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Abstract

Criteria and indicators to evaluate the sustainability of forest management at scales ranging from
forest stands to the national level have been proposed by The Ministerial Conference on the
Protection of Forests in Europe. In this paper, we review existing forest growth and ecosystem
models from the point of view of applicability to prediction of indicators of sustainable management,
focusing on stand scale models and management. To do this, we first present a conceptual
framework for understanding the role of models in assessing forest management at the stand level in
the context of sustainability criteria and indicators. We classify the criteria into those predictable
using models operating at the stand scale, and those derivable either through scaling up or as

solutions of a multi-objective management optimisation problem.

We conclude that to date, no comprehensive models exist that could be used to predict all the
indicators simultaneously. The most promising approach seems to be a modular system where
different models are combined and run simultaneously, with shared inputs and well defined mutual
links. More modelling efforts are needed especially regarding the state of the soil, including carbon,
nitrogen and water balances and physical effects. Models also need development in their ability to
deal with heterogeneous stand structures and with non-woody forest products such as berries,
mushrooms or cork. The outputs of the models need to be developed in a direction where they can

be interpreted in terms of the recreational or biodiversity value of the forest.

Data requirements are most pronounced on the same issues as the gaps in model availability. It
would be important to consider amending the national forest inventories and other similar standard
data collection protocols with variables required for sustainability assessment. Importantly,
combining different models in a modular system and with variable data sources requires advanced
model parameterisation and evaluation methods and assessment of parameter and model
uncertainty. The probabilistic, Bayesian approaches hold a lot of promise in this respect. Predictions
using several different models or model systems, with systematic analysis of e.g. inter-model

variability, could also be considered.



Introduction

Since the end of the last century the concept of sustainability has become an important focus of
forest management (FM). Sustainable forest management refers to the management of forests
according to the principles of sustainable development, which integrates social, economic and
environmental goals in a manner characterised by the Rio Declaration on Environment and
Development and, more specifically, the Statement of Principles for the Sustainable Management of
Forests'. Following the Rio declaration, sustainable development was subsequently applied to forest
management in Europe by the Ministerial Conference on the Protection of Forests in Europe
(MCPFE), who defined Sustainable Forest Management (SFM)® and further a series of Criteria and
Indicators (C & I) as tools to evaluate the sustainability of forest management (Appendix 1). Around
this time, analogous initiatives dealing with SFM and C & | began simultaneously in non-European

countries (the Montreal Process, the Tarapoto process, etc.).

In the MCPFE approach, the criteria define and characterize the essential elements, as well as a set
of conditions or processes, by which the sustainability of forest management may be assessed. The
indicators are quantitative or qualitative variables that measure aspects of the criteria and are meant
to be evaluated periodically to reveal the direction of change with respect to each criterion. While
these definitions outline the type of issues that are relevant for sustainable management,
subsequent developments have taken the concepts further. Lammerts van Bueren and Blom (1997)
developed a hierarchical approach to the analysis and definition of forest management standards
under the sustainability framework, separating underlying principles from the more detailed and
case-specific criteria (Principles, Criteria and Indicators, PCI). These guidelines have since been used
for defining sustainable management for different conditions and scales, including country-level
principles (Prabhu et al. 1999) and more detailed, operational certification schemes at the stand and

forest management unit (FMU) level (PECF Council 2010).

The PCI approach is meant for ex post assessment and is very practical in the sense that the
indicators directly combine the physical state of the system and the methods of management of the
system. This is somewhat different from the ex ante approach to management planning by means of
forest growth modelling, where the state of the system is conceptually separated from the
management methods. The model provides a prediction of how the state of the system will develop
in time, given any set of management actions. If criteria are set for the desired / acceptable

development of the state of the system, the model may then be used for assessing which

! (http://www.un.org/esa/dsd/agenda21/, http://www.un.org/documents/ga/conf151/aconf15126-3annex3.htm)
2 (http://www.foresteurope.org/eng/Commitments/Ministerial_Conferences/)




management methods comply with the set objectives. Obviously, this restricts the use of models in
sustainability assessment to questions where it is relevant to compare the implications of different
management methods on the state of the system. If the methods themselves are judged
unsustainable, models become redundant. For example, one might use a model to analyse whether
continuous-cover forestry differs from even-aged forestry in terms of wood production, carbon
sequestration, nutrient and water retention, etc., but this will be of no use if the up-front objective

has already been defined as the avoidance of clearcuts.

Because the PCI approach combines the state of the system and the management methods, the scale
of the analysis is critical, as management methods cannot be defined irrespective of scale (although
similar definitions of SFM may exist at different spatial scales (Lammerts van Bueren and Blom
1997)). While stand scale management alternatives cover basic silvicultural decisions, country scale
methods include forest policies put to effect through legislation, subsidies and other policy
instruments. As noted above, sustainable management has therefore been defined separately for
different scales. From the point of view of modelling the state of the system, however, the scale is of
less significance, as the physical state can — at least in principle — be scaled up and down between
stand, FMU and country. What is more critical is the ability of the model to describe the processes

relevant for the criteria of sustainability.

In forest management planning, stand-scale forest growth models are conventional tools that might
be applied to individual stands and FMUs or to larger forest areas including country-level (Weiskittel
et al. 2011). Until now, such models have mainly been developed for predicting wood production
under different management regimes and in different sites. While the general set-up of forest
growth models as a tool for management planning is still valid in the context of sustainable forest
management (Monserud 2003), it requires some important developments in both the outputs of the
models, including variables relevant for sustainability assessment, and in the methods of evaluating
the management operations, accounting not only for the economic returns of wood production, but

for the multitude of criteria defining sustainability.

The latter problem has already received much attention in the scientific literature. Multicriteria
optimisation methods have been proposed and developed as tools in SFM to account for the various,
possibly competing goals defining sustainability (Monserud et al. 2003, Diaz-Balteiro & Romero,
2008; Kangas et al., 2008). Stakeholder involvement and participatory methods have become focal
for defining and balancing the different objectives (Prabhu et al. 1999, Pukkala 2002; Kangas et al.
2008; Nordstrom et al. 2010). However, these methodological developments have largely operated

on the assumption that the relationship between management and indicators of sustainability is well



understood, and less attention has been paid to the actual derivation of the indicators from the
state of the stand. Brang et al. (2001) pointed out that the choice of indicators is often driven by
data availability rather than theory, that the connection between indicators and the state of the
stand is not explicit, and that important causal links between the indicators have not been

appreciated.

Several studies have reviewed different forest and ecosystem models from the point of view of their
usefulness for assessing SFM. Peng (2000) compared three models based on different approaches
(empirical, succession and process models) for predicting future forest stocks under different
management options, combined with the potential effects of climate change and fire disturbances.
Monserud (2003) reviewed the expected utility of different classes of forest growth models for
assessing the sustainability of alternative forest management regimes. Pretzsch et al. (2008)
discussed the role of models in the societal process of decision-making about natural resources,
providing a broad review of the significance of different types of model in the assessment and design
of SFM. The general conclusion from these studies is that a wide suite of models would be required
in order to analyse not only growth and yield but also the different aspects of ecosystem functioning
and societal value that play a role in the sustainability criteria and indicators. However, an explicit
derivation of indicators from dynamic growth models in the SFM context is rare (but see Huth et al.

2005, Azevedo et al. 2005).

Although they analyse the type of information required for sustainability assessment, most of the
above-mentioned studies remain fairly abstract and conceptual on the question, “How do models
provide information to assess SFM?” Assuming that sustainability indicators are an adequate tool to
evaluate SFM, this translates into, “How do models provide information to estimate indicators?”
Further important questions for the application of such models are, “What data are needed?”, and

“How can we evaluate this aspect of growth models?”

In this review, we first present a conceptual framework for understanding the role of models in
assessing forest management at the stand level in the context of sustainability criteria and indicators.
We have chosen the MCPFE indicators as a basis because they reflect the requirements set for
models in a generic way, applicable to different scales and situations. We focus on criteria describing
the physical state of the system and directly relevant for models operating at the stand scale. The
remaining criteria can be seen as derivable either through scaling up the stand-scale results, or as
solutions of a multi-objective management optimisation problem, where the alternative
management actions need to be defined separately for each scale and forest type. We will then

review models that can be used to predict the different indicators, and thereby try to extract the key



model-related components and variables required to assess SFM goals. We will consider current data
sources for such models and how they might be augmented to improve the efficacy of modelling in
an SFM context. In this light, we assess different data collecting protocols, such as national forest
inventories (NFI) and permanent sample plots (PSP), and review possible problems related to the

evaluation of models using such data sources.

Conceptual Framework

Stand-scale ecosystem and forest-growth models typically predict the temporal development of the
growing stock and other state variables from (1) the initial state, (2) driving environmental and site
variables, and (3) management actions applied. The time resolution of such models is typically daily,
monthly or yearly, and the predictions extend over several decades. Model outputs include the state
variables and any other variables derivable from these. In management planning, the outputs are
used for determining the value of the products or services, such that the type of management

yielding the maximum value can be chosen (Figure 1).

FIGURE 1

The MCPFE defined six sustainability criteria covering ecological, economic and social aspects of
forests, and related to each of these a number of indicators that can be used to measure the state of
forests for sustainability assessment (MCPFE 2002) (Appendix 1). The indicators can be divided into

four categories relative to the stand-scale modelling framework:

1) Indicators that are directly derivable from model outputs (state variables). For example, the
volume of the growing stock, the size of the carbon storage, shrub layer structure, tree species
composition and volume of standing and lying deadwood are clearly in this category, provided that

models exist for such predictions.

2) Indicators that are derivable through scaling up stand scale results. Generally, those variables
that are derivable at the stand level can also be calculated for larger areas, provided that sufficient
input data are available (e.g. landscape pattern). It should be noted that it is at this larger scale that
the overall assessment of sustainability usually takes place, but the stand scale results are required

for the up-scaling.

3) Indicators that refer to sustainable management practices. For example, one of the indicators

directly demands that “forest management planning enhances sustainable management and use of



forests”. In the modelling framework, sustainable management practices are not necessarily
understood a priori, but the models are to be used so as to assess the implications of different
management options on multiple aspects of sustainability. Importantly, this requires that the models

are responsive to the required management options.

4) Indicators that refer to current land-use and other national / regional statistics. Some of the C & |
aim at quantifying, e.g., the proportion of forest land under environmental protection, the extent of
relevant natural or semi-natural plant communities, or the proportion of forests under management

planning. These are clearly not stand-level modelling issues.

In this review, we will focus on indicators that are directly derivable from model outputs (Category
1), assessing the requirements from stand-level growth and ecosystem models for providing
information about the relevant MCPFE indicators. Secondly, we will discuss the data needs and
availability for deriving and evaluating models providing information about these indicators as well as
for the scaled-up category 2 indicators. These will be essential for deriving the category 3 indicators
which, in addition, require that the models are realistically responsive to the management actions

proposed. Category 4 indicators are not considered relevant for this review.

How do existing models estimate sustainability indicators at stand scale?

Over the years, a number of forest growth and ecosystem simulation models have been developed to
predict forest growth and yield, forest succession and vegetation dynamics, net primary productivity,
carbon storage, nutrient cycling, water and energy balance with the atmosphere, etc. (e.g., Fontes et
al. 2010). Although there is not any “super-model” based on an holistic approach that would allow
for the estimation of the many indicators for the six MCPFE criteria discussed here (Appendix 1), a lot
of scientific research and modelling work has been conducted that can be applied to estimating the
indicators. In this section, we briefly review available stand-scale modelling approaches applicable to
estimating the Category 1 indicators for the SFM sustainability criteria (Table 1). The objective here is
to identify the type of models required for the different indicators, and their current state of

applicability. For a more comprehensive review of modelling approaches, see e.g. Palahi et al. (2010).

TABLE 1

Criterion 1. Maintenance of forest resources and their contribution to the carbon cycle. This
criterion is mostly concerned with issues conventionally predicted using growth and yield models
(GYM), including total volume, growing stock and age and diameter distribution. On the other hand,

it also includes the requirement for predicting Green House Gas (GHG) emissions in relation to



carbon accounting and other climate change issues. In many countries GYMs have already been
combined with biomass expansion factors or equations that predict the total carbon content of the
tree stock from variables measured or predicted with GYMs (Lehtonen et al. 2004, Eriksson et al.
2007; Calama et al. 2008), some of them also considering the turnover of leaves and fine roots
(Hynynen et al. 2005; Rotzer et al. 2010). In addition, process-based models (PBMs) usually include
tree carbon contents as basic state variables, also providing methods for estimating GHG emissions
(Méakela et al. 2000). However, estimates of the carbon pools and fluxes also require those of the
ground vegetation and soil. During the last decade some efforts have been made to link GYMs and
PBMs to dynamic soil models for carbon accounting (Komarov et al. 2003; Hynynen et al. 2005;
Richards et al. 2005). Nevertheless, combining the dynamics of soil carbon and its interactions with
the growing stock requires more information about the soil carbon balance under different
environmental conditions and management options (Nave et al. 2010, Metcalfe et al. 2011). A lot of
progress has been made on this issue in recent years (see below) (e.g. Jandl et al. 2007, Inatomi et al.

2010, Grote et al. 2011).

Criterion 2: Maintenance of ecosystem health and vitality. This is a very broad criterion including
several challenging issues from the modelling perspective. Firstly, it requires information about the
soil condition defined in terms of carbon, water and nutrient contents and the physical condition of
the soil. Soil carbon and nitrogen models driven by soil moisture, temperature and litter input have
been developed to predict long-term changes in soil material balances especially in the context of
climate change (Jansson and Halldin 1979, Komarov et al. 2003, Liski et al. 2005), and have
applications in whole-ecosystem studies of material fluxes and stocks (Karhu et al. 2011, Mé&kipaa et
al. 2011, Wu et al. 2011). The Biome-BGC and Forest-BGC model families include both soil and above-
ground material pools and fluxes, with a wide variety of applications to climate change impacts and
diagnostics of ecosystem health (e.g. Running and Gower 1991, Thornton et al. 2002, Pietsch and
Hasenauer 2005). A more management oriented approach to soil condition has related the physical
condition of the soil to the amount and type of vegetation, the type of fellings, etc. (Selkiméki et al.

2011).

Also under Criterion 2, the risks from environmental hazards is an important and a very complex
issue that so far has been rather little studied in the context of forest management, although the
predicted increase of risk under climate change of various hazards has recently stimulated a lot of
research in this area (see Hanewinkel et al. 2010, Seidl et al. 2011). The most important hazards are
drought, fire, pests and diseases and wind, the risk levels largely depending on the region. The risks

could be estimated through some structure characteristics if different forest components are



considered (Hanewinkel et al, 2010). For example, fire risk has been related to stand basal area and
diameter distribution in Mediterranean pine forests (Gonzélez et al. 2006), the risk of bark beetle
attack has been related to the age and structure of spruce forests in Austria (Seidl et al. 2007), and
the risk of wind damage has been related to stand structure and tree slenderness in boreal forests
(Peltola et al. 1999). Although risks posed by different hazards need to be derived from stand-scale
variables, the occurrence of hazards is really a larger-scale phenomenon for modelling purposes.
There are models that use a landscape level to analyse the relationship between forest structure at
this scale and risks such as fire, insect damages and wind (Peltola et al. 2010), including applications
of gap models in combination with regional assessments of fire risks (see references in Pretzsch et
al., 2008). Seidl et al. (2011) however, conclude that models supporting decision-making in forest

management require a stronger integration of multiple disturbances.

Criterion 2 is based on the assumption that maintaining forest health requires stands to be more
heterogeneous than currently, especially regarding their species composition. This calls for more
variety of models for different species and models with more variable stand structures, particularly
emphasizing the need to understand species and tree-to-tree interactions better. Individual-tree
models may be more suitable for the simulation of complex forests and the effects of novel
management interventions on them (Rennolls et al, 2007) (see Criterion 4). Note however that

heterogeneity can also be achieved at the forest management unit or landscape level.

Criterion 3: Maintenance of the productive functions of forests. This criterion covers both wood
production and the production and value of non-woody products. Models relevant for Criterion 1
generally provide measures of stem wood productivity as well, while non-woody production has
received less attention. The significance and type of non-woody production is largely dependent on
the forest region considered. In the Mediterranean areas non-wood products are frequently more
important than wood products, e.g., cork, pine nuts, mushrooms, etc., and many growth models
already include these non-wood products (see references in Calama et al 2010). On the other hand,
the value of berries and game, for example, has not generally been considered in forest management
in the Nordic countries, although those forest goods have been studied and are considered to have

important recreational value for the general public (Bell et al. 2007).

For the economic returns from conventional wood production, wood quality indicators are crucial
but have often been considered in rather simple terms such as division into timber and pulp
assortments generally based on log diameter (Nieuwenhuis 2002). However, when wood production
and other economic functions of the forest need to be balanced, it becomes more important also to

understand the development of wood quality in more detail (e.g. Hyytidinen et al. 2004). For



modelling purposes, stand structure (density, species mixture, size distribution and spatial structure)

is an important determinant of wood quality development (Méakela et al. 2010).

Criterion 4: Maintenance and enhancement of biological diversity. Biodiversity is related to the
abundance of species and ecosystem types at different spatial scales (e.g. Whittaker 1972), and
hence variables related to biodiversity also need to be included in stand-scale models. Models
including species mixtures and the ground layer vegetation are desirable for this purpose. For
example, bird diversity is associated with forest structure at different spatial scales (Mitchell et al.
2001) and can be predicted from forest composition and structure variables (Azeveda et al. 2005, Gil-
Tena et al. 2007). Also here, individual-tree models may be more suitable than mean-tree or
diameter-class models (Rennolls et al. 2007, Pretzsch 2009). They could also potentially deal with the
structural diversity of continuous-cover forests that have been associated with biological diversity
and forest health (Humphrey 2005). For instance, the SILVA spatially-explicit tree growth model
provides a good estimation of forest structural diversity (Pretzsch 2009). However, as biodiversity is
difficult to model from first principles in a forest growth context, modellers have utilised research on
biodiversity indicators that can be derived from more easily measurable or modelled stand variables.
One commonly used indicator is the volume of coarse woody debris in a forest (McComn and
Lindenmayer, 1999). In order to model the amount of coarse woody debris, growth models need
components for the mortality of trees, the shedding of large branches and the rates of decay of these

in the forest floor (Mellen and Ager 2002, Ranius et al. 2003, Herrero et al. 2010, Grote et al. 2011).

Criterion 5: Maintenance of the protective functions of forests. This criterion again requires
information about soil properties, such as its chemical and physical composition (see Criterion 2). The
rest of the indicators listed under this criterion are related to management practices rather than the

state of the forest, and therefore fall into Categories 3 and 4 (see Section 2).

Criterion 6: Maintenance of the social function of forests. These are indicators that involve an
economic assessment of the value of forests, largely on the basis of the variables and indicators
described above. Two additional aspects, the recreational and the cultural value of forests are also
included here and depend on various uses of the forest. For example, in the Nordic countries, the
recreational value is related to availability of berries, mushrooms and game, as well as accessibility
for hiking and skiing (Ahtikoski et al. 2011). The recreational value also depends on the agreeability of
the scenery in the forest, relating to stand scale variables such as stand structure and species
composition (Korpela et al. 2008). Linking GYMs or PBMs with visualization tools offer a way to
produce information of recreation value and beauty (Pretzsch et al. 2008). The cultural value relates

for example to particular individuals of certain species (such as large, old trees that have traditionally



been used for gatherings) or famous forests such as the French “Forét de Troncais” installed by

Colbert. Few growth models include indicators of the recreational or cultural value of the stand.

Key components of models predicting sustainability indicators at stand scale

As we have already noted, no forest growth or ecosystem model to date has been developed that
covers all the sustainability issues described above in a realistically integrated way. In order to
generate realistic estimates of the impacts of different management options to the multifunctional
sustainability of forests, new models or model systems therefore need to be developed that cover all
the processes and variables relevant for sustainability. This task poses many challenges related to the
construction of such complex models: For example, how to portray the interaction between the
different phenomena of interest (Ulrich, 1999 in Pretzsch et al., 2008, Pietsch and Hasenauer, 2005),
whether to use an empirical, process-oriented or hybrid approach (Kimmins et al. 1999, Méakela et al.
2000, Pretzsch et al. 2008), and whether to combine existing models and their mutual links in a
modular system, rather than building a comprehensive “model of everything” (Robinson and Ek
2000, Méakeld 2003). However, whatever the method of model building, all such models will share
the requirement of predicting the same indicators and therefore, will have to provide the variables
needed for this prediction. To a large extent, this is what determines the data requirements of such
models as well. Therefore, this section focuses on the choice of variables included in the model in

order to be able to derive the required indicators.

On the basis of the considerations of sustainability criteria and how they relate to indicators
derivable from stand-scale forest growth and ecosystem models, we identify the following as the

most important model components:

e Basic forestry variables (e.g. volume, mean and dominant height, basal area, diameter
distribution). These are usually provided by all conventional growth and yield models, however,

many ecosystem models calculate whole stand material fluxes only.

o Tree carbon fluxes and stocks (e.g. ecosystem respiration, carbon sequestration, carbon content
of biomass). Nowadays only PBMs comprehensively provide this kind of information, although
tree carbon stocks can also be derived from GYMs through biomass expansion factors or biomass
growth and/or prediction models. Most PBMs work at the stand scale and they have to be

combined with other approaches to give information at tree level required for many indicators.

e Descriptions of shrub and coarse woody debris components. These components are directly or

indirectly related to some SFM, such as biodiversity, carbon stocks, fire hazard, erosion, wildlife,



etc. Therefore, incorporating separate modules to estimate shrub layer dynamics and the
development of coarse woody debris provides information to increase the number of estimated

indicators.

e Soil nitrogen, water and physical condition. This relates to both forest health (C2) and forest
protective function (C5). Here a big challenge seems to be the large time constants of soil
processes, which means that the current state of the soil integrates ecosystem history for
decades and centuries (Merganicova et al. 2007). Models can potentially simulate this
integration and have significant value in its future prediction; however, a lot of uncertainty is still

incorporated in both measurements and process understanding.

e Information on stand heterogeneity (species, age, structure, ...). An adequate stand structure
estimation is explicitly required for three criteria (Table 1) and would also benefit other aspects,
e.g., modelling competition and mortality (C1), wood quality (C3) and shrub layer dynamics (C5).
However, most GYMs and PBMs have been developed for homogeneous stands (Landsberg
2003). Gap models include a description of individual tree distributions but they present some
structural problems (invariant height-diameter relation, simple mortality function) that
frequently lead to unrealistic estimates of stand structure (Lindner et al. 1997, Monserud, 2003).
Spatially explicit growth models offer a means for detailed stand structure estimation (Weiskittel
etal. 2011).

e Information on non-woody production and wood quality. In order to provide estimates of the
value of wood and non-wood products, growth models should estimate the quantity and quality
of the products. Most models simulate the quantity and the size of wood products, but fewer
models include predictions of some wood quality indicators (Mékel& et al. 2010). Non-wood
products also contribute to the value of the stand, either directly through product marketing or
indirectly through e.g. the recreational value of the forest, but so far little attention has been

paid to combining non-wood products as part of the value chain (Calama et al. 2010).

The above characteristics relate to the physical description of stand dynamics. When these variables
have been predicted by the forest growth and ecosystem models included in the dynamic model

system, more indicators covering all criteria can be evaluated (Table 2).

TABLE 2

In addition to the above list of model components, it is important, whatever the model structure or
underlying modelling approach, that the models intended for estimating sustainability indicators be

realistically responsive to both management alternatives and climate. They also need to be reliable



over a sufficiently long time horizon. These issues have implications for data requirements and model

evaluation and are therefore analysed in more detail below.

Sensitivity to management alternatives. Most forest growth models allow for simulating
different management alternatives and as a consequence, are management sensitive to some
degree. However, in order to be useful for evaluating the sustainability of forest management
they should be management sensitive not only with respect to wood production but with respect
to all the indicators included in the model (Table 2). In many cases, plenty of information is
available about management effects at particular sites, but these effects cannot easily be
generalized for inclusion in models. For instance, there are few and sometimes contrasting
observations about the effect of thinning on soil carbon (Tonon et al. 2011). As an example, the
FORCAST model provides outputs relevant for several sustainability indicators under forest
management (Kimmins et al., 1999; Kimmins et al., 2010), but its general application is limited
because of the considerable amount of input data needed and the difficulty to test it rigorously
(Landsberg 2003).

Sensitivity to climate. Because of climate change, it is becoming increasingly important that
ecosystem models and forest growth models are able to simulate the effects of climate on the
development of forest ecosystems (Aber et al. 2001, Medlyn et al. 2011). At the same time, it is
important that the impacts of management are also included, as they may surpass or counteract
any climate effects (Eastaugh et al. 2011). Most GYM use the site index as the main
environmental driving variable and are therefore not directly applicable to changing conditions
(Monserud 2003, Soares and Tomé, 2007). Some recent site index models have been developed
to include environmental impacts on model parameters (Bravo-Oviedo et al. 2008, 2010, Albert
and Schmidt 2010, Pretzsch 2009, Nunes et al. 2011), but to what extent such models actually
describe impacts of a changing environment and not only that of spatial environmental variation
remains unclear. PBMs aim to simulate the growth pattern of stands in terms of the physiological
processes that determine growth, making them useful, at least in principle, for long-term
predictions, especially under changing management and climate conditions (Soares and Tomé
2007). However, many questions and much uncertainty remain about the assumptions

underlying the climate change predictions of PBMs as well (Medlyn et al. 2011).

Long term time horizon. In order to evaluate the sustainability of a management alternative it is
necessary to estimate indicators at medium and long term. When simulating over one or more
rotations or uneven-aged stands, natural population dynamics cannot be ignored. Both

regeneration and mortality have an impact on the development of forest structure and species



composition. Furthermore, regeneration is a key process for forest adaptation to climate change
(Lindner et al. 2008), and mortality has implications on biodiversity and carbon balance. A long-
term population dynamics approach has most clearly been taken by the gap model family with
applications in several forest biomes and types (Kellomé&ki et al. 1992, Prentice et al. 1993,
Bugmann and Fischlin 1996, Lexer and Honninger 2001). While these models have been shown to
nicely illustrate the qualitative dynamics of forest succession, their validation has been judged
very difficult (Bugmann 2001, Monserud 2003). On the other hand, many empirical and process
models do not include a module to simulate natural regeneration at all, and sometimes
regeneration models have been developed independently of growth models (Weiskittel et al.
2011).

Data needs and sources for models that predict sustainability indicators

As seen above, sustainability criteria address an extremely wide range of issues, affected by both
management actions and environmental changes. This poses a challenge for growth and ecosystem
modelling, as no current model includes all the components required (see list in Table 2). Whether a
new comprehensive model is aimed at, or a selection of existing models is to be combined in a
decision-support system (DSS), new data will be needed for (1) model development, (2) testing and
calibration, and (3) model applications. For model development, testing and calibration, the data
should include the components of Table 2 in combination with relevant independent variables that
are largely model-specific. For applications, input data are required to provide appropriate initial

values, site-specific parameters and model driving variables for the situations of interest.

When considering data availability, the model’s domain of scale is of primary importance. As regards
the growth and ecosystem models themselves, our focus is on the stand scale where most of the
impacts of forest management on tree growth and stand dynamics take place. This is therefore the
level at which the models must be developed, and the primary level of their evaluation (but note that
models intended for predictions at the stand scale often require model-specific data defined at sub-
stand scales, including, e.g., tree-level data for individual-based empirical models and data on
specific physiological and structural components for PBMs). As regards model application, on the
other hand, our stated purpose is that of regional or national estimation of sustainability, requiring
that the models be run for many different points in space covering the whole area of interest. To be
applicable to such scaling-up exercises, the models need to be evaluated over a wide range of
conditions, and the related input data requirements are extensive, likely utilizing multiple sources

(Figure 2).



FIGURE 2

Data for model development and evaluation at stand level

Acquiring forest ecosystem data for model development and testing is not straight-forward, due to
the complex nature of the system and the long time spans involved. Efforts have therefore been
made to set up national and international measurements and monitoring networks since the early
20™ century to facilitate and unify data collection for variable purposes. Although the current
objective of predicting and assessing sustainable management in a comprehensive manner has likely
brought up completely new measurement needs, it would be very helpful if the existing data sets
could be utilised at least partly for this purpose. Here, we review the available sources of forest
ecosystem data, so as to assess the extent to which they can provide information for developing and

testing models for the sustainability indicators.

Designed experiments provide a valuable source of information for original model development and
testing. The most relevant permanent experiment types for forest ecosystem studies are provided by
permanent experimental plots of forest management, long-term ecological research sites, and Free

Air CO, enrichment (FACE) experiments.

In forestry, permanent experimental plots have been established to study the growth and yield
responses of different silvicultural systems, or responses to different management practices, such as
regeneration method, response to spacing, timing, intensity and type of precommercial and
commercial thinnings, fertilization and pruning (Eriksson and Karlsson 1997, Mékinen and Isoméki
2004a, 2004b, Kukkola and Saramaki 1983, Varmola and Salminen 2004, Makinen et al. 2005, Rio et
al. 2008, Pretzsch et al. 2010). While most of these mainly focus on wood production (C3), some
more recent experiments have been set up to explore other productive functions (Almeida et al.
2010, Paulo and Tomé 2010, Calama et al. 2011) or various alternative harvest methods (e.g.

Jacobsson and Elfving 2004) that may have relevance to biodiversity indicators (C4).

Recently, several studies have developed methods for extending the applicability of the growth and
yield experiments to a wider scope of forestry issues. This would often require some supplementary
measurements not included in the original measurement plan. For example, growth and yield
experiments can provide strong empirical evidence of the long-term impacts of forest management
on carbon sequestration (C1), assuming that reliable biomass models exist for tree species of interest

(e.g. Eriksson 2006). Permanent experiments can also be applied for assessing management impacts



on biodiversity (C4), such as mortality, structural stand properties (age, size or tree species structure)
(Montes et al. 2004), or the amount and type of deadwood which is known to be an important
measure of forest biodiversity (McComn and Lindenmayer 1999). Especially, permanent experiments
with untreated control plots are of special value for modeling mortality and deadwood dynamics

(e.g. Hynynen 1993, Rio et al. 2001, Mé&kinen et al. 2006).

Permanent experiments can also be used for studying the relationships between management and
forest health and vitality (C2, Table 2), although trials very seldom have been established for these
purposes. For example, spacing and thinning trials can be used to study the effects of varying
thinning regimes on the occurrence of snow damages in Scots pine (Pinus sylvestris L.) (Valinger et al.
1994), or on the development of root rot (Piri 1998, Mé&kinen et al. 2007). Long term fertilization
experiments provide information on the impacts of intensive fertilization on vitality of trees and
other vegetation (Malkénen 1990, Linder 1998). Moreover, permanent experiments allow detecting
changes in climate-growth response (Martin-Benito et al. 2010a) or the effects of thinning on this
response (Misson et al. 2003, Martin-Benito et al. 2010b), information that can be used to test

growth models behavior under different climates.

In ecosystem studies, designed experiments have been carried out in long-term ecological research
sites which have been established in various parts of the world since the 1980s, including the e.g. the
famous sites of Hubbard Brook in USA and Solling in Germany. They aim at a comprehensive
understanding of forest ecosystems in terms of the physiological processes that regulate the material
fluxes of carbon, nutrients and water between the physical environment and living organisms, and
have provided the basic information necessary for developing and parameterising PBMs (Rastetter et
al. 2003). Some well-known examples include the Harvard forest in USA which has been a site for
comprehensive ecosystem studies since 1988 (Foster et al. 2003), and Flakaliden in Sweden, where a
nutrition and irrigation experiment has been carried out in a barren Picea abies forest since 1986
(Linder, 1998). More recently, designed ecological experiments have been established in the form of
FACE experiments (Free Air CO, Enrichment), with the objective of analysing the impacts of climate
change and increasing CO, concentrations on forest ecosystems (e.g. Rogers et al. 2006, Leakey et al.
2009). These studies especially provide information for modelling the carbon and nutrient dynamics

and hydrology of trees, ground vegetation and soil.

Monitoring networks were primarily established for following the state of the system of interest
(e.g. de Vries et al. 2003), but they may also provide information that is valuable for model
development and testing. The most important monitoring networks for forest ecosystem model

development under the sustainability paradigm include National Forest Inventory (NFI) and its



Permanent Inventory Plots, Forest Health Monitoring networks, and Eddy Covariance measurment

sites.

National Forest Inventory data (NFI data) form a representative and objective sample from the
current state of the forest resource in the inventoried forest area. Although ideal for empirical
monitoring, these data are not particularly useful for stand-level model development as such,
because the measurements are not repeated, plot size is too small (Stage and Wykoff 1998, Hynynen
and Ojansuu 2003), and additional input data are required. However, NFI data can be suitable for
validating some important structural aspects (C2, C4), such as size-distribution models (diameter
and/or height distributions), d/h ratio or tapering, crown dimensions, etc. NFI can also provide data
for modelling the probability of occurrence of biotic and abiotic forest damages (e.g Hellgren and
Stenlid 1995, Jalkanen and Mattila 2000, Mattila and Nuutinen 2007) or stand properties important
for biodiversity (e.g. FFRI, 2011).

In some cases the NFI plots have been made permanent and therefore object of periodic re-
measurements. In some countries (e.g. Spain) this is standard practise, while others have established
a special network of Permanent Inventory Plots (PIP). Data from these plots have been used for
growth and yield modeling purposes as such (e.g. Soderberg 1986, Hynynen et al. 2002, Hordo et al.
2006, Pettersson and Melin 2010). Providing detailed and representative data, these measurements
are useful for model development and calibration, and may be combined with indicators other than

forest productive function in the same way as above.

Forest health monitoring sites/networks began to develop in various parts of the world since the
1980s as a response to concerns about air pollution, and they now provide well-established data
collection networks especially in Europe and North-America. In USA, the forest health monitoring
(FHM) program is a collaborative network of nationwide monitoring plots that generates data on
sustainability concerns (e.g. Conkling et al. 2002, Edgar and Burk 2006, Tkacz et al. 2008). In Europe,
the main monitoring network is overseen by the International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests), operating under the
UNECE Convention on Long-Range Transboundary Air Pollution. ICP Forests monitors the forest
condition in its 41 member countries, including USA and Canada (http://www.icp-forests.org/). The
network continues to generate data for scientific research, covering such topics as forest condition,
ozone, defoliation, deposition, biodiversity and carbon budgets at two levels of intensity (Fischer and
Lorenz 2011): Annual crown condition surveys (and less regularly also surveys of other variables such
as soil or ground vegetation) are carried out on about 7500 permanent so-called Level | plots which

often coincide with NFI plots. Much more intensive monitoring is carried out on about 500 Level Il



plots which represent typical forest ecosystems of Europe. These data are available for use and are
made available on request. Several country-specific research papers using this monitoring data have
been published (Wulff et al. 2011, Bille-Hansen and Hansen 2001), as well as investigations with a
network-scale focus (e.g. Solberg et. al. 2009, Wamelink et al. 2009, Dijkstra et al. 2009, Simpson et

al. 2006). Peer-reviewed ICP publications are inventoried at http://icp-forests.net/page/scientific-

publications. Working in cooperation with ICP Forests, the FutMon project (http://www.futmon.org)

has been developed with the aim of making the European Monitoring System more effective, partly
via harmonization and improvement of monitoring and data collection methods. Some additional
monitoring of crown condition, deposition and meteorological and vegetative parameters takes place
under FutMon in connection with national forest inventories. The project aims to provide for a
comprehensive analysis of the network-generated data (for example, with respect to carbon
allocation in trees) and formation of predictions of response to clean air policies. The FutMon project

generates periodic synthesis reports (e.g. Fischer and Lorenz 2011).

Since the 1990s, ca. 50 eddy covariance measurement sites have been established in European
forests for the purpose of monitoring carbon, water and other greenhouse gas fluxes under several
research networks (EUROFLUX, CARBOEUROPE, GHG-Europe) (e.g. Aubinet et al. 2000, Granier et al.
2008, Schulze et al. 2010), as part of a world-wide network (e.g. Baldocchi et al. 2001). In many sites,
other related ecosystem measurements are also being carried out, such as growth, soil state and
properties, stocks and fluxes of nitrogen, elements of the hydrological cycle, and processes of ground
vegetation (Hogberg et al. 2001, Porte et al. 2002, Andersson et al. 2004, Schulze et al. 2009). These
sites currently provide invaluable information for developing and testing PBMs of growth and
ecosystem processes (Berninger et al. 2004, Medlyn et al. 2005, Schmid et al. 2006, Méakela et al.
2008). However, this network is different from the NFI networks in that the sites were chosen

subjectively and do not provide a representative sample of forests in an area.

In summary, the existing data sources and networks provide much information relevant for the
sustainability indicators (Table 3). However, none of the data sources is comprehensive, and
therefore problems of consistency are likely to arise when data from various sources has to be
combined for model development and testing. A lack of suitable data from the existing sources
appears to be the greatest regarding details of stand and tree structure, relevant especially for

criteria C2 and C4.

TABLE 3



Model applications: Input data and scaling issues

The type of input data required is largely model- and application-specific, but in all cases, data are
needed about the initial state of the stand (or stands) to be simulated, and about site-specific model
parameters and environmental driving variables. The latter must be specified for the entire period of
interest. If all of these can be measured or estimated for all the stands in question, the application of
the model is more or less straight-forward. This may be the case for single stands or small areas, such
as forest management units, where the required measurements can be taken, and where e.g.

weather inputs can be generated from adjacent meteorological records.

Problems of scaling arise when the models need to be applied across a large area where there is
insufficient information about model inputs at the stand scale. In such cases, input data are generally
available on a coarse spatial grid either as grid-average (e.g. soil maps and climate projections) or
point samples (e.g. NFI data, forest health monitoring plots). Several approaches have been proposed
to carry out the required up-scaling. If the averaged or sampled data are used for the whole grid
element, the models may need re-calibration using input and output data, both at the desired larger
scale (Van Oijen et al. 2009). For non-linear models, there may be a need to modify model structure

first (Ewert et al. 2011).

The large-scale input data are generally available from variable sources and result from long-term
environmental monitoring. Data for model initialisation and also for analyses applying the models is
most readily obtainable from National Forest Inventories. These typically provide information on
stocking characteristics, such as species, basal area and volume, with new additions including, e.g.,
the amount and quality of deadwood (e.g. Eid et al. 2002, Backeus et al. 2005, Makela et al. 2011,
Tomppo et al. 2011). An increasing source of information is provided by remote sensing, available
from different satellite programmes such as Landsat TM, SPOT and MODIS. These data particularly
provide information on leaf area, important for PBM simulations (Patenaude et al. 2008), but the
ability to offer other stocking components is developing rapidly (Tomppo et al. 2008). A fast
expanding source of data is provided by lidar scanning which also bears promise for more detailed
structural information, such as tree height, crown size, crown shape (Patenaude et al. 2008) and

definition of vertical layers (Ferraz et al. 2012).

A global map of soil properties, including e.g. texture, soil depth and water holding capacity, is
maintained by FAO (FAO, IIASA, ISRIC, ISSCAS & JRC, 2009). Similar data sets are also available
regionally (e.g. for Europe ESBN & EC 2004). Global topographical data are available from remote

sensing. Among the most detailed digital elevation models (> 100 m resolution at the equator) that



are freely available are the SRTM90 (Reuter et al. 2007, Jarvis et al. 2008) and the ASTER-GDEM
(Tachikawa et al. 2011).

Historical climate data are now available for most countries on a spatial grid of the order of 1x1 to
100x100 km?, on the basis of a network of meteorological stations and standard methods of
interpolation (e.g. New et al. 1999, New et al. 2000, Hijmans et al. 2005, Mitchell and Jones, 2005).
These data usually include monthly climatologies or monthly time series of, at least, temperature and
precipitation and other variables allowing for the calculation of global radiation and air humidity.
Even more climatic variables such as wind speed are available through reanalysis data (e.g. Uppala et
al. 2005). Several climate models provide projections of a wealth of climate variables into the future
according to different climate scenarios. Globally data from General Circulation Models are available
(e.g. Mitchell et al. 2004) while in some regions also downscaled data from Regional Climate Models
(e.g. for Europe from van der Linden and Mitchell 2009) are available. The climate models have in the
past been driven by the atmospheric CO, as specified in the IPCC’s SRES scenarios (Nakicenovic et al.
2000) which are currently being superseded by a new set of future pathways, namely the
representative concentration pathways (RCPs, Van Vuuren et al. 2011). Historical and future nitrogen
deposition data or projections are also available globally (Galloway et al. 2004, Dentener 2006)

although in much less variety than the climate change scenarios.

In regional model applications, inventory data have been applied both non-spatially and spatially. In
non-spatial analyses, sample plots of NFI grid can be used as such representing a given forest area
(e.g. Nuutinen et al. 2000, Backeus et al. 2005, Barreiro and Tomé 2011, 2012). This kind of approach

is suitable for large-scale applications, which do not require high spatial resolution of the results.

In smaller-scale local analyses (at the levels of municipality, forest estate or village) whole-coverage
spatial data are required. They can be obtained by means of multi-source inventory methods, such as
Multi-source National Forest Inventories (MS-NFI). A multi-source inventory method combines field
measurement data with remote sensing data and other digital data (e.g. land-use maps and elevation
models). Using satellite images, the characteristics can be estimated for areas located between the
NFI sample plots network. The non-parametric k nearest neighbour estimation method has been
commonly applied in the image analysis (e.g. Reese et al. 2002, Tomppo et al. 2008). MS-NFI
techniques have already been applied to estimate traditional forestry variables in Finland, China and
New Zealand (Tomppo et al. 1999, Tomppo et al. 2001, Tuominen et al. 2010, Mékela et al. 2011) but
also to assess biodiversity-related issues such as landscape quality for the three-toed woodpecker

(Picoides tridactylus) in a region in southern Finland (Pakkala et al. 2002).



By means of the MS-NFI, forest information can be obtained for smaller areas than with the field
measurements only, and the results can be calculated and presented for any given area, in the form

of statistics or thematic maps.

Implications of uneven data availability for modelling

The above sections show that in addition to an assembly of models depicting different aspects of
sustainability, the available data come from different sources, and both the models and data are
provided at a multitude of scales. This makes the problems of model parameterisation, evaluation
and application far more complex than has been the case for, e.g., traditional growth and yield
models where the problem of parameter estimation is well-defined and solvable using standard
statistical methods, provided that an adequate data set is available for fitting the models.
Traditionally models are evaluated with a data set independent from the one used for model
development (Vanclay and Skovsgaard 1997, Yang et al. 2004, Burkhart and Tomé 2012) but it is
difficult to define the independence of the two data sets. In recent years, modellers have therefore
increasingly turned to new methods accounting for large uncertainties and multiple simultaneous

data sources.

The methods come with a variety of different names, including 'data assimilation’, ‘'model-data
fusion’, ‘inverse modelling' and 'Bayesian calibration’ (Van Oijen et al. 2005, Wang et al. 2009). They
have in common that uncertainties about data and models are expressed in the form of probability
distributions. For the data, the distributions represent uncertainty about measurement error, both
random and systematic. For the models, the distributions represent uncertainty about how plausible
the individual models are, and uncertainty about what their parameter-values should be. The role of
the data is to improve the model distributions, i.e. reduce the degree of uncertainty that they
represent. Two types of distribution are distinguished to that end: prior and posterior distributions,
representing uncertainty before and after a dataset has been processed. Posterior distributions are
derived by multiplying the priors with the so-called likelihood function which embodies the
information from the dataset. This multiplication is an application of Bayes' Theorem, so the
methods are often referred to as being 'Bayesian’. Terminology is not consistent, however, and in
some disciplines the term ‘cost-function’ is used rather than likelihood. The strengths of the Bayesian
approach are threefold: (1) it is rigorously based on probability theory, (2) it not only helps in model
parameterisation and model selection but at the same time quantifies uncertainties in model inputs
and outputs, (3) the likelihood function can easily accommodate information from very different
types of measurements. The last point is probably most relevant for model application to SFM,

where so many different sources of information need to be combined.



Bayesian model calibration was introduced in forest modelling by Green et al. (1999) and has since
been applied to parameterisation of different forest models (e.g. Van Oijen et al. 2005, Van Oijen and
Thomson 2010, Svensson et al. 2008). A good technical introduction to different implementations of
the Bayesian approach is given by Wang et al. (2009). The use of the approach for comparison of
different forest models is still quite rare but examples are appearing (Van Oijen et al. 2011, Fu et al.

2012, Van Oijen et al. submitted).

Conclusions

This paper has reviewed stand-scale forest and ecosystems models with respect to their ability to
provide information about the criteria and indicators of sustainable forest management proposed by
the Ministerial Conference on the Protection of Forests in Europe. While many of the criteria concern
national or continental scale issues and are not predictable with stand-scale models (Category 4,
Appendix 1), a set of criteria could be identified that concern the physical state of forest stands and
the impact of stand-scale management actions on that (Category 1). Furthermore, the stand-scale
predictions can be scaled up to regions and countries, provided that sufficient input information is
available (Category 2). An important role of models in the assessment of sustainability could be to
help reassess the management actions that lead to sustainability in terms of the stand-scale criteria,
e.g., by means of multiobjective optimization (Category 3). The following conclusions mainly concern

the immediate stand-scale criteria and indicators of Category 1 which was the focus of this review.

It is clear that to date, no comprehensive models exist that could be used to predict all the indicators
simultaneously. It may not be desirable to aim at producing such a comprehensive model either. A
better approach could perhaps be to aim for a modular system where different models are combined
and run simultaneously, with shared inputs and well defined links with each other. Such efforts are

already in progress (e.g. Azevedo et al. 2005).

The prediction of many of the indicators would require understanding of processes not included in
forest DSS to date. The most crucial issues are related to the state of the soil, including carbon,
nitrogen and water balances but also physical alterations of the soil. Secondly, models need
development in their ability to deal with heterogeneous stand structures. Thirdly, more model
development appears to be due regarding non-woody forest products such as berries, mushrooms or
cork. The outputs of the models need to be developed in a direction where they can be interpreted

in terms of the recreational or biodiversity value of the forest as well.



Data requirements are most pronounced on the same issues as the gaps in model availability. In
order to improve the applicability of models for sustainability assessment at a large geographical
scale, unified data acquisition methods are needed. It would be important to consider amending the
national forest inventories and other similar standard data collection protocols with variables
required for sustainability assessment. In particular, information about the state of the soil and about

variable elements of stand structure would be crucial.

Combining different models in a modular system and with variable data sources requires advanced
model parameterisation and evaluation methods and assessment of parameter and model
uncertainty. The probabilistic, Bayesian approaches hold a lot of promise in this respect. Predictions
using several different models or model systems, with systematic analysis of e.g. inter-model

variability, could also be considered.

Acknowledgements

We are grateful to Elemer Bricefio for compiling an initial set of criteria, indicators and models. This
study was carried out under COST Action FP0603, “Forest models for research and decision support

in sustainable forest management”, supported by the EU.

References

Aber, J., Neilson, R.P., McNulty, S., Lenihan, J.M., Bachelet, D., Drapek, R.J., 2001. Forest processes and
global environmental change: predicting the effects of individual and multiple stressors. BioSci. 51,
735-751.

Ahtikoski, A., Tuulentie, S., Hallikainen, V., Nivala, V., Vatanen, E., Tyrvéinen, L., Salminen, H., 2011.
Potential trade-offs between nature-based tourism and forestry, a case study in Northern Finland. For. 2,
894-912.

Almeida, A., Tomé, J., Tomé, M., 2010. Development of a system to predict the evolution of individual tree
mature cork caliber over time. For. Ecol. Manage. 260, 1303-1314.

Andersson, M., Kjaller, A., Struwe, S., 2004. Microbial enzyme activities in leaf litter, humus and mineral soil
layers of European forests. Soil Biol. Biochem. 36, 1527-1537.

Aubinet, M., Grelle, A., Ibrom, A., Rannik, U., Moncrieff, J., Foken, T., Kowalski, S., Martin, P.H., Berbigier,
P., Bernhofer, C., Clement, R., Elbers, J., Granier, A., Grinwald, T., Morgenstern, K., Pilegaard, K.,
Rebmann, C., Snijders, W., Valentini, R., Vesala, T., 2000. Estimates of the annual net carbon and
water exchange of forests: the EUROFLUX methodology. Adv. Ecol. Res. 30, 113-175.

Azevedo, J.C, Wu, X.B., Messina, M.G., Fisher, R.F., 2005. Assessment of sustainability in intensively managed

forested landscapes: a case study in eastern Texas. For. Sci. 51, 321-333.



Albert, M., Schmidt, M., 2010. Climate-sensitive modelling of site-productivity relationships for Norway spruce
(Picea abies (L.) Karst.) and common beech (Fagus sylvatica L.). For. Ecol. Manage. 4, 739-749.

Backeus, S., Wikstrom, P., Lamas, T., 2005. A model for regional analysis of carbon sequestration and timber
production. For. Ecol. Manage. 216, 28-40.

Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., Anthoni, P., Bernhofer, C., Davis, K.,
Evans, R., Fuentes, J., Goldstein, A., Katul, G., Law, B., Lee, X., Malhi, Y., Meyers, T., Munger, W.,
Oechel, W., Paw, U., Pilegaard, K., Schmid, H.P., Valentini, R., Verma, S., Vesala, T., Wilson, K.,
Wofsyn, S., 2001. FLUXNET: a new tool to study the temporal and spatial variability of ecosystem-
scale carbon dioxide, water vapour, and energy flux densities. Bull. Am. Meteor. Soc. 82, 2415-2434.

Barreiro, S., Tomé, M., 2011. SIMPLOT: simulating the impacts of fire severity on sustainability of Eucalyptus
forests in Portugal. Ecol. Indic. 11, 36-45.

Barreiro, S., Tomé, M., 2012. Analysis of the impact of the use of eucalyptus biomass for energy on wood
availability for eucalyptus forest in Portugal. A simulation study. Ecol. Soc. 17(2), 14.

Bell, S., Tyrvdinen, L., Sievénen, T., Proebstl, U., Simpson, M., 2007. Outdoor recreation and nature tourism:
trends, conflicts and research needs - a European perspective. Living Rev. Landscape Res. 1(2). [Online
Article]: cited [9-July-2012], http://www.livingreviews.org/Irlr-2007-2.

Berninger, F., Nikinmaa, E., Hari, P., Lindholm, M., Merildinen., J., 2004. Simulation of tree ring growth using
process based approaches. Tree Physiol. 24, 193-204.

Bille-Hansen, J., Hansen, K., 2001. Relation between defoliation and litterfall in some Danish Picea abies and
Fagus sylvatica stands. Scand. J. For. Res. 16, 127-137

Brang, P., Courbaud, B., Fischer, A., Kissling-Néf, 1., Pettenella, D., Schonenberger, W., Spérk, J., Grimm, V.,
2001. Developing indicators for the sustainable management of mountain forests using a modelling
approach. For. Policy Econ. 4, 113-123.

Bravo-Oviedo, A., Tomé, M., Bravo, F., Montero, G., del Rio, M., 2008. Dominant height growth equations
including site attributes in the generalized algebraic difference approach. Can. J. For. Res. 38, 2348-
2358.

Bravo-Oviedo, A., Gallardo-Andres, C., del Rio, M., Montero, G., 2010. Regional changes of Pinus pinaster site
index in Spain using a climate-based dominant height model. Can. J. For. Res. 40, 2036-2048.

Bugmann, H., 2001. A review of forest gap models. Clim. Chang. 51, 259-305.

Bugmann, H., Fischlin, A., 1996. Simulating forest dynamics in a complex topography using gridded climatic
data. Clim. Chang. 34, 201-211.

Burkhart, H., Tomé, M., 2012. Modeling Forest Trees and Stands. Springer, Berlin.

Calama, R., Barbeito, I., Pardos, M., Rio, M., Montero, G., 2008. Adapting a model for even-aged Pinus pinea
L. stands for complex multi-aged structures. For. Ecol. Manage. 256, 1390-1399.

Calama, R., Mutke, S., Tomé, J., Gordo, J., Montero, G., Tomé, M., 2011. Modelling spatial and temporal
variability in a zero-inflated continuous variable: the case of cone production in Mediterranean stone
pine (Pinus pinea L.). Ecol. Model. 222, 606-618.

Calama, R., Tomé, M., Sanchez-Gonzélez, M., Miina, J., Spanos, K., Palahi, M., 2010. Modelling non-wood
products in Europe: a review. For. Syst. 19, 69-85.



Conkling, B.L., Hoover, C.M., Smith, W.D., Palmer, C.J., 2002. Using forest health monitoring data to integrate
above and belowground carbon information. Environ. Pollut. 116, 221-232.

de Vries, W., Vel, E., Reinds, G.J., Deelstra, H., Klap, J.M., Leeters, E.E.J.M., Hendriks, C.M.A., Kerkvoorden,
M., Landmann, G., Herkendell, J., Haussmann, T., Erisman, J.W., 2003. Intensive monitoring of forest
ecosystems in Europe: 1. Objectives, setup and evaluation strategy. For. Ecol. Manage. 174, 77-95.

Dentener, F.J., 2006. Global Maps of Atmospheric Nitrogen Deposition, 1860, 1993, and 2050. Data set. Oak
Ridge National Laboratory Distributed Active Archive Center, Oak Ridge, Tennessee, USA. DOI:
10.3334/ORNLDAAC/830. <http://daac.ornl.gov/> (verified 6-July-2012)

Diaz-Balteiro, L., Romero, C., 2008. Making forestry decisions with multiple criteria: a review and an
assessment. For. Ecol. Manage. 255, 3222-3241.

Dijkstra, J.P.M, Reinds, G.J., Kros, H., Berg, B., de Vries, W., 2009. Modelling soil carbon sequestration of
intensively monitored forest plots in Europe by three different approaches. For. Ecol. Manage. 258,
1780-1793.

Eastaugh, C.S., Potzelsberger, E., Hasenauer, H., 2011. Assessing the impacts of climate change and nitrogen
deposition on Norway spruce (Picea abies L. Karst) growth in Austria with BIOME-BGC. Tree
Physiol. 31, 262-274.

Edgar, B.E., Burk, T.E., 2006. A simulation study to assess the sensitivity of a forest health monitoring network
to outbreaks of defoliating insects. Environ. Monit. Assess. 122, 289-307.

Eid,T., Hoen, H.F., Okseter, P., 2002. Timber production possibilities of the Norwegian forest area and measures
for a sustainable forestry. For. Policy Econ. 4, 187-200.

ESBN, EC, 2004. European Soil Database (v2.0). European Soil Bureau Network and the European
Commission. http://eusoils.jrc.ec.europa.eu/ESDB_Archive/ESDBvV2 (verified 06.07.12).

Eriksson, E., 2006. Thinning operations and their impact on biomass production in stands of Norway spruce and
Scots pine. Biomass and Bioenergy 30, 848-854.

Eriksson, H., Karlsson, K., 1997. Olika gallrings-och gddslingsregimers effekter pa bestandsutvecklingen baserat
pa langliggande experiment | tall-och granbestand | Sverige. (Effect of different thinning and
fertilization regimes on the development of Scots pine (Pinus sylvestris (L.) and Norway spruce (Picea
abies L. Karst.) stand in long-term silvicultural trials in Sweden). SLU Department of Forest Yield
Research. Report No. 42, p. 135 [In Swedish with English summary].

Eriksson, E., Gillespie, A.R., Gustavsson, L., Langvall, O., Olsson, M., Sathre, R., Stendahl, J., 2007. Integrated
carbon analysis of forest management practices and wood substitution. Can. J. For. Res. 37, 671-681.

Ewert, F., Van Ittersum, M.K., Heckelei, T., Therond, O., Bezlepkina, I., Andersen, E., 2011. Scale changes and
model linking methods for integrated assessment of agri-environmental systems. Agric. Ecosyst.
Environ. 142, 6-17.

FAO, IIASA, ISRIC, ISSCAS, JRC, 2009. Harmonized World Soil Database (v1.1). FAO, Rome, lItaly and
IIASA, Laxenburg, Austria. <www.iiasa.ac.at/Research/LUC/External-World-soil/database/HTML/>
(verified 06.07.12).

Ferraz, A., Bretar, F., Jacquemoud, S., Gongalves, G., Pereira, L., Tomé, M., Soares, P., 2012. 3D mapping of a
multi-layered Mediterranean forest using ALS data. Remote Sens. Environ. 121, 210-223.



FFRI, 2011. Finnish Statistical Yearbook of Forestry 2011. Official Statistics of Finland Agriculture, Forestry
and Fishery. Finnish Forest Research Institute.

Fischer, R., Lorenz, M. (Eds.), 2011. Forest Condition in Europe-2011 Technical Report of ICP Forests and
FutMon. Work Report of the Institute for World Forestry 2011/1. ICP Forests, Hamburg.

Fontes, L., Bontemps, J.D., Bugmann, H., Van Qijen, M., Gracia, C., Kramer, K., Lindner, M., Roetzer, T.,
Skovsgaard, J.P., 2010. Models for supporting forest management in a changing environment. For. Syst.
19, 8-29.

Foster, D., Swanson, F., Aber, J., Burke, I., Brokaw, N., Tilman, D., Knapp, A., 2003. The importance of land
use legacies to ecology and conservation. BioSci. 53, 77-88.

Fu, Y.H., Campioli, M., Van Oijen, M., Deckmyn, G., Janssens, I.A., 2012. Bayesian comparison of six different
temperature-based budburst models for four temperate tree species. Ecol. Model. 230, 92-100.
Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, E.W., Howarth, R.W., Seitzinger, S.P., Asner, G.P.,
Cleveland, C., Green, P., Holland, E., Karl, D.M., Michaels, A.F., Porter, J.H., Townsend, A,

Voérosmarty, C., 2004. Nitrogen cycles: past, present and future. Biogeochem. 70, 153-226.

Gil-Tena, A., Saura, S., Brotons, L., 2007. Effects of forest composition and structure on bird species richness in
a Mediterranean context: implications for forest ecosystem management. For. Ecol. Manage. 242 (2-3),
470-476.

Gonzélez, J.R., Palahi, M., Trasobares, A., Pukkala, T., 2006. A fire probability model for forest stands in
Catalonia (north-east Spain). Ann. For. Sci. 63, 169-176.

Green, E.J., MacFarlane, D.W., Valentine, H.T., Strawderman, W.E., 1999. Assessing uncertainty in a stand
growth model by Bayesian synthesis. For. Sci. 45, 528-538.

Granier, A., Bréda, N., Longdoz, B., Gross, P., Ngao, J., 2008. Ten years of fluxes and stand growth in a young
beech forest at Hesse, North-eastern France. Ann. For. Sci. 65, 704.

Grote, R., Kiese, R., Grunwald, T., Ourcival, J.M., Granier, A., 2011. Modelling forest carbon balances
considering tree mortality and removal. Agric. For. Meteorol. 51, 179-190.

Hall, J.P., 2000. The issue of scale in the aggregation of data on indicators of Sustainable Forest Management
from subnational to national levels. For. Chron. 76, 419-422.

Hanewinkel, M., Peltola, H., Soares, P., Gonzélez-Olabarria, J.R., 2010. Recent approaches to model the risk of
storm and fire to European forests and their integration into simulation and decision support tools. For.
Syst. 19, 30-47.

Hanski, 1., 2008. Spatial patterns of coexistence of competing species in patchy habitats. Theor. Ecol. 1, 29-43.

Hellgren, M., Stenlid, J., 1995. Long-term reduction in the diameter growth of butt rot affected Norway spruce,
Picea abies. For. Ecol. Manage. 4, 239-243.

Herrero, C., Pando, V., Bravo, F., 2010 Modelling coarse woody debris in Pinus spp. plantations. A case study
in northern Spain. Ann. For. Sci. 67, 708.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high resolution interpolated climate
surfaces for global land areas. Int. J. Climatol. 25, 1965-1978.

Hogberg, P., Nordgren, A., Buchmann, N., Taylor, A.F.S., Ekblad, A., Hébgerg, M.H., Nyberg, G., Ottosson-
Lofvenius, M., Read, D.J., 2001. Large-scale forest girdling shows that current photosynthesis drives
soil respiration. Nature 411, 789-792.



Hordo, M., Kiviste, A., Sims, A., 2006. The network of permanent sample plots for forest growth in Estonia, in:
Nagel, J. (Ed.), Deutscher Verband Forstlicher Forschungsanstalten. Sektion Ertragskunde: Beitrage zur
Jahrestagung, Gottingen, pp. 115-121.

Humphrey, J.W., 2005. Benefits to biodiversity from developing old-growth conditions in British upland spruce
plantations: a review and recommendations. For. 78, 33-53.

Huth, A., Drechsler, M., Kohler, P., 2005. Using multicriteria decision analysis and a forest growth model to
assess impacts of tree harvesting in Dipterocarp lowland rain forests. For. Ecol. Manage. 207, 215-232.

Hynynen, J., 1993. Self-thinning models for even-aged stands of Pinus sylvestris, Picea abies and Betula
pendula. Scand. J. For. Res. 8, 326-336.

Hynynen, J., Ahtikoski, A., Siitonen, J., Sievénen, R., Liski, J., 2005. Applying the MOTTI simulator to analyse
the effects of alternative management schedules on timber and non-timber production. For. Ecol.
Manage. 207, 5-18.

Hynynen, J., Ojansuu, R., 2003. Impact of plot size on individual-tree competition measures for growth and
yield simulators. Can. J. For. Res. 33(3), 455-465.

Hynynen, J., Ojansuu, R., Hokk&, H., Siipilehto, J., Salminen, H., Haapala, P., 2002. Models for Predicting
Stand Development in MELA System. Finnish Forest Research Institute, Research Papers 835.
Hyytidinen, K., Hari, P., Kokkila, T., Mékeld, A., Tahvonen, O., Taipale, J., 2004. Connecting a process-based

forest growth model to stand-level economic optimization. Can. J. For. Res. 34, 2060-2073.

Inatomi, M., Ito, A., Ishijima, K., Murayama, S., 2010. Greenhouse gas budget of a cool-temperate deciduous
broad-leaved forest in Japan estimated using a process-based model. Ecosyst. 13, 472-483.

Jakobsson, R., Elfving, B., 2004. Development of an 80-year-old mixed stand with retained Pinus sylvestris in
northern Sweden. For. Ecol. Manage. 194, 249-258.

Jalkanen, A., Mattila, U., 2000. Logistic regression models for wind and snow damage in northern Finland based
on the National Forest Inventory data. For. Ecol. Manage. 135, 315-330.

Jandl, R., Lindner, M., Vesterdal, L., Bauwens, B., Baritz, R., Hagedorn, F., Johnson, D.W., Minkkinen, K.,
Byrne, K.A., 2007. How strongly can forest management influence soil carbon sequestration?
Geoderma 137, 253-268.

Jansson, P.E., Halldin, S., 1979. Model for the annual water and energy flow in a layered soil, in: Halldin, S.
(Ed.), Comparison of Forest and Energy Exchange Models. Society for Ecological Modelling,
Copenhagen, pp. 145-163.

Jarvis, A., Reuter, H.l., Nelson, A., Guevara, E., 2008. Hole-filled SRTM for the globe vrs 4, CGIAR-CSI
SRTM Database. http://srtm.csi.cgiar.org (verified 6-July-2012).

Johnson, K.N., Bettinger, P., Kline, J.D., Spies, T.A., Lennette, M., Lettman, G., Garber-Yonts, B., Larsen, T.,

2007. Simulating forest structure, timber production, and socioeconomic effects in a multi-owner
province. Ecol. Appl. 17, 34-47.

Kangas, A., Kangas, J., Kurttila, M., 2008. Decision Support for Forest Management. Springer.

Karhu, K., Wall, A., Vanhala, P., Liski, J., Esala, M., Regina, K., 2011. Effects of afforestation and deforestation
on horeal soil carbon stocks; comparison of measured C stocks with Yasso model results. Geoderma
164, 33-45.



Kellomaki, S., Vaisanen, H., Hanninen, H., Kolstrom, T., Lauhanen, R., Mattila, U., Pajari, B., 1992. Sima: a
model for forest succession based on the carbon and nitrogen cycles with application to silvicultural
management of the forest ecosystem. Silva Carelica 22, 1-85.

Kimmins, J.P., Blanco, J.A., Seely, B., Welham, C., Scoullar, K., 2010. Forecasting Forest Futures: A Hybrid
Modelling Approach to the Assessment of Sustainability of Forest Ecosystems and their Values.
Earthscan Ltd, London, UK.

Kimmins, J.P., Mailly, D., Seely, B., 1999. Modelling forest ecosystem net primary production: the hybrid
simulation approach used in FORECAST. Ecol. Model. 122, 195-224.

Komarov, A., Chertov, O., Zudin, S., Nadporozhskaya, M., Mikhailov, A., Bykhovets, S., Zudina, E., Zoubkova,
E., 2003. EFIMOD 2-a model of growth and cycling of elements in boreal forest ecosystems. Ecol.
Model. 170, 373-392.

Korpela, K.M., Ylen, M., Tyrvainen, L., Silvennoinen, H., 2008. Determinants of restorative experiences in
everyday favorite places. Health & Place 14, 636-652.

Kukkola, M., Saramaki, J., 1983. Growth response in repeatedly fertilized pine and spruce stands on mineral
soils. Commun. Inst. For. Fenn. 114, 1-55.

Lammerts van Bueren, E.M., Blom, E.M., 1997. Hierarchical framework for the formulation of sustainable forest
management standards. The Tropenbos Foundation. The Netherlands. 82 pp.

Landsberg, J., 2003. Modelling forest ecosystems: state of the art, challenges, and future directions. Can. J. For.
Res. 33, 385-397.

Leakey, A.D.B., Ainsworth, E.A., Bernacchi, C.J., Rogers, A., Long, S.P., Ort, D.R., 2009. Elevated CO2 effects
on plant carbon, nitrogen, and water relations: six important lessons from FACE. J. Ex. Bot. 60, 2859-
2876.

Lehtonen, A., Makipaa, R., Heikkinen, J., Sievanen, R., Liski, J., 2004. Biomass expansion factors (BEFs) for
Scots pine, Norway spruce and birch according to stand age for boreal forests. For. Ecol. Manage. 188,
211-224.

Lexer, M.J., Honninger, K., 2001. A modified 3D-patch model for spatially explicit simulation of vegetation
composition in heterogeneous landscapes. For. Ecol. Manage. 144, 43-65.

Linder, S., 1998. NPP Boreal Forest: Flakaliden, Sweden, 1986-1996. Data set. Oak Ridge National Laboratory
Distributed Active Archive Center, Oak Ridge, Tennessee, USA. <http://daac.ornl.gov> (verified 6-
July-2012).

Lindner, M., Garcia-Gonzalo, J., Kolstrém, M., Green, T., Reguera, R., Maroschek, M., Seidl, R., Lexer, M.J.,
Netherer, S., Schopf, A., Kremer, A., Delzon, S., Barbati, A.M.M., Corona, P., 2008. Impacts of
Climate Change on European Forests and Options for Adaptation. Report to the European Commission
Directorate-General for Agriculture and Rural Development (AGRI-2007-G4-06).

Lindner, M., Sievanen, R., Pretzsch, H., 1997. Improving the simulation of stand structure in a forest gap model.
For. Ecol. Manage. 95, 183-195.

Liski, J., Palosuo, T., Peltoniemi, M., Sievanen, R., 2005. Carbon and decomposition model Yasso for forest
soils. Ecol. Model. 189, 168-182.

Makeld, A., 2003. Process-based modelling of tree and stand growth: towards a hierarchical treatment of

multiscale processes. Can. J. For. Res. 33, 398-409.



Mékeld, A., Landsberg, J., Ek, A.R., Burk, T.E., Ter-Mikaelian, M., Agren, G.1., Oliver, C.D, Puttonen, P., 2000.
Process-based models for forest ecosystem management: current state-of-art and challenges for
practical implementation. Tree Physiol. 20, 289-298.

Makeld, A., Pulkkinen, M., Kolari, P., Lagergren, F., Berbigier, B., Lindroth, A., Loustau, D., Nikinmaa, E.,
Vesala, T., Hari, P., 2008. Developing an empirical model of stand GPP with the LUE approach:
analysis ofeddy covariance data at five contrasting conifer sites in Europe. Glob. Chang. Biol. 14, 98-
108.

Makeld, A., Grace, J.C., Deckmyn, G., Kantola, A., Campioli, M., 2010. Simulation Wood quality in forest
management models. For. Syst. 19, 48-68.

Makeld, H., Hirveld, H., Nuutinen, T., Karkkainen, L., 2011. Estimating forest data for analyses of forest
production and utilization possibilities at local level by means of multi-source National Forest
Inventory. For. Ecol. Manage. 262(8), 1345-1359.

Makinen, H., Isoméaki, A., 2004a. Thinning intensity and growth of Norway spruce stands in Finland. For. 77(4),
349-364.

Makinen, H., Isoméki, A., 2004b. Thinning intensity and growth of Scots pine stands in Finland. For. Ecol.
Manage. 201, 311-325.

Makinen, H., Hynynen, J., Isomaki, A., 2005. Intensive management of Scots pine stands in southern Finland:
First empirical results and simulated further development. For. Ecol. Manage. 211, 37-50.

Makinen, H., Hynynen, J., Siitonen, J., Sievanen, R., 2006. Predicting the decomposition of Scots pine, Norway
spruce, and birch stems in Finland. Ecol. Applic. 16(5), 1865-1879.

Makinen, H., Hallaksela, A.M., Isomaki, A., 2007. Increment and decay in Norway spruce and Scots pine after
artificial logging damage. Can. J. For. Res. 37, 2130-2141.

Makipad, R., Linkosalo, T., Niiniméki, S., Komarov, A., Bykhovets, S., Tahvonen, O., Méakel4, A., 2011. How
forest management and climate change affect the carbon sequestration of a Norway spruce stand. J. For.
Plan. 16, 107-120.

Malkdnen, E., 1990. Estimation of nitrogen saturation on the basis of long-term fertilization experiments. Plant
and Soil. 128, 75-82.

Mattila, U., Nuutinen, T., 2007. Assessing the incidence of butt rot in Norway spruce in southern Finland. Silva
Fenn. 41(1), 29-43.

Martin-Benito, D., Rio, M., Cafiellas, 1., 2010a. Black pine (Pinus nigra Arn.) growth divergence along a
latitudinal gradient in Western Mediterranean mountains. Ann. For. Sci. 67, 401.

Martin-Benito, D., Rio, M., Heinrich, H., Helle, G., Cafellas, 1., 2010b. Response of climate-growth
relationships and water use efficiency to thinning in a Pinus nigra afforestation. For. Ecol. Manage.
259, 967-975.

McComn, W., Lindenmayer, D., 1999. Dying, dead, and down trees, in: Malcon, L., Hunter, J.R. (Eds.),
Maintaining biodiversity in forest, ecosystems. Cambridge University Press, Cambridge.

MCPFE, 2002. Improved Pan-European Indicators for Sustainable Forest Management as adopted by the
Ministerial Conferences on the Protection of Forests in Europe (MCPFE) Expert Level Meeting 7-8
October 2002. Vienna, MCPFE Liaison Unit.



Medlyn, B.E., Robinson, A.P., Clement, R., McMurtrie, R.E., 2005. On the validation of models of forest CO,
exchange using eddy covariance data: some perils and pitfalls. Tree Phys. 25, 839-857.

Medlyn, B.E., Duursma, R.A., Zeppel, M.J.B., 2011. Forest productivity under climate change: a checklist for
evaluating model studies. WIREs Clim. Chang. 2: 332-355.

Mellen, K., Ager, A., 2002. A coarse wood dynamics model for the Western Cascades. USDA Forest Service
Gen. Tech. Rep. PSWGTR- 181.

Merganicova, K., Pietsch, S.A., Hasenauer, H., 2007. Testing mechanistic modeling to assess impacts of
biomass removal. For. Ecol. Manage. 207, 37-57

Metcalfe, D.B., Fisher, R.A., Wardle, D.A., 2011. Plant communities as drivers of soil respiration: pathways,
mechanisms, and significance for global change. Biogeosciences 8, 2047-2061.

Misson, L., Antoine, N., Guiot, J., 2003. Effects of thinning intensities on drought response in Norway spruce
(Picea abies (L.) Karst.). For. Ecol. Manage. 183, 47-60.

Mitchell, M.S., Lancia, R.A., Gerwin, J.A., 2001. Using landscape-level data to predict the distribution of birds
on a managed forest: effects of scale. Ecol. 11, 1692-1708.

Mitchell, T.D., Carter, T.R., Jones, P., Hulme, M., 2004. A comprehensive set of high resolution grids of
monthly climate for Europe and the globe: the observed record (1901-2000) and 16 scenarios (2001-
2100). Working Paper 55, Tyndall Centre.

Mitchell, T.D., Jones, P.D., 2005. An improved method of constructing a database of monthly climate
observations and associated high-resolution grids. Int. J. Clim. 25, 693-712.

Monserud, R.A., 2003. Evaluating forest models in a sustainable forest management context. For. Biol. Model.
Inf. Sci. 1, 35-47.

Monserud, R.A., Haynes, R.W., Johnson, A.C., 2003. Compatible forest management. Springer, New York.

Montes, F., Cafiellas, 1., Rio, M., Calama, R., Montero, G., 2004. The effects of thinning on the structural
diversity of coppice forests in Spain. Ann. For. Sci. 61, 771-779.

Nakicenovic, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, J., Gaffin, S., Gregory, K., Gribler, A., Jung,
T.Y., Kram, T, La Rovere, E.L., Michaelis, L., Mori, S., Morita, T., Pepper, W., Pitcher, H., Price, L.,
Riahi, K., Roehrl, A., Rogner, H-H., Sankovski, A., Schlesinger, M., Shukla, P., Smith, S., Swart, R.,
van Rooijen, S., Victor, N., Dadi, Z., 2000. IPCC Special Report Emission Scenarios. Cambridge
University Press, Cambridge.

Nave, L.E., Vance, E.D., Swanston, C.W., Curtis, P.S., 2010. Harvest impacts on soil carbon storage in
temperate forests. For. Ecol. Manage. 259, 857-866.

New, M., Hulme, M., Jones, P.D., 1999. Representing twentieth century space-time climate variability. Part 1:
development of a 1961-90 mean monthly terrestrial climatology. J. Clim. 12, 829-856.

New, M., Hulme, M., Jones, P., 2000. Representing twentieth century space-time climate variability. Part II:
development of 1901-96 monthly grids of terrestrial surface climate. J. Clim. 13, 2217-2238.

Nieuwenhuis, M., 2002. The development and validation of pre-harvest inventory methodologies for timber
procurement in Ireland. Silva Fenn. 36, 535-547.

Nordstrom, E.M., Eriksson, L.O., Ohman, K., 2010. Integrating multiple criteria decision analysis in
participatory forest planning: Experience from a case study in northern Sweden. For. Policy Econ.
12(8), 562-574.



Nunes, L., Patricio, M.S., Tomé, J., Tomé, M., 2011. Modeling dominant height growth of maritime pine in
Portugal using GADA and considering the influence of climate variables. Ann. For. Sci.68(2), 311-323.

Nuutinen, T, Hirveld, H., Hynynen, J., Harkdnen, K., Hokka, H. Korhonen, K.T., Salminen, O., 2000. The role
of peatlands in Finnish wood production — an analysis based on large-scale forest scenario modelling.
Silva Fenn. 34(2), 131-153.

Pakkala, T., Hanski, I., Tomppo, E., 2002. Spatial ecology of the three-toed woodpecker in managed forest
landscapes. Silva Fenn. 36, 279-288.

Palahi, M., Bugmann, H., Bontemps, J.D., Tomé, M. (Eds.), 2010. Trends in modeling to address forest
management and environmental challenges in Europe. For. Syst. 19 (Special Issue).

Paulo, J.A., Tomé, M., 2010. Predicting mature cork biomass with t years of growth from one measurement
taken at any other age. For. Ecol. Manage. 259, 1993-2005.

Patenaude, G., Milne, R., Van Oijen, M., Rowland, C.S., Hill, R.A., 2008. Incorporating remote sensing datasets
into ecological modelling: a Bayesian approach. Int. J. Rem. Sens. 29, 1295-1315.

PECF Council, 2010. Sustainable Forest Management — Requirements. PEFC ST 1003:2010. PEFC General
Assembly.

Peltola, H., Kellomaki, S., Véisénen, H., Ikonen, V.P., 1999. A mechanistic model for assessing the risk of wind
and snow damage to single trees and stands of Scots pine, Norway spruce and birch. Can. J. For. Res.
29, 647-661.

Peltola, H., Ikonen, V-P., Gregow, H., Strandman, H., Kilpeldinen, A., Venéldinen, A., Kellomé&ki, S., 2010.
Impacts of climate change on timber production with implications on the regional risks of wind-induced
damage to forests in Finland. For. Ecol. Manage. 260(5), 833-845.

Peng, C., 2000. Understanding the role of forest simulation models in sustainable forest management. Environ.
Imp. Assess. Rev. 20, 481-501.

Pettersson, H., Melin, Y., 2010. Estimating the biomass and carbon pool of stump systems at a national scale.
For. Ecol. Manage. 260(4), 466-471.

Pietsch, S.A., Hasenauer, H., 2005. Using ergodic theory to assess the performance of ecosystem models. Tree
Physiol. 25, 825-837.

Piri, T., 1998. Effects of vitality fertilization on the growth of Heterobasidion annosum in Norway spruce roots.
Eur. J. For. Pathol. 28(6), 391-397.

Porte, A., Trichet, P., Bert, D., Loustau, D., 2002. Allometric relationships for branch and tree woody biomass of
Maritime pine (Pinus pinaster Ait.). For. Ecol. Manage. 158, 71-83.

Prabhu, R., Colfer, C.J.P., Dudley, R.G. 1999. Guidelines for developing, testing and selecting criteria and
indicators for sustainable forest management. A C & | developer’s reference. C & | Toolbox Series 1.
Center for International Forestry Research (CIFOR). Jakarta, Indonesia. 186 pp.

Prentice, I.C., Sykes, M.T, Cramer, W., 1993. A simulation model for the transient effects of climate change on
forest landscapes. Ecol. Model. 65, 51-70.

Pretzsch, H., 2009. Forest Dynamics, Growth and Yield: From Measurement to Model. Springer, Berlin.

Pretzsch, H., Grote, R., Reineking, B., Rotzer, T.H., Seifert, S.T., 2008. Models for Forest Ecosystem
Management: A European Perspective. Ann. Bot. 101, 1065-1087.



Pretzsch, H., Block, J., Dieler, J., Dong, P.H., Kohnle, U., Nagel, J., Spellmann, H., Zingg, A., 2010.
Comparison between the productivity of pure and mixed stands of Norway spruce and European beech
along an ecological gradient. Ann. For. Sci. 67, 712.

Pukkala, T..2002. Multi-Objective Forest Planning. Springer, New York.

Ranius, T., Kindvall, O., Kruys, N., Jonsson, B.G., 2003. Modelling dead wood in Norway spruce stands subject
to different management regimes. For. Ecol. Manage. 182, 13-29.

Rastetter, E.B., Aber, J.D., Peters, D.P.C., Ojima, D.S., Burke, I.C. 2003. Using mechanistic models to scale
ecological processes across space and time. BioSci. 53, 68-76.

Reese, H., Nilsson, M., Sandstrém, P., Olsson, H., 2002. Applications using estimates of forest parameters
derived from satellite and forest inventory data. Comput. Electron. Agric. 37, 37-55.

Rennolls, K., Tomé, M., McRoberts, R.E., Vanclay, J., LeMay, B.T., Gertner, G.Z., 2007. Potential contributions
of statistics and modelling to sustainable forest management: review and synthesis, in: Reynolds, K.M.,
Thomson, J., Kohl, M., Shannon, M.A., Ray, D., Rennolls, K. (Eds.), Sustainable Forestry: From
Monitoring and Modelling to Knowledge Management & Policy Science. CABInternational,
Oxfordshire. pp. 314-341.

Reuter, H.I, Nelson, A., Jarvis, A., 2007. An evaluation of void filling interpolation methods for SRTM data. Int.
J. Geogr. Inf. Sci. 21, 983-1008.

Richards, G., Evans, D., Reddin, A., Leitch, J., 2005. The FullCAM carbon accounting model (version 3.0) user
manual, Department of the Environment and Heritage Australian Greenhouse Office, Canberra.

Rio, M., Montero, G., Bravo, F., 2001. Analysis of diameter-density relationships and self-thinning in non-
thinned even-aged Scots pine stands. For. Ecol. Manage. 142, 79-87.

Rio, M., Calama, R., Cafiellas, 1., Roig, S., Montero, G., 2008. Thinning intensity and growth response in SW-
European Scots pine stands. Ann. For. Sci. 65, 308.

Robinson, A.P., Ek, A.R., 2000. The consequences of hierarchy for modeling in forest ecosystems. Can. J. For.
Res. 30, 1837-1846.

Rogers, A., Ainsworth, E.A., Kammann, C., 2006. FACE value, perspectives on the future of Free Air CO,
Enrichment Studies, in: Nosberger, J., Long, S.P., Norby, R.J., Stitt, M., Hendrey, G.R., Blum H.
(Eds.), Managed Ecosystems and CO,. Springer, Berlin Heidelberg New York, pp. 431-449.

Rotzer, T., Dieler, J., Mette, T., Moshammer, R., Pretzsch, H., 2010. Productivity and carbon dynamics in
managed Central European forests depending on site conditions and thinning regimes. For. 83, 483-496.

Running, S.W., Gower, S.T., 1991. Forest-BGC, a general model of forest ecosystem processes for regional
applications. 2. Dynamic carbon allocation and nitrogen budgets. Tree Physiol. 9, 147-160.

Schmid, S., Zierl, B., Bugmann, H., 2006. Analyzing the carbon dynamics of central European forests:
comparison of Biome-BGC simulations with measurements. Reg. Environ. Chang. 6, 167-180.

Schulze, E.D., Hessenméller, D., Knohl, A., Luyssaert, S., Borner, A., Grace, J., 2009. Temperate and boreal
old-growth forests: How do their growth dynamics and biodiversity differ from young stands and
managed forests?. Ecol. Stud. 207, 343-365.

Schulze, E.D., Ciais, P., Luyssaert, S., Schrumpf, M., Janssens, I.A., Thiruchttampalam, B., Theloke, J., Saurat,
M., Bringezu, S., Lelieveld, J., Lohila, A., Rebmann, C., Jung, M., Bastviken, D., Abril, G., Grassi, G.,
Leip, A., Freibauer, A., Kutsch, W., Don, A., Nieschulze, J., Borner, A., Gash, J., Dolman, A.J. 2010.



The European carbon balance. Part 4. Integration of carbon and other trace gase fluxes. Glob. Chang.
Biol. 16, 1451-1469.

Seidl, R., Baier, P., Rammer, W., Schopf, A., Lexer, M.J. 2007. Modelling tree mortality by bark beetle
infestation in Norway spruce forests. Ecol. Model. 206, 383-399.

Seidl, R., Fernandes, P.M., Fonseca, T.F., Gillet, F., Jonssong, A.M., Mergancovah, K., Netherer, S., Arpaci, A.,
Bontemps, J.D., Bugmann, H., Gonzalez-Olabarriam, J.R., Lasch, P., Meredieu, C., Moreira, F.,
Schelhaas, M.J., Mohren, F., 2011. Modelling natural disturbances in forest ecosystems: a review. Ecol.
Model. 222, 903-924.

Selkiméki, M., Gonzalez-Olabarria, J.R., Pukkala, T., 2012. Site and stand characteristics related to surface
erosion occurrence in forests of Catalonia (Spain). Eur. J. For. Res. DOI: 10.1007/s10342-011-0545-x.

Simpson, D., Fagerli, H., Hellsten, S., Knulst, J.C., Westling, O., 2006. Comparison of modelled and monitored
deposition fluxes of sulphur and nitrogen to ICP-forest sites in Europe. Biogeosciences 3, 337-355.

Soares, P., Tomé, M., 2007. Model evaluation: from model components to sustainable forest management
indicators. Cad. Soc. Esp. Ciénc. Florest. 23, 27-34.

Sdderberg, U., 1986. Functions for forecasting of timber yields - Increment and form height for individual trees
of native species in Sweden. Section of Forest Mensuration and Management, Report 14, Swedish
University of Agricultural Sciences, Umeaa. [In Swedish with English Summary].

Solberg, S., Dobbertin M., Reinds G.J., Lange H., Andreassen K., Garcia Fernandez P., Hildingsson A., de Vries
W. 2009. Analyses of the impact of changes in atmospheric deposition and climate on forest growth in
European monitoring plots: A stand growth approach. For. Ecol. Manage. 258, 1735-1750.

Stage, A.R., Wykoff, W.R. 1998. Adapting distance-independent forest growth models to represent spatial
variability: effect of sampling design on model coefficients. For. Sci. 44, 224-238.

Svensson, M., Jansson, P.E., Gustafsson, D., Kleja, D.B., Langvall, O., Lindroth, A., 2008. Bayesian calibration
of a model describing carbon, water and heat fluxes for a Swedish boreal forest stand. Ecol. Model.
213, 331-344.

Tachikawa, T., Hato, M., Kaku M., Iwasaki, A., 2011. The characteristics of ASTER GDEM version 2,
IGARSS.

Thornton, P.E., Law, B.E., Gholz, H.L., Clark, K.L., Falge, E., Ellsworth, D.S., Golstein, A.H., Monson, R.K.,
Hollinger, D., Falk, M., Chen, J., Sparks, J.P., 2002. Modeling and measuring the effects of disturbance
history and climate on carbon and water budgets in evergreen needleleaf forests. Ag. For. Meteor. 113,
185-222.

Tkacz, B., Moody, B., Castillo, J.V., Fenn, M.E., 2008. Forest health conditions in North America. Environ.
Pollut. 155, 409-425.

Tomppo, E., Goulding, C., Katila, M., 1999. Adapting Finnish multi-source forest inventory techniques to the
New Zealand preharvest inventory. Scand. J. For. Res.h 14, 182-192.

Tomppo, E., Haakana, M., Katila, M., Perdsaari, J., 2008. Multi-source National Forest Inventory - Methods and
applications. Springer, Heidelberg.

Tomppo, E., Heikkinen, J., Henttonen, H.M., Ihalainen, A., Katila, M., Mékeld, H., Tuomainen, T., Vainikainen,
N., 2011. Designing and Conducting a Forest Inventory - Case: 9th National Forest Inventory of

Finland. Springer, Heidelberg.



Tomppo, E., Korhonen, K.T., Heikkinen, J., Yli-Kojola, H., 2001. Multi-source inventory of the forests of the
Hebei Forestry Bureau, Heilongjiang, China. Silva Fenn. 35, 309-328.

Tonon, G., Dezi, S., Ventura, M., 2011. The effect of forest management on soil organic carbon, in: Sauer, T.J.,
Norman, J.M., Sivakumar, M.V.K. (Eds.), Sustaining Soil Productivity in Response to Global Climate
Change: Science, Policy and Ethics. Wiley-Blackwell, Chichester, pp. 225-238.

Tuominen, S., Eerikéinen, K., Schibalski, A., Haakana, M., Lehtonen, A., 2010. Mapping Biomass Variables
with a Multi-Source Forest Inventory Technique. Silva Fenn. 44, 109-119.

Ulrich, B. 1999. Entwicklungsprognosen fiir Waldodkosysteme aus der Sicht der Hierarchietatstheorie. Forstwiss.
Centralblatt 118, 118-126.

Uppala, S.M., Kallberg, P.W., Simmons, A.J., Andrae, U., Bechtold, V.D., Fiorino, M., Gibson, J.K., Haseler, J.,
Hernandez, A., Kelly, G.A., Li, X, Onogi, K., Saarinen, S., Sokka, N., Allan, R.P., Andersson, E.,
Arpe, K., Balmaseda, M.A., Beljaars, A.C.M., Van De Berg, L., Bidlot, J., Bormann, N., Caires, S.,
Chevallier, F., Dethof, A., Dragosavac, M., Fisher, M., Fuentes, M., Hagemann, S., Holm, E., Hoskins,
B.J., Isaksen, L., Janssen, P.A.E.M., Jenne, R., McNally, A.P., Mahfouf, J.F., Morcrette, J.J., Rayner,
N.A., Saunders, R.W., Simon, P., Sterl, A., Trenberth, K.E., Untch, A., Vasiljevic, D., Viterbo, P.,
Woollen, J., 2005. The ERA-40 re-analysis. Q. J. R. Meteor. Soc. 131, 2961-3012.

Valinger, E., Lundqvist, L., Brandel, G., 1994. Wind and Snow Damage in a Thinning and Fertilization
Experiment in Pinus sylvestris. Scand. J. For. Res. 9, 129-134.

Van der Linden, P., Mitchell, J.F.B., 2009. ENSEMBLES: Climate Change and its Impacts: Summary of
research and results from the ENSEMBLES project. Met Office Hadley Centre, Exeter.

Van Oijen, M., Cameron, D.R., Butterbach-Bahl, K., Farahbakhshazad, N., Jansson, P.E., Kiese, R., Rahn, K.H.,
Werner, C., Yeluripati, J.B., 2011. A Bayesian framework for model calibration, comparison and
analysis: Application to four models for the biogeochemistry of a Norway spruce forest. Agric. For.
Meteor. 151, 1609-1621.

Van Oijen, M., Reyer, C., Bohn, F.J., Cameron, D.R., Deckmyn, G., Flechsig, M., Harkonen, S., Hartig, F.,
Huth, A., Kiviste, A., Lasch, P., Makeld, A., Mette, T., Minunno, F., Rammer W., 2012. Bayesian
calibration, comparison and averaging of six forest models, using data from Scots pine stands across
Europe. Manuscript submitted to For. Ecol. Manage.

Van Oijen, M., Rougier, J., Smith, R., 2005. Bayesian calibration of process-based forest models: bridging the
gap between models and data. Tree Physiol. 25, 915-927.

Van Oijen, M., Thomson, A., Ewert, F., 2009. Spatial upscaling of process-based vegetation models: an
overview of common methods and a case-study for the U.K., in: Proceedings of the Conference
"StatGIS Geolnformatics for Environmental Surveillance”, 17-19 June, Milos, Greece.

Van Oijen, M., Thomson, A., 2010. Toward Bayesian uncertainty quantification for forestry models used in the
United Kingdom Greenhouse Gas Inventory for land use, land use change, and forestry. Clim. Chang.
103, 55-67.

Van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G.C., Kram, T.,
Krey, V., Lamarque, J.F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S.J., Rose, S.K., 2011.
The representative concentration pathways: an overview. Clim. Chang. 109, 5-31.

Vanclay, J.K., Skovsgaard, J.P., 1997. Evaluating forest growth models. Ecol. Model. 98, 1-12.



Varmola, M., Salminen, H., 2004. Timing and intensity of precommercial thinning in Pinus sylvestris stands.
Scand. J. For. Res. 19, 142-151.

Wamelink, G.W.W., Wieggers, H.J.J., Reinds, G.J., Kros, J., Mol-Dijkstra, J.P., van Oijen, M., de Vries, W.,
2009. Modelling impacts of changes in carbon dioxide concentration, climate and nitrogen deposition
on carbon sequestration by European forests and forest soils. For. Ecol. Manage. 258, 1794-1805.

Wang, Y.P., Trudinger, C.M., Enting, 1.G., 2009. A review of applications of model-data fusion to studies of
terrestrial carbon fluxes at different scales. Agric. For. Meteor. 149, 1829-1842.

Weiskittel, A.R., Hann, D.W., Kershaw Jr., J.R., Vanclay, J.K., 2011. Forest Growth and Yield Modeling. John
Wiley & Sons Ltd., Chichester.

Whittaker, R.H., 1972. Evolution and Measurement of Species Diversity. Taxon 21, 213-251.

Wu, S.H., Jansson, P.E., Kolari, P., 2011. Modeling seasonal course of carbon fluxes and evapotranspiration in
response to low temperature and moisture in a boreal Scots pine ecosystem. Ecol. Model. 222, 3103-
3119.

WuIff, S., Lindelow, A., Lundin, L., Hansson, P., Axelsson, A.L., Barklund, P., Wijk, S., Stahl, G., 2012.
Adapting forest health assessments to changing perspectives on threats-a case example from Sweden.
Environ. Monit. Assess. 184, 2453-2464.

Yang, Y.Q., Monserud, R.A., Huang, S.M., 2004. An evaluation of diagnostic tests and their roles in validating
forest biometric models. Can. J. For. Res. 34, 619-629.



TABLES

Table 1. Stand-scale indicators of category 1 (see Section 2) and “minimal” model types needed for
their estimation. GYM = growth and yield model, PBM = process-based growth model, BGC = model
of biogeochemical cycles, SOM = soil organic matter. This list of indicators is based on the indicators
proposed by the Ministerial Conference on the Protection of Forests in Europe (MCPFE) (Appendix 1),
supplemented with other stand-scale indicators relevant for each criterion.

Table 2. Significance of different model components for estimating indicators for sustainability
criteria C1-C6.

Table 3. Applicability of available data sources for developing and evaluating sustainability indicators
as classified above in Table 2. ERS = Ecosystem research sites, FACE = Face Experiments, PSP =
permanent sample plots, PIP = Permanent inventory plots/ Inventory growth plots, NFI = National
Forest Inventory, FHM = Forest Health Monitoring sites, ECS = Eddy Covariance Sites

FIGURES

Figure 1. Schematic presentation of the role of stand-level growth and ecosystem models in
determining sustainability criteria and indicators. Monitoring the state of the stand provides both
measurements of the indicators and an initial state for the stand-level model.

Figure 2. The role of different data sources during a growth model’s life span; DSS — Decision Support
System, FMU — Forest Management Unit, NFI — National Forest Inventory, PBM — Process-Based
Model.



Table 1. Stand-scale indicators of category 1 (see Section 2) and “minimal” model types needed for
their estimation. GYM = growth and yield model, PBM = process-based growth model, BGC = model
of biogeochemical cycles, SOM = soil organic matter. This list of indicators is based on the indicators
proposed by the Ministerial Conference on the Protection of Forests in Europe (MCPFE 2002)
(Appendix 1), supplemented with other stand-scale indicators relevant for each criterion.

CRITERION INDICATOR MODEL TYPES

C 1: Maintenance and | Growing stock GYM

Appropriate Total volume GYM

Enhancement of Age structure and/or diameter distribution GYM

Forest Resources and | Carbon stocks PBM

their Contribution to | GHG emissions PBM

Global Carbon Cycles

C 2: Maintenance of | Soil condition BGC

Forest Ecosystem Fire hazard Models with explicit stand structure
Health and Vitality Wind hazard Models with explicit stand structure

Pest and disease hazard

Broadleaved tree mixture is maintained
Felling and skidding damage

Water use (of forest ecosystem)

Forest resources/growing stock

Forest biodiversity (delayed DCP)

Models with explicit stand structure
Models with explicit stand structure
BGC, Models of soil physics
BGC
GYM
Biodiversity models

C 3: Maintenance and
Encouragement of
Productive Functions
of Forests (Wood and
Non-Wood)

Wood products

Non-wood products

Productivity of the principal forest
production

Value and quantity of marketed roundwood
Other productions

Wood quality models
Non-wood products models
GYM
GYM, wood quality
Non-wood products models

C 4: Maintenance,
Conservation and
Appropriate
Enhancement of
Biological Diversity in
Forest Ecosystems

Understorey shrub diversity

Tree species composition /structural
diversity

Long-lived and cavernous trees

Volume of standing and lying deadwood

Models with explicit stand structure

Models with explicit stand structure

Models with explicit stand structure
Models with explicit stand
structure, Models of SOM

C 5: Maintenance and
Appropriate
Enhancement of
Protective Functions
in Forest
Management
(Notably Soil and
Water)

Evidence of erosion
Water quality

BGC, Models of soil physics
BGC, Models of soil physics

C6: Maintenance of
other Socioeconomic
Functions and
Conditions

Recreational services

Non-woody products,
Models with explicit stand structure




Table 2. Significance of different model components for estimating indicators for sustainability
criteria C1-C6 (see Table 1).

MODEL COMPONENT C1 C2 C3 C4 C5 C6
Basic forestry variables X X X
Carbon dynamics of trees X X
Carbon dynamics of field layer and soil X X X
Coarse woody debris X X X

Shrub layer X X X X

Soil (and tree) N X X
Soil and tree hydrology X X X
Soil physical condition X X X
Structure: Mixed species X X X
Structure: size distribution and spatial arrangement X X X X
Structure: regeneration and mortality X X X
Non-woody production X X
Stem and / or wood properties (quality) X X




Table 3. Applicability of available data sources for developing and evaluating sustainability indicators
as classified above in Table 2. ERS = Ecosystem research sites, FACE = Face Experiments, PSP =
permanent sample plots, PIP = Permanent inventory plots/ Inventory growth plots, NFI = National
Forest Inventory, FHM = Forest Health Monitoring sites, ECS = Eddy Covariance Sites

MODEL COMPONENT ERS FACE PSP PIP NFI FHM ECS
Basic forestry variables X X X

Carbon dynamics of trees X X X X X X X
Carbon dynamics of field layer and soil X X X
Coarse woody debris X X X X

Shrub layer X X X X

Soil (and tree) N X X ) X (x)
Soil and tree hydrology X X X
Soil physical condition X ) X (x)
Structure: Mixed species X X X X
Structure: size distribution and spatial ) X X

arrangement

Structure: regeneration and mortality X X X

Non-woody production X X

Stem and/or wood properties )
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Figure 1. Schematic presentation of the role of stand-level growth and ecosystem models in
determining sustainability criteria and indicators. Monitoring the state of the stand provides both
measurements of the indicators and an initial state for the stand-level model.
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Figure 2. The role of different data sources during a growth model’s life span; DSS — Decision
Support System, FMU - Forest Management Unit, NFI — National Forest Inventory, PBM —

Process-Based Model.



APPENDIX I. Criteria and Indicators defined by Ministerial Conference on the Protection of Forests in
Europe (MCPFE 2002) classified according to the stand-level modelling framework (see section
“Conceptual Framework” in main text): Type 1: Indicators directly derivable from model outputs; Type
2: Indicators derivable through scaling up stand scale results; Type 3: Indicators that refer to
sustainable management practices; Type 4: Indicators that refer to current land-use and other
national/regional statistics.

CRITERIA INDICATORS TYPE
C 1: Maintenance and 1.1 Forest area (total and in subclasses) 4
Appropriate Enhancement of 1.2 Growing stock 1
Forest Resources and their 1.3 Age structure and/or diameter distribution 1
Contribution to Global Carbon 1.4 Carbon stock 1
Cycles
C 2: Maintenance of Forest 2.1 Deposition of air pollutants 4
Ecosystem Health and Vitality 2.2 Soil condition 1
2.3 Defoliation 1
2.4 Forest damage 1
C 3: Maintenance and 3.1 Increment and fellings (balance) 3
Encouragement of Productive 3.2 Roundwood 1
Functions of Forests (Wood and | 3.3 Non-wood products 1
Non-Wood) 3.4 Services 2
3.5 Forests under management plans 4
C 4: Maintenance, Conservation | 4.1 Tree species composition 1

and Appropriate Enhancement 4.2 Regeneration 1,3

of Biological Diversity in Forest | 4.3 Naturalness 4

Ecosystems 4.4 Introduced tree species 4
4.5 Deadwood 1
4.6 Genetic resources 4
4.7 Landscape pattern 2
4.8 Threatened forest species 4
4.9 Protected forests 4

C 5: Maintenance and 5.1 Protective forests - soil, water and other ecosystems 3,4

Appropriate Enhancement of (area)

Protective Functions in Forest 5.2 Protective forests — infrastructure and managed 3,4

Management (Notably Soil and natural resources (area)

Water)

C6: Maintenance of other | 6.1 Forest holdings 4

Socioeconomic Functions and | 6.2 Contribution of forest sector to GDP 3,4

Conditions 6.3 Net revenue 3,4
6.4 Expenditures for services 3,4
6.5 Forest sector workforce 3,4
6.6 Occupational safety and health 3,4
6.7 Wood consumption 4
6.8 Trade in wood 4
6.9 Energy from wood resources 2,4
6.10 Accessibility for recreation 4
6.11 Cultural and spiritual values 4
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