation (60, 61).
Next, we examined the impact of a diverse set of sanctioning
experiments (Table 4, rows D–F2). In all sanctioning experiments,
the subjects themselves decided whether to pay a fee to fine another
player, knowing that the fine would be subtracted from the other
player’s payoff. In all of these experiments, the subjects were shown
a table after each round that listed the specific CPR allocations of
all of the subjects arrayed by an assigned number that maintained
anonymity.
In the first set of eight sanctioning experiments (Table 4, row D),
the sanctioning rules were imposed by the experimenters after 10
rounds of the baseline design. The subjects were told that after all
future rounds they would complete a form instructing the experimenter to subtract any fees they volunteered to pay and to subtract
the related fine from the payoffs of a subject known only by an
assigned computer number. Subjects were very willing to pay a cost
to impose a fine on other players. This willingness increased with
lower fees and as the fine-to-fee ratio grew larger. Subjects increased the average net yield achieved in these experiments above
baseline experiments (37% compared with 21%). When the fees
and fines were subtracted from payoffs, however, the average net
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Table 1. Comparison of vegetation densities in parks
and nonparks

Table 2. Percent forests with significant change in forest measures between first and second
site visits
Government forests
(n ⫽ 22)

Private forests
(n ⫽ 5)

Dependent
variables

Lower

Same

Better

Lower

Same

Better

Lower

Same

Better

Basal area, %
DBH, %
Stems, %

40
23
50

55
68
45

5
9
5

20
20
40

53
53
33

27
27
27

—
—
40

100
80
60

—
20
—

yield was only 9%, much lower than achieved in the baseline (58).
Bochet et al. (61) also found that punishment systems designed by
experimenters had little net effect on efficiency.
The next sanctioning experiment (Table 4, row E) gave subjects
an opportunity for a 10-min communication round after they had
learned the details of the fee and fine structure. In two of the three
experiments in this design, subjects used communication to develop
joint decision strategies relatively close to optimal and, thus, paid
few fees to fine defectors. In the third experiment, subjects did not
agree on a joint strategy, and the returns were lower and more fines
were paid than in the first two experiments of this design. Across all
three experiments of this design, subjects increased their average
net yield as a percent of maximum (to 85%), but after fees and fines
were subtracted, their average net yield fell to 67%.
The last set of experiments (Table 4, rows F1 and F2) brought
back subjects who had been in a previous sanctioning experiment
and gave them a one-shot communication opportunity to choose
whether they would implement their own sanctioning institution.
Two of the groups (Table 4, row F1) decided that they did not need
a sanctioning system but needed only to agree on a joint strategy.
Without continued communication, the joint strategy fell apart and
defection rates escalated. In the other four experiments (Table 4,
row F2), the subjects decided on a joint strategy and a fee-to-fine
ratio of their own choice. In these experiments, the subjects
achieved an average net yield of 93% of the maximum, faced few
defections, and, thus, achieved 90% of maximum yield even after
fees and fines were subtracted. In summary, across all experiments,
subjects achieved the highest payoffs when they decided on their
own sanctioning system and joint decision strategy.
These baseline and communication experiments have been replicated by Cardenas and colleagues (62, 63) and Casari and Plott
(64). The finding that participants in social dilemma situations are
willing to sanction each other has been extensively replicated in
varied designs (65–67). A recent study demonstrates that when
diverse groups of subjects facing experimental social dilemma
situations compete for members, groups who do not adopt a
sanctioning system find their joint earnings dissipating, whereas
groups who adopt a sanctioning system obtain higher outcomes and
draw members from the other groups (68). A theoretical explanaTable 3. Impact of formally designated tenure and forest
monitoring on changes in forest condition, an assessment by
using ANOVA
Independent variables
Ownership,* F
Regular involvement of
user groups in
monitoring rules,† F

Community forests
(n ⫽ 15)

Change
in DBH

Change in
basal area

Change in
stem count

0.89
0.28

2.52
10.55‡

1.00
4.66§

*Government, community, private: all F statistics for ownership have 2.39
degrees of freedom.
†At least one user group is regularly involved in monitoring of rules of forest
use; all F statistics for monitoring have 1.38 degrees of freedom.
‡Significant at 0.05.
§Significant at 0.01.
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tion for the above findings from the field and the laboratory is
presented by Ostrom (23, 69).
Discussion
Evidence from all three research methods challenges the presumption that a single governance arrangement will control overharvesting in all settings. The temptations to overharvest from natural
resources are always large. If the formal rules limiting access and
harvest levels are not known or considered legitimate by local
resource users, substantial investment in fences and official guards
to patrol boundaries are needed to prevent ‘‘illegal’’ harvesting.
Without these expensive inputs, government-owned, ‘‘protected’’
forests may not be protected in practice. On the other hand, when
the users themselves have a role in making local rules, or at least
consider the rules to be legitimate, they are frequently willing to
engage themselves in monitoring and sanctioning of uses considered illegal, even of public property. When users are genuinely
engaged in decisions regarding rules that affect their use, the
likelihood of users following the rules and monitoring others is
much greater than when an authority simply imposes rules on users.
These results help to open up a previously undescribed frontier of
research on the most effective institutional and tenure arrangements for protecting forests, from public protected areas to private
forests to community forests, under various conditions. Entering
this frontier moves the debate beyond the internal and external
boundaries of protected areas into much larger landscapes where
protection also occurs and helps us understand when and why
protection, recovery, and clearing occur in specific regions within
these larger landscapes.
We conclude that simple formulas focusing on formal ownership,
particularly one based solely on public ownership of forest lands,
will not solve the problems of resource overuse. This finding is
consistent with Dietz et al. (31), who show that more important than
the particular form of ownership is whether boundaries of linked
social-ecological systems have been well established in the field as
legitimate and whether regular monitoring and enforcement of
rules related to entry and use exist. Solutions to overharvesting of
natural resources take time and effort to design so as to fit a local
ecology and the social structure of the users and officials involved
and to avoid crowding out intrinsic motivation (22, 29, 70).
We do not advocate using fences and guns to protect government
forests or turning forests over to communities as the only answers
to the problem of deforestation. Nor do we think that strict
preservation of forests is the only important outcome to be achieved
in all forests. Although forest conservation is a crucial goal in the
21st century, we are also concerned regarding the importance of
forests for the livelihoods of people and equity in the distribution
of benefits from forests, biodiversity, and many other outcomes.
Our evidence from the field and the laboratory shows that the
earlier assumption that no users would voluntarily contribute to
making rules or enforcing them is false. On the other hand,
assuming that all individuals will cooperate to solve resource
dilemmas under all conditions is also false.
Focusing on monitoring alone is not sufficient when policy
makers do not involve those living in and near forests in decisions,
do not clearly define boundaries, rely on only one institutional type,
Ostrom and Nagendra

Experimental designs by using 25 token endowments

Average net yield as
Average net yield
Defection
No. of
% of maximum
minus fees and fines
rate
experiments

(A) Baseline experiment: No communication
(B) One-shot communication
(C) Repeated communication
(D) Imposed sanctioning institution
(E) One-shot communication and imposed sanctioning
institution
(F1) One-shot communication with endogenous choice of
sanctioning institution, none chosen
(F2) One-shot communication with endogenous choice of
sanctioning institution, sanction chosen

21
55
73
37
85

—
—
—
9
67

—
0.25
0.13
—
0.01

3
3
6
8
3

56

—

0.42

2

93

90

0.04

4
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Table 4. Aggregate results of CPR experiments

use the same rules in all ecological settings within their jurisdiction,
and impose uniform sanctions. Solving problems of resource monitoring is a necessary but not a sufficient condition for sustainability.
Unless one ensures the livelihoods of those living around or within
a forest, a major investment in monitoring alone is not a sufficient,
long-run management strategy and may even be counterproductive.
Further, focusing on a single research method used by one academic
discipline for understanding complex, multiscale processes does not
provide a cumulative understanding of how individuals in dynamic,
complex, social-ecological settings react to institutional rules and
affect ecological systems. Multidisciplinary research in diverse
international settings is essential for developing an integrated
perspective to achieving sustainability.
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ABSTRACT There has been intense international debate on the governance of forests, in
particular tropical forests. This has been driven by contrasting pressures from conservation and
human rights groups, respectively calling for global values to prevail so as to protect biodiversity
and reduce climate change, or for freedom of choice that empowers local people with the right to
manage their own forests. Both sides have condemned irresponsible behaviour by forest oﬃcials
and political actors, and highlighted the harmful impacts of disregard for the law. However, these
normative approaches to forest governance have coincided with a fundamental re-examination of
the objectives that societies have for their forest resources. The debate is not only about legality,
but also about the legitimacy of forest laws and institutions. This review explores the divergence
of views on long-term goals for forests and the implications for their governance. It emphasises
that the real challenge is to reconcile the management of forests for values that accrue at diﬀerent
spatial and temporal scales. Forest governance needs to adapt, moving away from a framework
based upon the neatly deﬁned boundaries beloved of international organisations and treaties, and
submitting to a constant process of adaptation and improvisation at a more local scale. The
challenge is to ﬁnd ways to aggregate such approaches into something that recognisably addresses
the global values of forests and forest landscapes. Commonwealth countries have a wide range of
forest conditions and are innovating with a range of governance options that provide lessons of
potentially wide application.
KEY WORDS: adaptive management, civilisation, ecosystem, forest, governance, human
rights, human society, landscape, Millennium Ecosystem Assessment, natural justice

Forests ‘a Shadow of Civilisation’
Susceptible at multiple scales to the ‘tragedy of the commons’ (Hardin, 1968), the
management of forests as individual and shared resources has been a key element in
the organisation of human societies, even portrayed as ‘a shadow of civilisation’
(Pogue Harrison, 1992) and as the ‘frame of civilisation’ (Logan, 2005). As forests
have mediated relations between aristocracy and peasantry in many societies
(Schama, 1995; Scott, 1998) and have had profound inﬂuences on art and culture,
Correspondence Address: Jeﬀrey A. Sayer, Professor of Development Practice, School of Earth and
Environmental Sciences, James Cook University, PO Box 6811, Cairns, N. Queensland 4870, Australia.
Email: jeﬀrey.sayer@jcu.edu.au
ISSN 0035-8533 Print/1474-029X Online/12/020137-10 Ó 2012 The Round Table Ltd
http://dx.doi.org/10.1080/00358533.2012.661531

138

J. A. Sayer and M. Collins

institutions have evolved to meet the need for equitable and sustainable management
of forests ever since complex human societies emerged. Some analysts, contending
that we know how forests should be governed, and that we simply need to build
technological, legal and institutional capacity in countries with weak governance
(Fukuyama, 1992), believe this should be the basis of development assistance, but
unfortunately it has often not worked in practice (Easterly, 2006). Recent attempts
to coerce the world into a uniform approach to forest governance have encountered
fundamental diﬀerences of opinion (Colfer, 2011).
Towards Global Forest Governance
Humphreys (2006) describes how the tortuous eﬀorts to develop international legal
instruments to govern forests over the past two decades have served to highlight the
divergent positions of nations and interest groups but have made little progress
towards a convergence of views on desirable outcomes. The UN Summit on
Sustainable Development in Rio de Janeiro in 1992 failed to agree a convention on
forests and settled instead on a Statement of Principles. Various inter-governmental
processes that have continued ever since have been unable to reach real agreement
even on a deﬁnition of sustainable forest management (Kohm and Franklin, 1997;
Ellenberg, 2003)! We are clearly far from the end of ‘forest history’ and a deﬁnitive
approach to governing the world’s forests remains elusive. Forest agreements
reached at the UN Forum on Forests in 2007 were weak, demonstrating how far we
are from any normative model for forest governance. Many now argue that further
attempts to reach global agreement on forest governance are futile (Christensen,
2004; Humphreys, 2006).
Forests for People—The Emergence of Local Forest Governance
The tension within the inter-governmental dialogue to date arises from a divergence
between a top-down ‘one size ﬁts all’ position taken by the international forest
conservation lobby and a more bottom-up ‘let a thousand ﬂowers bloom’ position
taken by groups who claim to represent the views of those who depend for their
livelihoods on forest products and industries. Interestingly, just as global attempts to
reach legally binding governance arrangements for forests have ﬂoundered there has
been a parallel emergence of rather more successful initiatives to devolve forest
governance to the local level (Ostrom, 1990; Ribot, 2002; Colfer and Capistrano,
2005). Much of the recent literature on local, decentralised forest governance stems
from major investments that have been made in promoting this in tropical
developing countries (Saigal et al., 2005), but local governance of natural resources
has also begun to emerge in industrialised countries (see Brick et al., 2001, for an
account from the American West).
There is, however, a concern that the sum of numerous local-level forest solutions
may not add up to a satisfactorily holistic outcome for global forests. Local
communities will not manage their forests in ways that provide for externalities, such
as the global beneﬁts of biodiversity or climate regulation, unless they are
constrained by laws or provided with ﬁnancial incentives (Sayer et al., 2005). The
greatest challenge facing the environmental community at present is to aggregate up
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from relatively successful local forest outcomes to larger scale ecosystem, landscape
or global beneﬁts (Sayer and Maginnis, 2005).
Governance at Multiple Scales for Multiple Functions
Forests provide multiple beneﬁts for individuals and societies. While householders
collect ﬁrewood, fruits, mushrooms and game (Falconer, 1990; Wunder, 2001),
communities also value forests for preventing erosion and protecting river courses
(White and Martin, 2002). Provinces and nation states value forests as a source of
raw materials, a basis for proﬁtable forest industries and for recreation, amenity and
environmental beneﬁts. The global community values forests for their biodiversity,
carbon storage and climate regulation functions. Everyone values forests, but in
many diﬀerent ways and spatial or temporal scales, presenting a real challenge for
reconciliation (Sayer, 2005; Sengupta and Maginnis, 2005).
Segregated versus Integrated Governance
The history of nature conservation illustrates how the forest governance discourse
has evolved through two opposing tendencies, one focused on segregating areas
totally devoted to nature (the national parks movements) and the other aimed at
integrating conservation of nature within production systems. The latter, epitomised
by the Biosphere Reserve concept, has struggled to succeed in practice, but has led to
a series of integrated approaches to conservation and development that have
preoccupied conservationists in recent decades (Sayer, 1991).
Integrated conservation and development projects and programmes have existed
since at least the mid-1960s, but the 1980 World Conservation Strategy provided
impetus at a time when international assistance to less-developed countries began to
address environmental issues (IUCN, 1980). Donors began to channel resources
through international conservation organisations such as the International Union for
Conservation of Nature (IUCN) and the World Wide Fund for Nature (WWF), and
this period saw a major expansion of investments by donors in ‘Integrated Conservation and Development Projects’ (ICDP) (Sayer and Campbell, 2004), but with
mixed results. In Indonesia, for example, over a billion dollars was spent in 20 years
by almost 50 international agencies to reconcile forest conservation and development,
but the overall impact was unsatisfactory (Sayer and Boedhihartono, 2006). Similar
patterns have emerged elsewhere, leading to ‘resurgent protectionism’, a movement
whose rationale has been well articulated by Oates (1999), Locke and Dearden (2005)
and Terborgh (1999). Brechin et al. (2002), Martino (2005) and Wilhuisen et al. (2002)
have presented counter arguments suggesting that integration of conservation and
development should still be pursued; but as McShane and Wells (2004) have argued,
there is a need to learn the lessons of the past and modify our approaches.
The Millennium Ecosystem Assessment describes a number of scenarios under
which the world may address its conservation and development problems. Two of
these are particularly relevant to this discussion of forest governance. The ‘Adapting
Mosaic’ scenario aligns with the approach of those who seek to integrate
conservation and development from the bottom up. This scenario reﬂects a vision
of local self-suﬃciency and ﬁne-scale mosaics of land-cover types. By contrast, the so
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called neo-conservative conservation groups align with the top-down ‘Global
Integration’ scenario, whereby economic integration and eﬃciency are pursued as
primary goals of development, and environmental issues are dealt with in a reactive
mode as they arise (Millennium Ecosystem Assessment, 2005, p. 71). This equates to
the so-called ‘Fortress Conservation’ or threat-based approach adopted by the
preservationist sector of the conservation community. Clearly, pursuit of these
divergent scenarios has major implications for the governance arrangements under
which they might operate, but the current governance discourse is failing adequately
to recognise and respond to them because it has not been rooted in serious analysis
of the long-term goals being pursued. Activist nature conservation and human rights
groups have taken opposing positions on governance, the former arguing that global
values should prevail and the latter arguing for freedom of choice.
Legality, Rights and Natural Justice
Much of the recent debate on forest governance has been driven by concern at the
failure to apply laws and regulations in tropical forest countries (Forest Governance
Learning Group, 2011). Weak governance has led to corruption, ﬂagrant disregard
for rules and regulations, and rampant rent-seeking behaviour by political leaders
and forestry oﬃcials. Activists have lobbied governments to restrict trade in illegally
obtained timber and lobbied consumers to purchase only timber that is certiﬁed as
having been obtained legally and sustainably. Consequently, the European Union
initiative on Forest Law Enforcement, Governance and Trade (2011) has promoted
scrutiny of the application of existing regulations and has questioned the legitimacy,
fairness or usefulness of many regulations applied to forests. Nevertheless, there has
been insuﬃcient attention given to the ultimate goals of forest governance. This is
epitomised by the way in which the European Union Voluntary Partnership
Agreements (VPAs) with tropical timber-producing countries have focused more on
the application of existing laws than on their legitimacy and usefulness. The VPAs
and the national laws that they encourage are a manifestation of the top-down
‘Global Orchestration’ paradigm—a segregated, ‘one size ﬁts all’ view of forest
governance. They have stiﬂed debate on alternative models that might be needed to
achieve the integrated, and arguably much more sustainable ‘Adapting Mosaic’
scenario for forests.
Emerging Governance Paradigms—Ecosystems, Landscapes and Adaptive
Management
Since the late 1980s ‘ecosystem management’ has gained ground as a framework for
forest governance (Figure 1). Much of the initial impetus came from the US Paciﬁc
Northwest, where ecosystem approaches were adopted in reaction to the clear
cutting of old growth forests, deemed to be important for rare species, salmon
ﬁsheries and water quality. Here, they sought to mimic natural disturbance regimes
for forests and achieve ﬁner grained mosaics in forest landscapes, at the same time
providing a framework for negotiation among the diﬀerent parties to ﬁnd solutions
that would maintain the competitiveness of forest industries, protect jobs, preserve
rare wildlife and restore water quality (Haynes et al., 2005).
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Figure 1. The Ecosystem Approach Principles adopted by the Convention on Biological Diversity.
Source: Adapted from Sayer and Maginnis (2005).

Ecosystem management reduced reliance on spatial segregation of functions and
recognised that changes in management practices, for instance to selective felling,
could provide multiple beneﬁts. However, ecosystem management, as deﬁned by the
US Forest Service (Interagency Ecosystem Management Task Force, 1995), was
ﬁrmly rooted in strong institutions, obedience to laws and clear property rights.
Although ecosystem management projects began to replace ICDPs because they
were attractive to the environmental community working in developing countries,
they were now being used in situations with weak institutions, poor regulatory
capacity and often unclear property rights. They were being used in places where the
main threat to forests came from the expansion of agriculture, not from bad forestry
practices. Ecosystem management therefore took on new dimensions in tropical
developing countries and these were eventually encapsulated in the negotiated
Ecosystem Principles that were adopted by the Convention on Biological Diversity
(CBD, 2000). In practice, they contain very little about ecology and, for political
reasons, focus mainly on the rights of people to make their own choices about how
ecosystems should be managed, on economic performance and on decentralisation.
Ecosystem approaches to management are consistent with the ‘Adapting Mosaic’
scenario of the Millennium Ecosystem Assessment (MA) and they imply governance
arrangements quite diﬀerent from the top-down, segregated, ‘Global Orchestration’
and ‘Fortress Conservation’ approach that is resurgent among conservation biologists.
Recently, the term ‘landscape’ has largely replaced ‘ecosystem’ in the conservation
discourse, reﬂecting underlying concerns about the CBD Ecosystem Principles
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(Figure 1) (Sayer and Maginnis, 2005). Landscape ecology, architecture and spatial
planning have a long history in the developed world, conceived in governmentimposed land allocation schemes to achieve visual and amenity objectives (Liu and
Taylor, 2002; Farina, 2006). Landscape ecologists treat the concept as a holistic,
systems approach to natural resources management, to include institutions,
aesthetics and human behaviour. Farina (2006) describes a landscape as a
geographical space in which the process or object of interest is completely expressed
or functions. It includes not only the biophysical components of an area but also
social, political, psychological and institutional attributes.
This deﬁnition implies that the landscape is geographically limited, but that the
political and institutional landscape may be much less circumscribed. The approach is
now relatively well tested in industrialised countries and commonly used by the US
and Canadian forest services where it is used to improve stewardship across
ownership boundaries, to better assess the cumulative impact of many local decisions,
to better understand the interactions between land and water and to develop a more
spatially deﬁned approach to resource management (Liu and Taylor, 2002). It is less
well developed in tropical countries, but Boedhihartono (2004) found, when using
participatory visualisation to understand local people’s understanding or values of
landscapes, that they did not circumscribe their landscapes with sharp boundaries but
represented them as a higher density of features near to the location where they lived,
gradually fading into less densely portrayed features in areas that they used less
frequently. This illustrates that we need to move away from historical forest
governance arrangements to an adaptive management situation where natural
resource systems are seen as being unbounded and having links at multiple spatial and
temporal scales without artiﬁcially imposed limits (Gunderson and Holling, 2002;
Walker and Salt, 2006; Wollenberg et al., 2007).
This distinction between the concept of a landscape as a bounded and subdividable unit and one of a non-bounded and multi-functional system is at the core
of the discourse on conservation and forest governance. Some conservationists have
found the concept diﬃcult to apply, using it in a more restricted spatial way, for
example to provide continuity between protected areas (Perera et al., 2005); but
society’s requirements for forest goods and services are constantly changing and
governance arrangements have to set the framework within which those changes may
occur in an equitable and considered way. Forest conservation and management
should not be about defending the status quo but about managing the processes of
change through a constant process of adaptation and improvisation (Sayer and
Campbell, 2004). The Millennium Ecosystem Assessment (2005) came to a similar
conclusion, calling for the reform of forest governance and management through
country-led, strategically focused programmes led by stakeholders.
This implies not only moving away from a strictly spatial planning approach to
forest governance but also abandoning the ‘threat-based’ approach that has
dominated much of the governance discourse. Instead of aiming to resist change
there should be investments in identifying desirable future scenarios and mediating
the transition towards achieving desirable outcomes. Both global conservation
advocates and local development actors should take part in a process to explore
and move towards desirable future scenarios. There will always be contradictions
between the desired outcomes at diﬀerent scales, but the modus operandi for forest
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governance should be based upon the search for ways to encourage cross-learning,
achieve compromise and accommodate agreement, however imperfect.
Commonwealth Experience in Adapting Forest Governance
The countries of the Commonwealth provide a rich array of experiences in seeking to
adapt forest governance to contemporary needs. Commonwealth countries have
divergent forest conditions; they range from the forest-rich countries such as
Canada, Guyana, Cameroon and Malaysia where industrial forest exploitation is an
important economic activity to forest-poor countries such as Nigeria, Kenya and
Tanzania where most recent activity has centred on meeting the forest needs of local
people. India and Ghana lie astride this divide, with forest-rich and forest-poor areas
taking diﬀerent trajectories. Most countries have pioneered new approaches to forest
governance, but each in ways that respond to local realities.
In the forest-rich countries the Canada Forest Service (2012) has pioneered and set
ground rules for the concept of ‘Model Forests’, where local management for both
conservation and development within a deﬁned forest area is determined through
multi-stakeholder negotiations. In Cameroon, numerous donors have spent 20 years
re-examining forest management arrangements in the country, and it has a multitude
of on-going experimental arrangements. The basic policy approach is to allocate
forests to ‘Forest Management Units’ where multiple forest functions are to be achieved in an integrated fashion. Within these units lie industrial concessions, protected
areas (albeit under a diﬀerent ministry), community forests and agroforestry zones.
But Cameroon has also engaged with the Canadian Model Forest approach and with
landscape approaches driven by the Congo Basin Forest Partnership. Community
forests have struggled to succeed in a context of abundant forests and although the
intentions behind them are sound it has proved diﬃcult to make them proﬁtable for
local people (Eyebe et al., 2011).
Malaysia has retained traditional structures with industrial concessions as the main
components of the forest estate. Forestry is decentralised to the states and their
performance has been variable—the main issue has been the pressure to convert the
‘permanent forest estate’ to industrial plantations of oil palm and rubber. Guyana
also has a conventional industrial concession structure but is engaged in the
Iwokrama (2012) Project, which is a commendable attempt to recycle the proﬁts from
forest exploitation into the conservation of a core area of high biodiversity forest.
New Zealand and Papua New Guinea are outliers. New Zealand has privatised
almost all of its production forests which are managed in ways reminiscent of
agriculture; all other forests are managed for environmental and amenity values by
the Department of Conservation. Papua New Guinea has retained traditional clan
ownership of most forests and it has proved diﬃcult to negotiate any higher scale
management arrangements such as large-scale industrial concessions or protected
areas, although eﬀorts to expand these categories are under way.
In forest-poor countries community and other forms of ‘joint’ or local forest
management have received a lot of attention. The East African countries have achieved some success in devolving forest management to the local level and in some
cases, such as northern Tanzania, this has led to the expansion of forest area (Sayer
et al., 2005). In the forest-poor areas of India ‘Joint Forest Management’ has allowed
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local communities to exercise control of their forests under the supervision of the
Forest Service, but the outcomes have varied according to the value of the forest and
the extent to which the state Forest Services have been willing genuinely to relinquish
control to the local people. In Ghana community-managed forests exist alongside
industrial concessions in a landscape mosaic that also includes large areas of agroforests rich in cacao, cola and other tree crops managed by smallholder farmers.
In almost all Commonwealth countries there has been a move towards far more
involvement of civil society in forest management. In Australia the perceptions of
forest needs diﬀer strongly between those concerned with local economic growth and
jobs (mainly in rural areas) and those concerned with environmental values (mainly
the urban community). These strongly held and divergent views have been addressed
through a series of state-level ‘Forest Management Agreements’. These are viewed
by middle-of-the-road stakeholders as having been largely successful, but the
extreme environmental and industry lobbies are still in conﬂict (Sayer and Maginnis,
2005). Attempts to reconcile similar divergences of view in British Columbia in
Canada have also taken many years of negotiations and, although progress has been
made, some stakeholders are still dissatisﬁed.
Conclusions
Throughout the world forest governance is being contested. Overall attempts to
impose internationally negotiated uniform solutions are failing while more locally
adapted and ﬂexible solutions appear to be in the ascendency. Commonwealth
countries are a rich source of learning and experimentation. Perhaps the main
lesson to be taken from this is that there is no ﬁnal steady state solution. The
needs of societies in diﬀerent countries will continue to change and forest
governance will need to continue to adapt in order to meet emerging needs (Sayer
and Maginnis, 2005). The United Kingdom provides an interesting model. It had
moved towards a highly segregated approach where production forestry would be
the preserve of the private sector and the state would focus on conservation, but
has ﬁnally moved back towards a system that gives the state greater control and
that favours multi-functional forest outcomes. The UK experience is perhaps a
good note on which to conclude. It shows that there will always be a need for a
central forest service to establish policies and set the ground rules, but one of the
functions of such a service will be to facilitate management by both the private
sector and civil society groups depending upon local circumstances. It is, however,
clear that forest governance will continue to evolve (as it has for hundreds of
years) and that there should never be an attempt to set governance in a rigid
straightjacket for all time—change will always be needed and the ultimate test of
macro-level governance will be its ability to facilitate the arrangements that meet
the needs at any one location or point in time.
References
Brechin, S. R., Wilhuisen, P. R., Fortwangler, C. L. and West, P. C. (2002) Beyond the square wheel:
towards a more comprehensive understanding of biodiversity conservation as social and political
process, Society & Natural Resources, 15, pp. 41–64.

Forest Governance in a Changing World

145

Brick, P., Snow, D. and van de Wetering, S. (2001) Across the Great Divide; Explorations in Collaborative
Management and the American West (Washington, DC: Island Press).
Boedhihartono, A. K. (2004) Etre ou ne pas être un chasseur-cueilleur Punan, PhD Thesis, At
Loggerheads, University of Paris VII, Paris.
Canada Model Forest Network, www.modelforest.net/, accessed 9 January 2012.
CBD (2000) Decision V/6 of the Conference of the Parties to the Convention on Biological Diversity,
www.biodiv.org/decisions/ (accessed December 2011).
Christensen, J. (2004) Win–win illusions, www.conbio.org/CIP/articles51wwi.cfm (accessed December
2011).
Colfer, C. J. P. (2011) Marginalised forest peoples’ perceptions of the legitimacy of governance: an
exploration, World Development, 39(12), pp. 2147–2164. doi:10.1016/j.worlddev.2011.04.012
Colfer, J. P. and Capistrano, D. (2005) The Politics of Decentralization; Forests, Power and People
(London: Earthscan).
Easterly, W. (2006) The White Man’s Burden: Why the west’s eﬀorts to aid the rest have done so much ill and
so little good (New York: Penguin Press).
Ellenberg, H. (2003) ‘Ecosystem Approach’ vs ‘Sustainable Forest Management’—Attempt at a Comparison,
Federal Research Centre for Forestry and Forest Products and University of Hamburg, Hamburg,
Germany.
Eyebe, A., Endamana, D., Sayer, J., Ruiz Perez, M., Boedhihartono, A., Walters, G., Angu Angu, K. and
Ngono, L. (2011) Community forestry and the challenge of aligning with Cameroon’s green economy,
Nature and Wildlife, 26(1), pp. 46–54.
Falconer, J. (1990) The Major Signiﬁcance of ‘Minor’ Forest Products: The Local Use and Value of Forests
in the West African Humid Forest Zone (Rome: FAO).
Farina, A. (2006) Principles and Methods of Landscape Ecology (Dordrecht: Springer).
Forest Governance Learning Group, www.iied.org/natural-resources/key-issues/forestry/forestgovernance-learning-group, accessed 26 October 2011.
Forest Law Enforcement Governance and Trade, www.euﬂegt.eﬁ.int/portal/, accessed 26 October 2011.
Fukuyama, F. (1992) The End of History and the Last Man (New York: Avon Books).
Gunderson, L. H. and Holling, C. S. (2002) Panarchy; Understanding Transformations in Human and
Natural Systems (Washington, DC: Island Press).
Hardin, G. (1968) The tragedy of the commons, Science, 162, pp. 1,243–1,248.
Haynes, R. W., Szaro, R. C. and Dykstra, D. P. (2005) Balancing conﬂicting values: ecosystem solutions in
the Paciﬁc Northwest of the United States and Canada, in J. A. Sayer and S. Maginnis (eds), Forests in
Landscapes; Ecosystem Approaches to Sustainability (London: Earthscan).
Humphreys, D. (2006) Logjam; Deforestation and the Crisis of Global Governance (London:
Earthscan).
Interagency Ecosystem Management Task Force (1995) The Ecosystem Approach; Healthy Ecosystems and
Sustainable Economics, Vol. 1—Overview (Washington, DC: Oﬃce of Environmental Policy).
IUCN (1980) The World Conservation Strategy; Living Resource Conservation for Sustainable Development
(Gland, Switzerland: IUCN/UNEP/WWF).
Iwokrama, www.iwokrama.org/, accessed 9 January 2012.
Kohm, K. A. and Franklin, J. F. (1997) Creating a Forestry for the 21st Century; The Science of Ecosystem
Management (Washington, DC: Island Press).
Liu, J. and Taylor, W. W. (Eds) (2002) Integrating Landscape Ecology into Natural Resource Management
(Cambridge: Cambridge University Press).
Locke, H. and Dearden, P. (2005) Rethinking protected area categories and the new paradigm,
Environmental Conservation, 32(1), pp. 1–10.
Logan, W. B. (2005) Oak; the Frame of Civilisation (New York: Norton).
Martino, D. (2005) Unleashing the wild: response to Locke and Dearden’s ‘rethinking protected area
categories’, Environmental Conservation, 32(1), Comments, pp. 1–2.
McShane, T. and Wells, M. (2004) Getting Biodiversity Conservation Projects to Work: Towards More
Eﬀective Conservation and Development (New York: Columbia University Press).
Millennium Ecosystem Assessment (2005) Ecosystems and Human Well-being: Synthesis (Washington,
DC: Island Press).
Oates, J. (1999) Myth and Reality in the Rain Forest: How Conservation Strategies are Failing in West
Africa (Berkeley, CA: University of California Press).

146

J. A. Sayer and M. Collins

Ostrom, E. (1990) Governing the Commons: The Evolution of Institutions for Collective Action (New York:
Cambridge University Press).
Perera, A. H., Buse, J. B. and Crow, T. R. (2005) Forest Landscape Ecology; Transferring Knowledge to
Practice (New York: Springer).
Pogue Harrison, R. (1992) Forests: The Shadow of Civilisation (Chicago: University of Chicago Press).
Ribot, J. (2002) Democratic Decentralisation of Natural Resources Management—Institutionalising Popular
Participation (Washington, DC: World Resources Institute).
Saigal, S., Mitra, K. and Lal, P. (2005) Empowering the forest poor in India, in J. A. Sayer and S.
Maginnis (eds), Forests in Landscapes; Ecosystem Approaches to Sustainability (London: Earthscan).
Sayer, J. A. (1991) Rainforest Buﬀer Zones: Guidelines for Protected Area Managers (Gland, Switzerland,
and Cambridge, UK: IUCN).
Sayer, J. A. (Ed.) (2005) Forestry and Development (London: Earthscan).
Sayer, J. A. and Boedhihartono, A. K. (2006) Capitalization on two Decades of Development Assistance to
Forestry in Indonesia, Workshop sponsored by the Ministry of Forestry and the European Commission,
European Commission, Jakarta, Indonesia.
Sayer, J. A. and Campbell, B. (2004) The Science of Sustainable Development; Local Livelihoods and the
Global Environment (Cambridge, UK, and New York, USA: Cambridge University Press).
Sayer, J. A., Elliot, C., Barrow, E., Gretzinger, S., Maginnis, S., McShane, T. and Shepherd, G. (2005) The
implications for biodiversity conservation of decentralized forest management, in J. A. Colfer and D.
Capistrano (eds), The Politics of Decentralization; Forests, Power and People (London: Earthscan).
Sayer, J. A. and Maginnis, S. (2005) Forests in Landscapes; Ecosystem Approaches to Sustainability
(London: Earthscan).
Schama, S. (1995) Landscape and Memory (London: Harper Collins).
Scott, J. C. (1998) Seeing Like a State (Newhaven, CT: Yale University Press).
Sengupta, S. and Maginnis, S. (2005) Forests and development; where do we stand?, in J. A. Sayer (Ed.),
Forestry and Development (London: Earthscan).
Terborgh, J. (1999) Requiem for Nature (Washington, DC: Island Press/Shearwater Books).
Walker, B. and Salt, D. (2006) Resilience Thinking; Sustaining Ecosystems and People in a Changing World
(Washington, DC: Island Press).
White, A. and Martin, A. (2002) Who Owns the World’s Forests? Forest Tenure and Public Forests in
Transition (Washington, DC: Forest Trends & Centre for International Environmental Law).
Wilhuisen, P. R., Brechin, S. R., Fortwrangler, C. L. and West, P. C. (2002) Reinventing a square wheel:
critique of the resurgent ‘protection paradigm’ in international biodiversity conservation, Society &
Natural Resources, 15, pp. 17–40.
Wollenberg, E., Iwan, R., Limberg, G., Moeliono, M., Rhee, S. and Sudana, M. (2007) Facilitating
cooperation during times of chaos: spontaneous orders and muddling through in Malinau District,
Indonesia, Ecology and Society, 12(1), p. 3.
Wunder, S. (2001) Poverty alleviation and tropical forests—What scope for synergies? World Development,
29, pp. 1,617–1,633.

Annals of Forest Science (2012) 69:1–15
DOI 10.1007/s13595-011-0153-4

REVIEW PAPER

A review of decision-making approaches to handle
uncertainty and risk in adaptive forest management
under climate change
Rasoul Yousefpour & Jette Bredahl Jacobsen &
Bo Jellesmark Thorsen & Henrik Meilby &
Marc Hanewinkel & Karoline Oehler

Received: 3 June 2011 / Accepted: 19 October 2011 / Published online: 6 December 2011
# The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract
• Context This review paper provides an overview of
approaches to which we may resort for handling the
complex decision problems involving uncertainty and risk
that climate change implies for forest managers. Modelling
approaches that could support adaptive management strategies seem to be called for, not only as climate change
denotes increased economic uncertainty but also because
new and more reliable information becomes available as
time passes and climate changes.
• Aims The paper (1) provides a broad overview of state-ofthe-art methods for optimal decision making under risk and
uncertainty in forestry and (2) elaborates on the possible
use of these methods in adaptive forest management under
climate change.

• Method A survey of the current literature is carried out to
identify approaches and developments that may prove most
promising in relation to different challenges to the adaptive
management of forest ecosystems under climate change.
• Results Most studies focusing on changing, typically
increasing, risks in forest management under climate
change tend to build on existing approaches about changes
in risk levels contingent on climate change scenarios.
• Conclusion Finally, we discuss what to emphasise in
future studies to improve the understanding of adaptive
forest management and decision support tools needed to
cope with climate change.
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1 Introduction
Risk and uncertainty is, today, widely included in forest
modelling. Recent reviews focus on the modelling of
hazards and risks (Hanewinkel et al. 2010) or on the
handling of price and other market risks (Hildebrandt and
Knoke 2011; Buongiorno and Zhou 2011). However, we
are facing a new kind of uncertainties, which has been little
addressed in the forest management and decision-making
literature and that are those implied by climate change.
Climate change is likely to have significant impact on forest
ecosystems. A crucial word here is ‘likely’ because the
issue is highly uncertain as there is a lack of complete
knowledge or historical parallels. There is uncertainty about
the reactions of forest ecosystems to climate change, but
more fundamentally, there is considerable uncertainty as to
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what degree of climate change we are facing. This has
important implications for how we adapt decision-making
approaches to the new challenge.
While a few studies do address adaptive decision
approaches to forest management faced by climate change
(e.g. Huang et al. 1998; Jacobsen and Thorsen 2003;
Armstrong et al. 2007), much more is to be learned and
considered regarding the potential of many other approaches
in the literature on different kinds of uncertainty in decisionmaking models.
The key objective of the present review is to provide an
overview, and hence a better understanding, of approaches
and models suitable for handling uncertainty and risk likely to
be part of the complex decision problems that climate change
implies for forest owners and managers. The dynamic nature
and inherent uncertainty of climate change and its impacts on
forests are particularly important aspects of these decision
problems. It seems that the situation calls for modelling
approaches that would support adaptive management strategies because the ecological and economic uncertainty is
augmented by climate change and because new and more
reliable information becomes available as time passes and
climate changes (Prato 2008; Probert et al. 2010). We stress
that our aim of the review is to provide a representative
overview of approaches relevant to the decision-making
problem in focus and not to provide an exhaustive review of
all the many different kind of studies that in different ways
deal with risk and uncertainty in forestry.
Forest decision making under uncertainty is a large and
productive cross-disciplinary research field (Fina et al.
2001; Kangas and Kangas 2004; Hein and van Irland
2006). Thus, even if climate change is a relatively new
issue, much can be learned by supplementing a review of
climate change literature, with a broader review of forest
research literature and some guiding examples from other
disciplines, addressing conceptual issues of adaptive decision making under uncertainty (e.g. Albers and Goldbach
2000; Amacher et al. 2005; Weintraub and Romero 2006;
Armstrong et al. 2007; Prato 2000, 2008; Probert et al.
2010). Therefore, this review includes examples of
approaches from the handling of risk (e.g. Dixit and
Pindyck (1994); Heikkinen 2003; Redmond and Cubbage
1988; Scholtens and Spierdijk 2010), over the operational
risk assessment (Borchers 2005; Linkov et al. 2006), to the
handling of uncertainty and information scarcity (Albers
1996; Benítez et al. 2006; Forsyth 2000; Kaloudis et al.
2005; Regan et al. 2005). In our discussion, we highlight
the need for further development of existing methods that
better incorporate key risk components and dynamics
implied by climate change, which are not yet addressed
adequately in the literature.
In order to provide a basic understanding of the decisionmaking challenge in focus of the review, we start with a

R. Yousefpour et al.

description of what characterises the uncertainty associated
with climate change and forest management. Then follows
what is the main emphasis of the paper: a quantitative
analysis and categorisation of more than 100 references.
The categorisation is made by focusing on different
dimensions and issues of relevance to many of the specific
problems of adaptive forest management and should aid
anyone interested in investigating specific sub-fields of the
literature. We finish the paper with a discussion of how
current knowledge and methods can be used in forest
management facing the new challenge of climate change.
1.1 A framework for modelling adaptive management
under climate change
At the core of adaptive management is the ambition to
collect and integrate in forest management the necessary
knowledge—as it becomes available—about how ecosystems are likely to respond to alternative management
schemes and changing environmental conditions, within a
continuous decision process (Prato 2000, 2008; Hahn and
Knoke 2010; Probert et al. 2010). This involves a chain of
state–dose–response–impacts, where management actions
affect all the individual links. The outcome of such a chain
of events is a set of flows of forest-based goods and
services and, potentially, a final or steady (average) state of
the forest ecosystem. A good adaptive forest management
strategy is thus designed so as to pursue the best possible
expected overall outcome in terms of a specific performance measure. For example, it can be designed to
minimise risk (Meilby et al. 2003; Nitschke and Innes
2008) or maximise expected net present value (Yin and
Newman 1996; Spring et al. 2005; Jacobsen and Helles
2006; Yousefpour and Hanewinkel 2009), expected overall
welfare (Gong and Löfgren 2007; Wintle and Lindenmayer
2008), or a particular multi-criteria objective function
(Linkov et al. 2006; Ohlson et al. 2006; Zhou et al. 2008;
Ananda and Herath 2009). To meet these objectives, we
need adequate descriptions of the forest ecosystem as well
as relevant parts of the surrounding socioeconomic system
(Hoogstra 2008; Blennow 2008; Hahn and Knoke 2010).
What is relevant depends on the issue and objectives of the
specific models applied, but it may range from unidimensional data in conceptual or stand-level models to
multi-dimensional datasets in more complex models, e.g. at
the landscape level (Meilby et al. 2003; Ohlson et al. 2006).
With climate change development, a new source of
change and uncertainty needs attention in adaptive forest
management. Climate change can be considered a significant source of exogenous and stochastic ‘doses’ of
changing climatic conditions, variability and associated
catastrophic events (Lindner et al. 2002; Prato 2008;
Böttcher 2008; Hahn and Knoke 2010). General ecological
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effects of changing climate are likely to include changes
with regard to growth, competition within and between
species, flowering and fructification, regeneration, mortality
rates and lifetime. Catastrophic events include windthrow,
snow breakage, mortality caused by flooding or severe
drought, fire and insect attacks. The ‘doses’ may also
include indirect socioeconomic effects of climate change,
such as increased insurance rates and increased fluctuations
of market prices, interest rates, taxes and owner’s needs for
cash income.
The link between the ‘doses’ and the state of the forest
ecosystem is tracked in models of the ‘response’ of the
ecosystem to a given ‘dose’. This is the system’s intrinsic
response, which may be described by a stochastic model
emphasising, e.g. forest health decline, dieback, increasing
or decreasing growth, and change with respect to regeneration success, mortality, genetic selection pressure, species
composition, biodiversity and soil development. Finally, this
flow of dose–response will have an impact on the values that
owners and society at large derive from forest ecosystems
(Knoke et al. 2005; Lien et al. 2007; Hemery 2008;
Hyytiäinen and Penttinen 2008; Heller and Zavaleta 2009).
By ‘forest management’, we refer to the whole range of
decisions that a decision maker must consider concerning the
forest: choice of species, provenances, regeneration approach, thinning and tending practices, harvest age or size,
drainage, protection measures, afforestation, deforestation,
etc. Management of course directly influences the state of the
forest, but it may also affect the dose–response relationship,
e.g. susceptibility to windthrow or consequences of drought,
and the economic impact of a given ecological response may
be modified through management (cutting losses, enhancing
benefits). Management decisions are described by actions in
time and context (Hahn and Knoke 2010). Individual
management decisions may be part of a long-term strategy
including a set of pre-planned actions, triggered by basic
state variables, such as age or stand density. Typically, such
strategies are designed to perform well under a given set of
deterministic assumptions about the future, or they are
designed to cope with known variability in, e.g. seed
production, regeneration risks, storms, etc., and are not
subject to adjustment based on climate-induced changes in
current trends and fluctuations. Forest owners will likely face
hazard risks, growth patterns across species and other
important factors to vary and change in the future in ways
that cannot be well described by the past, known variation
and information about the productivity of species.
By contrast, an adaptive forest management approach
taking into account also climate change could include a set
of contingent decision rules, specifying a range of different
good or optimal decisions for several possible future states
of the world (Prato 2000, 2008; Jacobsen and Helles 2006;
Zhou et al. 2008; Yousefpour 2009). Hence, using an
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adaptive management approach, individual decisions are
made on the basis of observed trends and fluctuations and
resulting beliefs about the future, and since future developments are uncertain, the decisions are not assumed to
always lead to perfect results but to outcomes that are, on
average, the best possible. Prato (2008) noted that if
different stakeholders’, depending on their set of preferences
for the attributes of ecosystem services, prefer different best
adaptation strategies, in this case, a compromise best
adaptation strategy would need to be developed using a
multi-attribute evaluation.
At this point, a comment is needed on the distinction
between risk and uncertainty applied in the remainder of this
paper. While it is sometimes common to see these two terms
assigned distinctly different meanings in the Knightian sense
that the former implies a form of empirically or objectively
measure of risk, e.g. probabilities and/or impacts, whereas
uncertainty do not (or rely on subjective probabilities).
However, this distinction is far from being used consistently
in the literature. In fact, many papers and even books (see, e.g.
Dixit and Pindyck) apply the term uncertainty about, e.g.
variation in prices and similar, but clearly apply empirical
(objective) measures and models of this uncertainty (e.g.
Thorsen 1999a, b). In fact, one could argue that there’s a
tendency to use the risk term mainly for downside events
like storm and fire and of course in the literature relating
strongly to the issue of risk aversion, where risk has the
broader definition of variation in outcomes. For this reason,
we consider both of the terms risk and uncertainty, which
may have been used interchangeably in the literature, and try
to remain true to the formulations and applications. We
stress, however, that while much of the literature deals with
empirically quantifiable risks and uncertainties, we shall
argue that the inherent uncertainty about what climate
change we face is hardly quantifiable without some use of
subjectivity or beliefs about, e.g. future mitigation actions.
A final topic to address here is what rationale to assume
on behalf of forest managers and their decision making
(Hoogstra 2008). Implicitly, most state-of-the-art models
assume forest managers to be rational within the limits of
the decision-making model, e.g. knowledgeable about
forest growth, risk and uncertainties and impacts of various
changes and shocks. However, much evidence suggests that
forest managers base their decisions on different sets of
information and in ways quite different from those assumed
(Ananda and Herath 2005; Couture and Reynaud 2008;
Hoogstra 2008). This is a crucial issue as the success of
decision making in adaptive forest management depends on
managers being aware of changes with regard to state and
development of the forest and knowledgeable about
available management strategies (Gong 1994; Jacobsen
and Thorsen 2003; Linkov et al. 2006; Moore and Conroy
2006; Yousefpour 2009). According to Blennow (2008),
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adaptation to forthcoming risks (including extreme events)
has not been actively implemented in Swedish forestry,
while similar studies of risk management in forestry of
other countries appear to be rare as well. While forest
owners certainly already applies silvicultural measures to
deal with known risks and variability, e.g. in seed
production, regeneration risks and variation in prices, there
is some evidence (Blennow 2008) that forest owners’ belief
in their personal adaptive capacity or that of the forest
ecosystem and their scepticism regarding climate change
may limit their motivation for taking adaptation measures.
Research aiming to cope with such deficits is largely
lacking in forest research.
Different decision-making models reflecting what could
be termed a ‘bounded rationality’, including bounded sets
of information, have been developed and outline different
ways of addressing forest managers’ use of information and
development of expectations regarding the future (Hoogstra
2008; Jacobsen et al. 2010; Probert et al. 2010).
Looking at risk of climate change in the above framework,
research into climate change and adaptive forest management
should make sure to include (1) risk flow modelling (e.g.
modelling endogenous risk for multiple risk types); (2) models
allowing for spatial relations and interdependence as well as
for the inclusion of values, goods and services other than
wood production; (3) methods and techniques enabling the
handling of problems at the scale of forests or landscapes; and
(4) approaches that explicitly allow for evaluating the effect of
learning as future climate unfolds.

2 Materials and methods
To access and collect the papers relevant for this review
effort, an extensive literature search was conducted, as
illustrated in Fig. 1. A combination of the key words was
applied so that at least one word from each of the search
terms in boxes (logical OR operator) and at least one term
from each box should appear (logical AND operator) either
in the title or the abstract of the paper. Five different search
engines were used: ‘Web of Science’, ‘Scopus’, ‘Scirus’,
‘Science Direct’ and ‘CAB’. This brute force search
resulted in a gross list of about 225 papers, of which 113
were not relevant for the focus of this paper, leaving 112
papers for the review and the quantitative analysis. The
selected papers were either representative of decisionmaking approaches to handle risk and uncertainty in
forestry or dealing with adaptive management under
climate change. The later applies not only for forest
resources but for a broad variety of the biophysical systems
like land resources, urban areas, agro-forestry, agriculture
and non-renewable resources and, moreover, for different
gaols (e.g. conservation, landscape management, resource
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allocation). A number of deterministic studies came into
consideration to mention precautionary approaches in
adaptation to climate change. Excluded papers were mainly
studies that do not address the thematic of this paper, e.g.
from topics like genetics, soil science or meteorology. The
selection may subsequently entail a compact analysis for
the outlined purposes of this review; however, the quantitative results are just valid for this sample.
The selected papers were all comprehensively reviewed
by at least one of the authors of this paper, and a number of
characteristics related to forest risk modelling were noted.
A summary of the review notes was made in a table for
each paper. In the summarising part, characteristics of the
study were described together with notes on the investigated
issue, the source of risk, the analytical and operational
research (OR) techniques used and the paper’s implications
for future research.

3 Results
Risk modelling in forest management studies has shown an
increasing trend over the last two decades (see Fig. 2).
While there were just occasional publications on the topics
under investigation (cf. Fig. 1) in the early 1990s (one to
two publications per year), the number of publications has
considerably increased in recent years (i.e. 2005 and
thereafter). Most likely, attention to risk analysis in forestry
would grow even more in the coming years, as climatic
changes and uncertainties will manifest themselves into
concrete management challenges, knowledge shortages and
decision support needs.
3.1 Classification of reviewed papers
Figure 3 shows the number of contributions categorised
into different classes depending on the source of risk and
uncertainty in focus. Price uncertainty stands out as the
single most studied topic, followed by catastrophic events
taken together, here fire (Gonzáles et al. 2005b; 2008),
windthrow (e.g. Thorsen and Helles 1998; Meilby et al.
2001, 2003; Hanewinkel 2005; Insley and Lei 2007), ice
(Goodnow et al. 2008) and biotic risks. In much of the
literature on catastrophic events, risk levels depend entirely
on exogenous factors, biotic and climatic. Exceptions do
exist, e.g. Thorsen and Helles (1998) explicitly model risk
as partially endogenous to stand treatment. This approach
has also been extended to fire risk (Gonzáles et al. 2005a).
While these sources all address the stand level, focusing on
specific stands or trees, some risks depend on the spatial
context. Studies addressing decision making under risk at
forest or landscape levels include Reed and Errico (1985,
1986, 1987), Lohmander (1987, 2000), Gonzáles et al.
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Fig. 1 Keywords used to search
for relevant papers on forest risk
modelling. Keywords in each
box are connected by logical OR
operators, and asterisk stands
for variable endings
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Uncertain*
(uncertain, uncertainty,…)
Risk*
(natural risk, hazard risk,…)
Vulnerab*
(Vulnerability, vulnerable,…)
Climat*
(climate, climatic, …)
Disturbance*

AND

Management*
(forest management, risk management, adaptive management,…)
Plan*
(forest planning, management plan,…)
Sustainab*
(sustainable management, sustainability,...)

(2005b) and Eriksson (2006). However, except for
Lohmander (1987), these studies essentially use a singlestand approach, and the forest-level models are, in practice,
simple aggregates of stand-level models where interdependence exists only through forest-level constraints. More
recent studies have developed forest and landscape-level
models, including spatial interdependence between individual forest stands with respect to risks (Meilby et al. 2001,
2003; Gonzáles et al. 2005b). These studies show that
considerable challenges remain regarding large-scale analyses, related to the dimensionality of stochastic optimisation models involving a large number of time steps and
interdependent states.
Price uncertainty has been in focus in many studies,
either as a part of a net present value (NPV) calculation or
separately. An early example is Brazee and Mendelsohn
(1988), but numerous studies followed (e.g. Teeter and
Somers 1993; Gong 1994, 1999; Plantinga 1998; Zhou
Fig. 2 Number of publications
on forest risk modelling over the
last 17 years

AND

Decision*
(decision making, decision support,…)
Adapt*
(adaptation, adaptive, adapting,…)
Model*
(modelling, forest model, …)

1999; Thorsen 1999a; McGough et al. 2004; Zhou and
Buongiorno 2006; Penttinen 2006; Chladná 2007; Manley
and Bare 2001).
Other approaches, based on NPV measures or other
measures of profitability, have also been taken to investigate effects of price uncertainty including addressing forest
investment analysis in the framework of the Capital Asset
Pricing Model (e.g. Redmond and Cubbage 1988; Washburn
and Binkley 1990, 1993; Wagner and Rideout 1991, 1992;
Lundgren 2005; Scholtens and Spierdijk 2010) and also
studies relying on the expected mean–variance rule or similar
simulation based decision criteria, e.g. Yoshimoto and Shoji
(1998) using a binominal option pricing model, Reeves and
Haight (2000) and Knoke et al. (2001). Other sources of
uncertainty, such as interest rate (Alvarez and Koskela 2001;
Buongiorno and Zhou 2011), climate change effects (Jacobsen
and Thorsen 2003; Bodin and Biman 2007) and society’s
preferences for non-market values, e.g. Abildtrup and Strange
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Fig. 3 Prevalence of different
sources of risk and uncertainty
in the literature

(1999) and Ananda and Herath (2005), are much less
common.
3.2 Models of risk analysis
There are various ways to include different types of risk in
decision-making models. Figure 4 shows the observed
frequency of different approaches to the modelling of
forest-related risks in the reviewed literature. The Geometric
Brownian Motion (GBM) dominates in forest risk analysis
and is applied in 19% of the papers, in particular those looking
at stochastic price or NPV changes (e.g. Willassen 1998;
Thorsen 1999b; Sødal 2002; Duku-Kaakyire and Nanang
2004; Malchow-Møller et al. 2004) and also studies on other
types of values, e.g. Bulte et al. (2002). The GBM is a
simple model of how a stochastic process may develop over
time. For example, the paper by Jacobsen and Thorsen
(2003) presents a model of the decision problem of choosing
between two species, which may be favoured or disfavoured
by forthcoming climate change. Changes in growth trends
are subject to stochastic increases or decreases following a
Fig. 4 Frequency of different
risk models applied in forest
risk analysis

random walk (a discrete Brownian motion) adding to or
detracting from the empirical growth function. The risk
element is based, however, on assumptions, whereas the
impact on each of the two spruce species is based partly on
physiological evidence. The paper shows that with uncertainty about future climate change and impacts on growth, it
is worthwhile keeping both species longer in mixed stands
than in the absence of uncertainty. While this decision
approach certainly has significant merits, the paper has an
important limitation: The modelling of forthcoming climate
change is at the same time overtly simple and yet assumes
knowledge about direction and variance of possible impacts.
This requires assigning known probabilities to the outcome
of specific combinations of state and action. With the
direction and speed and variance of climate change and its
impacts on forests being unknown, this is a difficult
requirement often replaced by strong assumptions.
Alternatives used in the literature include the autoregressive process, (AP), (e.g. Plantinga 1998; Gong 1999;
Gjolberg and Guttormsen 2002) and vector AP (VAP), e.g.
Gong and Yin (2004) and Jacobsen and Helles (2006).
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Fig. 5 Attention to different categories of products and services in the
literature on decision making under risk

Compared with the GBM and other models of stochastic
processes, a simpler competing risk model, with a much
wider application space, is the specification of static
probability distributions (PD) for key variables. This
approach, however, fails to handle the potential correlation
in the time domain of stochastic variables like prices. This
approach is used in 17% of the papers and hence mainly in
papers dealing with other sources of risk, though it was
essentially used also in Brazee and Mendelsohn (1988).
Turning to other sources of risk, forest analyses use the
Poison process (PP) to model risk of fire and windthrow
directly (e.g. Reed 1984; Yin and Newman 1996; Fina et al.
2001; Ohlson et al. 2006; Armstrong et al. 2007; Jacobsen
2007) or in modified and more complex versions (e.g.
Thorsen and Helles 1998) and also the simple uniform
distribution (Uni, e.g. Amacher et al. 2005; Gong et al.
2005; Zhou et al. 2008). Other approaches and models like
Markov chains (MC, e.g. Knoke et al. 2001; Meilby et al.
2003; Spring et al. 2005; Zhou and Buongiorno 2006),
Bayesian (By) approaches (e.g. Prato 2000, 2009; Kangas
et al. 2000), and binominal trees (BT, e.g. Gove and
Fairweather 1992; Duku-Kaakyire and Nanang 2004;
Yoshimoto 2009) were applied only in a few studies.
Fig. 6 Technical solutions applied in forest risk analysis
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Climate change will affect many types of risk and
uncertainty, which may be captured using many of the
approaches found here. The change in these risk variables,
as well as many other state variables describing the forest,
will likely follow the development in core climate variables
like temperature, precipitation, and wind patterns. However,
the modelling of this should likely differ from that found in
the literature reviewed: It seems likely that it should reflect
a transition from current climate, growth and risk dynamics
to a new, yet unknown but hopeful by then stable, climate,
with related growth and risk dynamics. Thus distributions
of all variables can be thought of as non-stationary in
means and higher orders for a considerable period, but not
in a way adequately captured by, e.g. GBM processes or
similar as these do not have the important tendency of mean
reversion, which we generally are accustomed to find for a
stable climate. An alternative model for possible future
scenarios of climate development could be to model the
development of core variables with some form of trendstationary process, potentially with a heteroscedastic, timedependent variance.
3.3 Variables in the objective functions
The goal or objective functions of the bulk of studies have
emphasised traditional objectives, i.e. timber production
and non-timber products and services like biodiversity,
water, carbon, recreation and amenities. Maximisation of
present values from timber production under risk was the
most common objective, in particular of course in studies
evaluating price or other market value risks, and 80% of the
papers included this as one of the main aims (Fig. 5).
Amenity was also included in a considerable part of the
literature (16%) compared with other objectives (Pukkala
and Miina 1997; Prato 2000; Bulte et al. 2002; Alvarez and
Koskela 2007a; Zhou et al. 2008). However, non-timber
products and services like biodiversity, carbon, wildlife and
water were only considered in a smaller number of studies
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(Huang et al. 1998; Creedy and Wurzbacher 2001; Bulte et
al. 2002; Spring and Kennedy 2005; Spring et al. 2008;
Galik and Jackson 2009; Yousefpour 2009), which made up
9%, 8% and 6% of the papers. The least common objective
in forest risk management was recreation, addressed in only
3% of the papers.
3.4 Operations research methods
Risk analysis integrated into decision-making under uncertainty can either be done using analytical approaches, e.g. Itô
calculus, or OR (operations research). Using simply the
expected value (EV) as the decision basis was common in
the investigative phase of analysis in many papers, e.g.
Thorsen (1999a). Apart from that, as shown in Fig. 6,
stochastic dynamic programming (SDP) was the most
common technical tool used to deal with risk in forestry.
The studies are closely related to the real options literature as
shown by Plantinga (1998) and with examples like Thorsen
(1999a, b), Abildtrup and Strange (1999), Duku-Kaakyire
and Nanang (2004), Gjolberg and Guttormsen (2002) and
many others. To a large extent, this group of studies
correlates with the literature considering uncertainty in terms
of the stochastic evolution of future prices (Brazee and
Mendelsohn 1988; Thomson 1992; Gong 1994; Yoshimoto
and Shoji 1998; Gong et al. 2005), present value measures
(Norstrøm 1975; McCarthy et al. 2001; Abildtrup and
Strange 1999; Malchow-Møller et al. 2004), stochastic
interest rates (Alvarez and Koskela 2001, 2003; Buongiorno
and Zhou 2011) and similar, but not exclusively. For
example, SDP has also been applied in various versions to
analyse decision making under risk of hazards as windthrow
(Meilby et al. 2003; Hanewinkel 2005; Heinonen et al. 2009)
and fire (Reed 1984; Boychuk and Martell 1996; Amacher et
al. 2005; Gonzáles and Pukkala 2007; Prestemon and
Donovan 2008; González et al. 2008).
Common to all of these problems and decision approaches
is the ability of the researcher to validly describe the stochastic
process for the uncertain variables in a way that allowed for a
known and stationary state transition matrix within a confined
state and time matrix (e.g. Buongiorno and Zhou 2011). This
is a strong feature of the real options approach, which is
essentially also at the heart of the reservation price literature.
Similar approaches have only rarely been used to climate
change and uncertainty about the effect on, e.g. growth
patterns of species under climate change. This has, however,
so far been in the form of essentially non-stationary
processes, e.g. a branch-out binomial or trinomial tree
(Jacobsen and Thorsen 2003). They lend themselves
reasonably well to SDP algorithms, but as stressed also in
Section 3.2, the effects of climate change are not likely to be
well described by the type of non-stationary processes and
changes in core climate variables implied by the models of
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these studies. Rather, we are in the midst of a stochastic
transition from one, known, stable climate (equilibrium) with
considerable variability, but nevertheless fairly stable and
stationary (cyclic), to a new but largely unknown climate,
which we may expect or not to stabilise (in a cyclic
equilibrium). Although the later statement is conjecture, it
gives an essential opportunity to explore options to adapt to
possible future climate states via management (considering
more future equilibriums may alleviate the assumption).
Thus, the change is non-stationary in a way that does not
offer the researcher a firm fundament for, e.g. setting up even
a stationary state transition matrix, or even a time bounded
non-stationary such. Assessment of transition probabilities
will change as new information about the transition and its
implications arise.
Taking a wider look into the literature, linear programming (LP) and simulation analysis techniques (applying
probabilistic modelling of risk without integration in OR
techniques) were also frequently used to solve or analyse
problems involving decision making under risk (Reed and
Apaloo 1991; Buongiorno 2001; Yousefpour and Hanewinkel
2009). Evolutionary techniques like genetic algorithms,
simulated annealing and taboo search were all included in
the heuristics category and were present in 9% of the
literature (Kangas et al. 2000; Zeng et al. 2007; Yousefpour
2009). Other techniques like mathematical and numerical
determination of optimal stopping in the real options literature
(including also Itô calculus), information gap and the
analytical hierarchy process were all less common (e.g.
Thorsen 1999a, b; Insley 2002; Duku-Kaakyire and Nanang
2004; Rocha et al. 2006; Jacobsen 2007; McCarthy and
Lindenmayer 2007).
Again, most of these OR methods make rather strong
assumptions on the ability of the decision maker to assign
stable and well-defined probability structures to the
Table 1 Prevalence of different characteristics and aspects of studies
emphasising climate change and associated risk
Climate change and risk
Contribution (%)
NPV maximum
Risk
Fire
Wind
Biotic
Social
Non-timber
Scale

Stand
Forest
Landscape

7
8
6
4
5
1
15
4
9
9
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different outcomes and dynamics of stochastic events and
variables. The most flexible but also simple approach is the
simulation analysis techniques, which—because of their
often computational low requirement—typically offer
themselves better to, e.g. analysis of the effects of varying
stochastic parameters and the like over decision time span.
What this method is often lacking is a procedure for
reflecting knowledge update and knowledge contingent
decision making. A possible alternative here, which appears
largely unexplored in the forest management literature, is
the use of Bayesian methods (Kangas et al. 2000; Prato
2000, 2008 and 2009; Jacobsen et al. 2010). Kangas and
Kangas (2004) noticed that application of Bayesian
approach was suffering from computational difficulty until
recently and advancements in simulation methodology.

4 Discussion of climate change focus
The literature on various aspects of risk, uncertainty and
decision making in forest management is a rather comprehensive. We have not included all studies in this review, but
have selected a large sample representing the development in
the research on handling uncertainty and risk if forest, which
appeared relevant for the design of adaptive management
approaches under climate change. More than a hundred (112)
publications dealing with risk analysis in forest modelling
were included, but only some of them explicitly take into
account climate change and related environmental impacts
(21%=24 of total 112 references, Fig. 3). We also examined
which risks and changes were the main focus.
Table 1 shows the occurrence of different aspects of risk
analysis in the study of climate change and forest modelling
from selected pool (112 references). It reveals that only 7%
(eight references) of the studies focusing on NPV maximisation used some type of risk model to solve a forest
management problem under climate change. Risk of biotic
and abiotic hazards and the impact of climate change on
these were also rarely investigated, making up only 4–6%
of the studies (five to seven studies). Social risk analysis, or
taking into account the possible changes in the preferences
of society, in studies emphasising climate change amounted
to only 1% (i.e. one study). It thus appeared to be the least
studied aspect of risk analysis in forestry.
4.1 Impacts in focus of risk analyses
Traditionally, timber production and its value is the main,
or at least one of the main, objectives of forest management
modelling and studies of decision making under risk (e.g.
Gong 1994; Weintraub and Bare 1996; Pukkala and Miina
1997; Vettenranta and Miina 1999; Buongiorno 2001;
Chang 2005; Zhou et al. 2008). However, social and
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environmental services of forest ecosystems are becoming
more and more important in forest management and must
therefore be integrated into forest modelling procedures.
Several studies address this challenge and apply techniques
and approaches of relevance to multi-functionality (e.g.
Albers 1996; Weintraub and Bare 1996; Creedy and
Wurzbacher 2001; Krcmar et al. 2001; Bulte et al. 2002;
Zhou and Gong 2004; Fernandez 2005; Gong et al. 2005;
Spring et al. 2005; McCarthy and Lindenmayer 2007;
Ananda and Herath 2009; Heller and Zavaleta 2009). In the
present review, just 15% of the studies emphasised climate
change and associated risk considering non-timber forest
products and services like biodiversity, carbon, water, amenity
values and recreation. The inclusion of non-timber products
and services requires a valuation measure of operational
relevance, which, together with other quantitative measures,
can be linked to the utility and welfare to be maximised (Gong
and Yin 2004; Yousefpour and Hanewinkel 2009). This is
especially true when there is no real market for them. For
example, this is the case for biodiversity, carbon sequestration, oxygen production, improvement of local wind climate
and soil preservation. Furthermore, the review observed only
few investigations of the real impacts of biotic hazards on
forest utilisation (5%), and the economics of biotic risk in
forest management was emphasised by only Wilson and
Baker (2001) and Xu et al. (2009).
Most studies focusing on changing, typically increasing,
risks in forest management under climate change tend to
build on existing approaches and then make assumptions
about (or more rarely model) changes in risk levels
contingent on climate change scenarios (Jacobsen and
Thorsen 2003; Yousefpour 2009). Thus, the studies do not
adequately deal with the issue that the uncertainty about
what climate scenario will become real may be much more
important for significant decision than the actual changes in
known risk levels for given climate change (Cordonnier et
al. 2008). However, the precautionary principle from environmental management (see Rogers et al. 1997) and for
adaptation to the risk in forestry, e.g. climatic changes, has
been taken into account in some studies applying appropriate
silvicultural interventions (Knoke et al. 2001, 2005; Knoke
and Wurm 2006; Knoke 2008; Jacobsen et al. 2004;
Yousefpour 2009). For instance, Yousefpour (2009) examined adaptation to climate change in the Black Forest area of
south-western Germany by the conversion modelling of
Norway spruce monocultures towards mixed spruce beech
forests subject to multiple goals and found an optimal
solution asking for diversified silvicultural interventions.
4.2 Spatial scale in climate change studies
Climate change is considered a regional or global phenomenon rather than a local one, even if observed locally
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(Lindner et al. 2002; Spring et al. 2005; Böttcher 2008;
Galik and Jackson 2009; Xu et al. 2009; Heller and
Zavaleta 2009). Therefore, one could argue that the scale
of climate change studies should be at landscape or at least
forest enterprise level to reasonably address the effects of
changing environment on forest structure. The present
review reveals that in fact most of the investigations of
forest risk modelling under climate change (21% of 112
selected studies) were conducted either at landscape (9%)
or forest level (9%) and that only a few studies (3%)
considered the risk of climate changes solely at the stand
level. For analysis of uncertainty and risk associated with
climate change, it appears crucial to be able to handle
problems defined at the forest or landscape level. It should,
however, be noted that decision problems at landscape level
are often complex, multi-dimensional integer optimisation
and are therefore difficult to solve for optimal solutions,
even in a static setting. Adding uncertainty and a long time
perspective further complicates the issue, and most likely
landscape-level models require substantial simplification of
the adaptive decision problems (see Jacobsen et al. 2010;
Meilby et al. 2001, 2003 for complex examples of
aggregating from stand to forest level). While this may
seem like a limitation—not making use of the full
underlying information—it will be useful to illustrate some
spatial aspects of the uncertainty, which can then, at first in
a qualitative way, be handled together with more complicated but deterministic landscape models. However, Heller
and Zavaleta (2009) warn that problems of scaling may
raise uncertainty, including scaling-down global climate
models to fit maenagment scales or scaling-up empirical
observations to predict larger scale processes. This is even
more crucial when attributes like biodiversity, mainly
indicated non-linearly (Yousefpour 2009), are under consideration of adaptive management.
4.3 Model and solution approaches relevant for climate
change
From a technical point of view, it is always a challenge to
integrate risk into the modelling procedures. Finding a
solution to sophisticated risk-including models is itself a
comprehensive scientific task, where there is no general
analytical solution to most of the relevant formulations and
problems. Furthermore, if a solution at the operational level is
demanded, numerous technicalities and modelling challenges
will be faced to find numerical solutions. However, Kangas
and Kangas (2004) conclude that the most important point is
not to ignore uncertainty and to take it into account in
decision making one way or another and to make the
decision makers be aware of that. Weintraub and Romero
(2006) agree that incorporating risk and uncertainty in OR
models in agriculture and forestry is crucial, and there is a
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need to adapt methods and concepts specifically conceived
for the particulars of the forestry and agriculture sector.
In the present review, SDP was the most frequently applied
technique to solve the above-mentioned problems (25% of the
literature, see Fig. 5). The SDP algorithm guarantees an
optimal solution within the problem formulation. In spite of
its advantages, the SDP also suffers from heavy increases in
computational complexity as the dimensionality of the
problem grows. Along with SDP, the E-V analysis approach
was also a widely used (25%) methodology, but it does not
comprise an optimal solution as such. This also applies to
simulation techniques (16%), which are used to explore the
solution space for different management scenarios without
producing any concrete suggestions in the form of optimal
solutions, but which may lead to a plethora of good
solutions. Another approach that offers a real global
optimum solution within the problem formulated is LP.
Unfortunately, LP involves rigorous assumptions regarding
the linearity of objectives and constraints (Weintraub and
Bare 1996; Insley and Rollins 2005; Weintraub and Romero
2006; Yousefpour and Hanewinkel 2009), which hampers its
wider application. Furthermore, flexible formulations of
dynamic decision problems under uncertainty are difficult
to obtain within LP formulations of a reasonable size. LP
was applied in 16% of the literature and might be combined
with SDP. Other techniques were less commonly represented, possibly because of their ambiguous application
[fuzzy, information gap theory, non-linear programming,
Heuristics, real options, Ito (ito calculus), analytic hierarchy
process (AHP) and quasy optimum]. However, it seems that
due to the increasing importance of society’s preferences in
forest risk analysis (Kangas and Kangas 2004; Ananda and
Herath 2005; Hoogstra 2008) and in order to legitimise
decisions regarding the governance of forest ecosystems
(Satake et al. 2007), solution methods like AHP or similar
techniques that are able to integrate socio-economic analysis
into the decision-making process should be more commonly
applied in future studies (Kangas and Kangas 2004;
Weintraub and Romero 2006; Heller and Zavaleta 2009).
Hahn and Knoke (2010) stress that adaptation is fundamentally about human needs and not about nature aiming to
decrease vulnerability in forest ecosystems, and measures
carried out should be depending on both ecological and
socio-economic understanding.
Recent advances in computational capacity may allow
applying more sophisticated techniques like heuristics to solve
comprehensive decision problems (Kimmins et al. 2008;
Yousefpour 2009; Jacobsen et al. 2010). Most of the above
approaches, as stressed earlier, have so far been used in the
climate change and forest management literature, in ways that
do not incorporate the fact that the degree and speed of climate
change are both highly uncertain, yet crucial to the analysis of
any of the derived changes in otherwise known risks.
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5 Conclusion with a focus on future research needs

Advanced Decision Models

Looking across all the studies reviewed here, we find that
there are two important challenges that need to be
addressed to be able to break new ground with respect to
decision-making models for adaptive forest management
under climate change.
The first challenge is the modelling of uncertainty
related to climate change. In the literature reviewed,
uncertainty is modelled in ways that usually assume that
the parameters of the probability distributions or applied
stochastic processes are known (Gove and Fairweather
1992; Weintraub and Bare 1996; Palma and Nelson 2009).
The important implication is that even if future states and
events are unknown and need to be assessed as stochastic,
the models can explicitly assign a (treatment conditional)
probability to any model outcome in model state space and
time. The stochastic models often base their parameterisation on empirical observations of, e.g. windthrow or fire
risks and price behaviour. However, the uncertainties and
risks related to climate change cannot be observed
historically. There is an inherent uncertainty about the
future probability space for climate development, which
does not offer itself to simple parameterisations. Rather,
model developments will need to address the challenge of
handling non-stationary and perhaps even belief-based
parameters of stochastic processes and probability distributions, like Bayesian updating (Kangas et al. 2000; Prato
2000, 2009). Kangas and Kangas (2004) and Prato (2000,
2008) admit the suitability of knowledge management
approaches like probability theory of Bayes and evidence
theory of Dempster–Shafer for coping with non-stationary
risks in adaptive management of forest resources. Probert et
al. (2010) introduce an adaptive modelling applying
Bayesian theory combined with optimization algorithms

C
Economic
decision
models
applying
approaches
from simple
NPV over
Markovian,
and SDP to
Ito calcules…
usually
based on
simple
growth
models

Economic Model

F
Future Developments
focusing on climate
change uncertainty
and learning

C
Applied Studies of
Climate Change

C
Forest risk models ranging from simpler Empirical
growth models over mechanistic to complex
process-based

Ecological Model
Complexity & Precision

Fig. 7 Chart illustrating current (C) and future (F) situations in
research emphasising adaptive forest management modelling

with an example of conservation planning for a threatened
species Tasmanian Devil, Sarcophilus harrisii.
The second challenge concerns the need for simple but
valid forest growth models that (1) can provide good
estimates of timber production and preferably also other
goods and services as a function of stand level characteristics, (2) are constructed in ways that allow them to react to
changes in climate with respect to, e.g. two parameters,
temperature and precipitation, (3) are able to link together
stand output functions to form forest and landscape levels
models and (4) are simple enough to provide good
conditional predictions of key state variables and flows at
low computational costs, hence allowing for evaluation of
numerous decision alternatives. Looking into the literature,
it appears that most climate-sensitive models are computationally very demanding, e.g. process-based models. These
are good models for advanced studies of ecosystem
dynamics at a very detailed level (i.e. high complexity
and precision, green area along the X-axis of Fig. 7), but
their usefulness for decision analysis is quite limited as they
are considered to embody too many uncertainties and
require too many (poorly known) parameters for their
application to be as reliable in practice as empirical models
(e.g. Böttcher 2008; Galik and Jackson 2009; Yousefpour
2009). Thus far, they have not been able to predict the effect
of different management prescriptions as required for adaptive
forest management (less decision diversity, green area along
Y-axis of Fig. 7). Furthermore, because of their often heavy
computational demands (in terms of run time, etc.), they do
not form an attractive basis for the more advanced decision
modelling approaches, which are themselves either computationally demanding (e.g. SDP) or at least require numerous
stochastic runs of the models under varying assumptions, e.g.
Bayesian updating with simulation.
In comparison, a large amount of research conducted in
economic risk modelling of forest management applied
substantially more advanced approaches to decision modelling. This research especially emphasised timber price,
interest rate and rotation period, and it has been based
mostly on Faustmann formulations (high risk decision
diversity, brown area along the Y axis in Fig. 7). The field
is closely related to the real options literature as shown by
Plantinga (1998) and with examples like, e.g. Thorsen
(1999a, b), Abildtrup and Strange (1999), Duku-Kaakyire
and Nanang (2004), Gjolberg and Guttormsen (2002) and
many others. The main limitation but also advantage of
these types of studies is that they usually apply empirically
based models to predict forest development or development
in prices over time (e.g. Brazee and Mendelsohn 1988;
Gong 1994; Pukkala and Miina 1997; Willassen 1998;
Thorsen 1999b; Buongiorno 2001; Jacobsen and Thorsen
2003; Orois et al. 2004; Zeng et al. 2007; Alvarez and
Koskela 2006, 2007a, b; Yoshimoto 2009). The advantage
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is that these models are often easy to implement in more
complex decision models, and they have low computational
demands. The disadvantage and limitation is the fact that,
by their very nature, empirical models are based on
historical evidence, and although the climate has also
varied historically, so that empirical growth models may
include effects of annual weather, the effects of short-term
fluctuations of the weather on growth, regeneration and
mortality are likely to differ considerably from the effects
of long-term climate change.
Developing operational growth models that are based on
(stand-level) empirical information and include causal
components would solve the problem and facilitate development of adaptive management schemes. Moreover, future
studies should attempt to bridge the gap between comprehensive ecological models and economic models to assist
forest decision makers with appropriate and complete
modelling tools.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References
Abildtrup J, Strange N (1999) The option value of non-contaminated
forest watersheds. Forest Policy Econ 1:115–125
Albers HJ (1996) Modelling ecological constraints on tropical forest
management: Spatial interdependence, irreversibility and uncertainty. J Environ Econ Manage 30:73–94
Albers HJ, Goldbach MJ (2000) Irreversible ecosystem change,
species competition, and shifting cultivation. Resour Energy
Econ 22:261–280
Alvarez LRH, Koskela E (2001) Wicksellian theory of forest rotation
under interest rate variability. J Econ Dyn Control 29:529–545
Alvarez LHR, Koskela E (2003) On forest rotation under interest
variability. Int Tax Public Finan 10:489–503
Alvarez LHR, Koskela E (2006) Does risk aversion accelerate optimal
forest rotation under uncertainty? J For Econ 12:171–184
Alvarez LHR, Koskela E (2007a) The forest rotation problem with
stochastic harvest and amenity value. Nat Resour Model 20:477–509
Alvarez LHR, Koskela E (2007b) Taxation and rotation age under
stochastic forest stand value. J Environ Econ Manage 54:113–127
Amacher GS, Malik AS, Haight RG (2005) Nonindustrial private
landowners, fires, and the wildland–urban interface. Forest
Policy Econ 7:796–805
Ananda J, Herath G (2005) Evaluating public risk preferences in forest
land-use choices using multi-attribute utility theory. Ecol Econ
55:408–419
Ananda J, Herath G (2009) A critical review of multi-criteria decision
making methods with special reference to forest management and
planning. Ecol Econ 68:2535–2548
Armstrong DP, Castro I, Griffiths R (2007) Using adaptive management
to determine requirements of re-introduced populations: the case of
the New Zealand hihi. J Appl Ecol 44:953–962

R. Yousefpour et al.
Benítez PC, Kuosmanen T, Olschewski R, van Kooten G (2006)
Conservation payments under risk: a stochastic dominance
approach. Am J Agr Econ 88:1–15
Blennow K (2008) Risk management in Swedish forestry—policy
formation and fulfillment of goals. J Risk Res 11:237–254
Bodin P, Biman BLB (2007) The usefulness of stability concepts in
forest management when coping with increasing climate uncertainties. For Ecol Manage 242:541–552
Borchers JG (2005) Accepting uncertainty, assessing risk: decision
quality in managing wildfire, forest resource values, and new
technology. For Ecol Manage 211:36–46
Böttcher H (2008) Forest management for climate change mitigation,
modelling of forestry options, their impact on the regional carbon
balance and implications for a future climate protocol. Dissertation,
University of Freiburg
Washburn CL, Binkley CS (1990) On the use of period-average
stumpage prices to estimate forest asset pricing models. Land
Econ 66:379–393
Boychuk D, Martell DL (1996) A multistage stochastic programming
model for sustainable forest-level timber supply under risk of
fire. For Sci 42:10–26
Brazee R, Mendelsohn R (1988) Timber harvesting with fluctuating
prices. For Sci 34:359–372
Bulte E, van Soest DP, van Kooten C, Schipper RA (2002) Forest
conservation in Costa Rica when non-use benefits are uncertain
but rising. Am J Agr Econ 84:150–160
Buongiorno J (2001) Generalization of Faustmann’s formula for
stochastic forest growth and prices with Markov decision process
models. For Sci 47:466–474
Buongiorno J, Zhou M (2011) further generalization of Faustmann’s
formula for stochastic interest rates. J For Econ 17:248–257
Chang FR (2005) On the elasticities of harvesting rules. J Econ Dyn
Control 29:469–485
Chladná Z (2007) Determination of optimal rotation period under
stochastic wood and carbon prices. Forest Policy Econ
9:1031–1045
Cordonnier TH, Courbaud B, Berger F, Franc A (2008) Permanence of
resilience and protection efficiency in mountain Norway spruce
forest stands: a simulation study. For Ecol Manage 256:347–354
Couture S, Reynaud A (2008) Multi-stand forest management under a
climatic risk: do time and risk preferences matter? Environ
Model Assess 13:181–193
Creedy J, Wurzbacher D (2001) The economic value of a forested
catchment with timber, water and carbon sequestration benefits.
Ecol Econ 38:71–83
Dixit A, Pindyck RS (1994) Investment under uncertainty. Princeton
University Press, Princeton
Duku-Kaakyire A, Nanang DM (2004) Application of real options theory
to forestry investment analysis. Forest Policy Econ 6:539–552
Eriksson OL (2006) Planning under uncertainty at the forest level: a
systems approach. Scand J Forest Res 21:111–117
Fernandez L (2005) A diversified portfolio: joint management of nonrenewable and renewable resources offshore. Resour Energy
Econ 27:65–82
Fina M, Amacher GS, Sullivan J (2001) Uncertainty, debt, and forest
harvesting: Faustmann revisited. For Sci 47:188–196
Forsyth M (2000) On estimating the option value of preserving a
wilderness value. Can J Econ 33:413–434
Galik CS, Jackson RB (2009) Risks to forest carbon offset projects in
a changing climate. For Ecol Manage 257:2209–2216
Gjolberg O, Guttormsen AG (2002) Real options in the forest: what if
prices are mean-reverting? Forest Policy Econ 4:13–20
Gong P (1994) Adaptive optimization for forest-level timber harvest
decision analysis. J Environ Manage 40:65–90
Gong P (1999) Optimal harvest policy with first-order autoregressive
price process. J For Econ 5:413–439

Decision-making to handle climate change
Gong P, Löfgren KG (2007) Market and welfare implications of the
reservation price strategy for forest harvest decisions. J For Econ
13:217–243
Gong PC, Yin RS (2004) Optimal harvest strategy for slash pine
plantations: the impact of autocorrelated prices for multiple
products. For Sci 50:10–19
Gong P, Boman M, Mattsson L (2005) Non-timber benefits, price
uncertainty and optimal harvest of an even-aged stand. Forest
Policy Econ 7:283–295
Gonzáles JR, Pukkala T (2007) Characterization of forest fire in
Catalonia (north-east Spain). Eur J For Res 3:421–429
Gonzáles JR, Palahi M, Pukkala T (2005a) Integrating fire risk
considerations in forest management planning in Spain—a
landscape level perspective. Landsc Ecol 20:957–970
Gonzáles JR, Pukkala T, Palahi M (2005b) Optimising the management of Pinus sylvestris L. stand under risk of fire in Catalonia
(north-east of Spain). Annals For Sci 62:491–501
González JR, Palahi M, Pukkala T, Trasobares A (2008)
Optimising the management of Pinus nigra Arn. Stands under
endogenous risk of fire in Catalonia. Inv Agrar-Sist Recursos
Fores 17:10–17
Goodnow R, Sullivan J, Amacher GS (2008) Ice and forest stand
management. J For Econ 4:268–288
Gove JH, Fairweather SE (1992) Optimizing the management of
uneven-aged forest stands: a stochastic approach. For Sci
38:623–640
Hahn WA, Knoke TH (2010) Sustainable development and sustainable
forestry: analogies, differences, and the role of flexibility. Eur J
For Res 129:787–801
Hanewinkel M (2005) Neural networks for assessing the risk of
windthrow on the forest division level: a case study in southwest
Germany. Eur J For Res 124:243–249
Hanewinkel M, Hummel S, Albrecht A (2010) Assessing natural
hazards in forestry for risk management: a review. Eur J For Res
130:329–351
Heikkinen VP (2003) Harvesting as a part of the portfolio management: a multi-period stochastic optimisation approach. Manage
Sci 49:131–142
Hein L, van Irland E (2006) Efficient and sustainable management of
complex forest ecosystems. Ecol Model 190:351–366
Heinonen T, Pukkala T, Ikonen VP, Peltola H, Venäläinen A, Dupont
S (2009) Integrating the risk of wind into forest planning. For
Ecol Manage 258:1567–1577
Heller NE, Zavaleta ES (2009) Biodiversity management in the phase
of climate change: a review of 22 years of recommendations.
Biol Conserv 142:14–32
Hemery GE (2008) Forest management and silvicultural responses to
projected climate change impacts on European broadleaved trees
and forests. Int For Rev 10:591–607
Hildebrandt P, Knoke T (2011) Investment decisions under uncertainty
—a methodological review on For. Sci. studies. Forest Policy
Econ 13:1–15
Hoogstra MA (2008) Coping with the long term; an empirical analysis
of time perspectives, time orientations, and temporal uncertainty
in forestry. Dissertation, University of Wageningen
Huang GH, Cohen SJ, Yin YY, Bass B (1998) Land resources
adaptation planning under changing climate—a study for the
Mackenzie Basin. Resour Conserv Recycl 24:95–119
Hyytiäinen K, Penttinen M (2008) Applying portfolio optimizations to
the harvesting decisions of non-industrial private forest owners.
Forest Policy Econ 10:151–160
Insley M (2002) A real option approach to the valuation of a forestry
investment. J Environ Econ Manage 44:471–491
Insley M, Lei M (2007) Hedges and trees: incorporating fire risk into
optimal decision in forestry using a no-arbitrage approach. J
Agric Resour Econ 32:492–514

13
Insley M, Rollins K (2005) On solving the multi-rotational timber
harvesting problem with stochastic prices: a linear complementarity formulation. Am J Agr Econ 87:735–755
Jacobsen JB (2007) The regeneration decision: a sequential twooption approach. Can J For Res 37:439–448
Jacobsen JB, Helles F (2006) Adaptive and non-adaptive harvesting in
uneven-aged beech forest with stochastic prices. Forest Policy
Econ 8:223–238
Jacobsen JB, Thorsen BJ (2003) A Danish example of optimal thinning
strategies in mixed-species forest under changing growth conditions
caused by climate change. For Ecol Manage 180:375–388
Jacobsen JB, Möhring B, Wippermann C (2004) Business economics
of conversion and transformation—a case study of Norway
spruce in northern Germany. In: Spiecker H, Hansen J, Klimo E,
Skovsgaard JP, Sterba H, von Teuffel K (ed) Norway spruce
conversion—options and consequences. European Forest Institute
Research Report No. 18, Brill–Leiden–Boston, pp 225–264
Jacobsen JB, Thorsen BJ, Trasobares A, Bugman H (2010) Modelling
and simulating decision making in MOTIVE. A working paper
by WPs 4 & 5, MOTIVE project, 18 pp
Kaloudis S, Tocatlidou A, Lorentzos NA, Sideridis AB, Karteris M
(2005) Assessing wildfire destruction danger: a decision support
system incorporating uncertainty. Ecol Model 181:25–38
Kangas AS, Kangas J (2004) Probability, possibility and evidence:
approaches to consider risk and uncertainty in forest decision
analysis. Forest Policy Econ 6:169–188
Kangas J, Store R, Leskinen P, MehtaÈtalo L (2000) Improving the
quality of landscape ecological forest planning by utilising
advanced decision-support tools. For Ecol Manage 132:157–171
Kimmins JP, Blanco JA, Seely B, Welham C, Scoullar K (2008)
Complexity in modelling forest ecosystems: how much is
enough? For Ecol Manage 256:1646–1658
Knoke T (2008) Mixed forests and finance—methodological
approaches. Ecol Econ 65:590–601
Knoke T, Wurm J (2006) Mixed forests and a flexible harvest policy:
a problem for conventional risk analysis? Eur J For Res 125:303–
315
Knoke T, Moog M, Plusczyk N (2001) On the effect of volatile
stumpage prices on the economic attractiveness of a silvicultural
transformation strategy. Forest Policy Econ 2:229–240
Knoke T, Stimm B, Ammer C, Moog M (2005) Mixed forests
reconsidered: a forest economics contribution on an ecological
concept. For Ecol Manage 213:102–116
Krcmar E, Stennes B, van Kooten CG, Vertinsky I (2001) Carbon
sequestration and land management under uncertainty. Eur J
Oper Res 135:616–629
Lien G, Størdal S, Hardaker JB, Asheim LJ (2007) Risk aversion and
optimal forest replanting: a stochastic efficiency study. Eur J
Oper Res 181:1584–1592
Lindner M, Sohngen B, Joyce LA, Price DT, Bernier PY, Karjalainen
T (2002) Integrated forestry assessments for climate change
impacts. For Ecol Manage 162:117–136
Linkov I, Satterstrom FK, Kiker G, Batchelor C, Bridges T, Ferguson
E (2006) From comparative risk assessment to multi-criteria
decision analysis and adaptive management: recent developments
and applications. Environ Int 32:1072–1093
Lohmander P (1987) The economics of forest management under
risk. Dissertation, Swedish University of Agricultural Sciences, Umea
Lohmander P (2000) Optimal sequential forestry decisions under risk.
Ann Oper Res 95:117–128
Lundgren T (2005) Assessing the investment performance of Swedish
timberland: a capital asset pricing model approach. Land Econ
81:353–362
Malchow-Møller N, Strange N, Thorsen BJ (2004) Real-options
aspects of adjacency constraints. Forest Policy Econ 6:261–270

14
Manley B, Bare BB (2001) Computing maximum willingness to pay
with Faustmann’s formula: some special situations from New
Zealand. Forest Policy Econ 2:179–193
McCarthy MA, Lindenmayer DB (2007) Info-gap decision theory for
assessing the management of catchments for timber production
and urban water supply. Environ Manage 39:553–562
McCarthy MA, Possingham HP, Gill AM (2001) Using stochastic
dynamic programming to determine optimal fire management for
Banksia ornate. J Appl Ecol 38:585–592
McGough B, Plantinga AJ, Provencher B (2004) The dynamic
behavior of efficient timber prices. Land Econ 80:95–108
Meilby H, Strange N, Thorsen BJ (2001) Optimal spatial harvest
planning under risk of windthrow. For Ecol Manage 149:15–31
Meilby H, Thorsen BJ, Strange N (2003) Adaptive spatial harvest
planning under risk of windthrow. In: Helles F, Strange N,
Wichmann L (eds) Recent accomplishments in applied forest
economics research. Kluwer Academic, Dordrecht, pp 49–61
Moore CT, Conroy MJ (2006) Optimal regeneration planning for oldgrowth forest: Addressing scientific uncertainty in endangered
species recovery through adaptive management. For Sci 52:155–172
Nitschke CR, Innes JL (2008) Integrating climate change into forest
management in South-Central British Columbia: an assessment
of landscape vulnerability and development of a climate-smart
framework. For Ecol Manage 256:313–327
Norstrøm CJ (1975) A stochastic model for the growth period decision
in forestry. Swedish J Econ 77:329–337
Ohlson DW, Berry TM, Gray RW, Blackwell BA, Hawkes BC (2006)
Multi-attribute evaluation of landscape-level fuel management to
reduce wildfire risk. Forest Policy Econ 8:824–837
Orois SS, Chang SJ, von Gadow C (2004) Optimal residual growing
stock and cutting cycle in mixed uneven-aged maritime pine
stands in North-western Spain. Forest Policy Econ 6:145–152
Palma CD, Nelson JD (2009) A robust optimization approach
protected harvest scheduling decisions against uncertainty. Can
J For Res 39:342–355
Penttinen MJ (2006) Impact of stochastic price and growth processes
on optimal rotation age. Eur J For Res 125:335–343
Plantinga AJ (1998) The optimal timber rotation: an option value
approach. For Sci 44:192–202
Prato T (2000) Multiple attributes Bayesian analysis of adaptive
ecosystem management. Ecol Model 133:181–193
Prato T (2008) Conceptual framework for assessment and managemet of
ecosystem impacts of climate change. Ecol Complex 5:329–338
Prato T (2009) Adaptive management of natural systems using fuzzy
logic. Environ Modell Softw 24:940–944
Prestemon JP, Donovan GH (2008) Forecasting resource-allocation
decisions under climate uncertainty: fire suppression with
assessment of net benefits of research. Am J Agr Econ
90:1118–1129
Probert WJM, Hauser CE, McDonald-Madden ER, Michael C, Baxter
PWJ, Possingham HP (2010) Managing and learning with
multiple models: objectives and optimization algorithms. Biol
Conserv 144:1237–1245
Pukkala T, Miina J (1997) A method for stochastic multi-objective
optimization of stand management. For Ecol Manage 98:189–203
Redmond CF, Cubbage FW (1988) Port-folio risk and returns from
timber asset investments. Land Econ 64:325–337
Reed WJ (1984) The effects of the risk of fire on the optimal rotation
of a forest. J Environ Econ Manage 11:180–190
Reed WJ, Apaloo J (1991) Evaluating the effects of risk on the
economics of juvenile spacing and commercial thinning. Can J
For Res 21:1390–1396
Reed WJ, Errico D (1985) Assessing the long-run yield of a forest
stand subject to the risk of fire. Can J For Res 15:680–687
Reed WJ, Errico D (1986) Optimal forest scheduling at the forest level
in the presence of the risk of fire. Can J For Res 16:266–278

R. Yousefpour et al.
Reed WJ, Errico D (1987) Techniques for assessing the effects of pest
hazards on long-run timber supply. Can J For Res 17:1455–1465
Reeves LH, Haight RG (2000) Timber harvest scheduling with price
uncertainty using Markowitz portfolio optimization. Ann Oper
Res 95:229–250
Regan HM, Ben-Haim Y, Langford B, Wilson WG, Lundberg P, Andelman
SJ, Burgman MA (2005) Robust decision-making under sever
uncertainty for conservation management. Ecol Appl 15:1471–1477
Rocha K, Moreira ARB, Reis EJ, Carvalho L (2006) The market value
of forest concessions in the Brazilian Amazon: a real option
approach. Forest Policy Econ 8:149–160
Rogers MF, Sinden JA, De Lacy T (1997) The precautionary principle
for environmental management: a defensive-expenditure application. J Environ Manage 51:343–360
Satake A, Janssen MA, Levin SA, Iwasa Y (2007) Synchronized
deforestation induced by social learning under uncertainty of
forest-use value. Ecol Econ 63:452–462
Scholtens B, Spierdijk L (2010) Does money grow on trees? The
diversification properties of US timberland investments. Land
Econ 86:514–529
Sødal S (2002) The stochastic rotation problem: a comment. J Econ
Dynam Control 26:509–515
Spring DA, Kennedy JOS (2005) Existence value and optimal timberwildlife management in a flammable multi-stand forest. Ecol
Econ 55:365–379
Spring DA, Kennedy JOS, Nally RM (2005) Optimal management of
a forested catchment providing timber and carbon sequestration
benefits: climate change effects. Glob Environ Change 15:281–
292
Spring DA, Kennedy J, Lindenmayer DB, McCarthy MA, Nally RM
(2008) Optimal management of a flammable multi-stand forest
for timber production and maintenance of nesting sites for
wildlife. For Ecol Manage 255:3857–3865
Teeter L, Somers G (1993) Optimal forest harvest decisions: a
stochastic dynamic programming approach. Agric Syst 42:73–84
Thomson TA (1992) Optimal forest rotation when stumpage prices
follow a diffusion process. Land Econ 68:329–342
Thorsen BJ (1999a) Progressive income taxes and option values: the
case of a farmer who owns a forest. J For Econ 5:217–234
Thorsen BJ (1999b) Afforestation as a real option: some policy
implications. For Sci 45:171–178
Thorsen BJ, Helles F (1998) Optimal stand management with endogenous risk of sudden destruction. For Ecol Manage 108:287–299
Vettenranta J, Miina J (1999) Optimizing thinnings and rotation of
Scots pine and Norway spruce mixtures. Silva Fenn 33:73–84
Wagner JE, Rideout DB (1991) Evaluating forest management
investments: the capital asset pricing model and the Income
growth model. For Sci 37:1591–1604
Wagner JE, Rideout DB (1992) The stability of the capital asset
pricing model’s parameters in analyzing forest investments. Can J
For Res 22:1639–1645
Washburn CL, Binkley CS (1993) Do forest assets hedge inflation.
Land Econ 69:215–224
Weintraub A, Bare BB (1996) New isuues in forest land management
from operations research perspective. Interfaces 26:9–25
Weintraub A, Romero C (2006) Operations research moels and the
management of agricultural and forestry rsources: a review and
comparisons. Interfaces 36:446–457
Willassen Y (1998) The stochastic rotation problem: a generalization
of Faustmann’s formula to stochastic forest growth. J Econ Dyn
Control 22:573–596
Wilson JS, Baker PJ (2001) Flexibility in forest management:
managing uncertainty in Douglas-fir forests of the Pacific
Northwest. For Ecol Manage 145:219–227
Wintle BA, Lindenmayer DB (2008) Adaptive risk management for
certifiably sustainable forestry. For Ecol Manage 256:1311–1319

Decision-making to handle climate change
Xu C, Gertner GZ, Scheller RM (2009) Uncertainties in the response
of a forest landscape to global climatic change. Glob Change
Biol 15:116–131
Yin R, Newman DH (1996) The effect of catastrophic risk on forest
investment decisions. J Environ Econ Manage 31:186–197
Yoshimoto A (2009) Threshold price as an economic indicator for
sustainable forest management under stochastic log price. J For
Res 14:193–202
Yoshimoto A, Shoji I (1998) Searching for an optimal rotation age for
forest stand management under stochastic log prices. Eur J Oper
Res 105:100–112
Yousefpour R (2009) Adaptation to climate change within multipurpose forest management using hybrid simulation optimization
models. Dissertation, University of Freiburg
Yousefpour R, Hanewinkel M (2009) Modelling of forest conversion
planning with an adaptive simulation-optimization approach and

15
simultaneous consideration of the values of timber, carbon and
biodiversity. Ecol Econ 68:1711–1722
Zeng H, Pukkala T, Peltola H (2007) The use of heuristic optimization
in risk management of wind in forest planning. For Ecol Manage
241:189–199
Zhou W (1999) Risk-based selection of forest regeneration methods.
For Ecol Manage 115:85–92
Zhou M, Buongiorno J (2006) Forest landscape management in a
stochastic environment, with an application to mixed loblolly
pine–hardwood forests. For Ecol Manage 223:170–182
Zhou W, Gong P (2004) Economic effects of environmental concerns
in forest management: an analysis of the cost of achieving
environmental goals. J For Econ 10:97–113
Zhou M, Liang J, Buongiorno J (2008) Adaptive versus fixed policies
for economic or ecological objectives in forest management. For
Ecol Manage 254:178–187

