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S1. FSC in the context of sustainable forest management

According to the UN (2008) sustainable forest management (SFM) as a dynamic and evolving
concept aims to maintain and enhance the economic, social and environmental value of all
types of forests, for the benefit of present and future generations. It is characterized by seven
elements (i.e. criteria), including: (1) extent of forest resources; (2) forest biological diversity;
(3) forest health and vitality; (4) productive functions of forest resources; (5) protective
functions of forest resources; (6) socio-economic functions of forests; and (7) legal, policy
and institutional framework (UN 2008). This vision is clearly pronounced in forest-related
policy at multiple levels (e.g., MCPFE 2003; Forest Europe 2011). Policy implementation
instruments to maintain, restore or improve ecological sustainability include (1) market-based
incentives such as certification, (2) command and control measures such as regulation of
silvicultural practices, and (3) government production or expenditure as well as state subsidies
and taxes (e.g., Eskeland and Jimenez 1992; Sterner 2003).

Forest certification involves several stakeholder groups including forest owners and
managers, non-governmental organizations, producers of forest products, consumers, and the
certification body itself. Because of growing environmentally sensitive markets, businesses
use forest certification as a market tool to become accepted by ecologically aware customers
providing higher (so called “green premium”) or more stable prices (e.g., Kérné et al. 2003).
Being a market tool, forest certification aims at providing support and better access to
markets, especially environmentally sensitive ones. Significant attention is paid to ecological
footprint related to the origin of forest products; to protect access of producers to resources, to
decrease negative ecological, economic and social impacts and as such the risks coming from
forest management interventions into the forest ecosystem. Introduction of forest certification
aims to increase consumers’ trust of certified products and formation of a favorable
investment climate in the forest sector (Soloviy et al. 2009). Certification standards attempt to
regulate what actions should be taken and what should be achieved, and the standard
negotiation process favors mutual learning and understanding among multiple stakeholders
and finally the acceptance of the negotiated, consent-based standards.

Thus, FSC can be viewed as a tool that brings the opportunity to contribute to implementation
of ecological sustainability by considering evidence-based knowledge about ecosystems in the
context of SFM policy. Developed indicators that are required by the biodiversity policy
implementation process should be seen as describing a policy implementation feedback loop
that begins with a pressure (i.e. resource consumption, overexploitation and climate change
impacts) leading to a state (i.e., extinction risk, habitat extent and condition, and community
composition) and resulting in a response (i.e., coverage of protected areas, sustainable forest
management, policy responses) (see Butchart et al. 2010). This study focuses on state
indicators for forest ecosystems because only such indicators can be used to measure the
actual level of ecological sustainability.
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S2. Development of normative model

Monitoring

Composition, structure and function of ecosystems form the foundation for measuring
ecological sustainability (see Table S1). Important natural forest components include dead
wood (Siitonen 2001), deciduous trees, old trees, understorey and stands of naturally dynamic
forest (e.g., Berg et al. 1994; Rouvinen et al. 2002; Nilsson and Wardle, 2005; Fedrowitz et
al. 2012). Habitat specialists are especially vulnerable to reduced amounts of these
components (e.g., Schmiegelow et al. 1997; Owens and Bennett 2000). For instance, altered
structure such as different size and decay stage of dead wood (Stokland 2001), loss of multi-
layered forests (Eggers et al. 2005), edge creation by forestry (Jansson et al. 2011) and
fragmentation of natural forest habitats (Edman et al. 2011) all affect species’ demography,
abundance and diversity. Additionally, functions including natural disturbances such as fire
(Zackrisson 1977) and browsing (Angelstam et al. 2000) have been altered over a long time.



Table S 1 Description of the terms composition, structure and function in the context of
ecological sustainability (from Larsson et al. 2001; see Angelstam and Dénz-Bruess 2004 for
examples of measurable variables).

Description

Composition

The identity and variability of elements in a collection, and includes lists and
measures of species and genetic diversity. Ecosystems are composed of
organisms, species, groups of closely interacting species, genetic diversity
within species, legacies of species (e.g., dead wood and soil organic matter),
and various inorganic components (e.g., minerals and gases)

Structure

The physical organization or pattern of a system, from habitat complexity as
measured within communities, to the pattern of patches and other elements
in landscapes. Ecosystem structure arises from the patterns in which
components of composition occur and includes architectural and social
aspects. Architecture denotes the physical aspects of structure, such as the
number of canopy layers, or patchiness of species and age classes. Social
structure refers to patterns in the way that individuals, species or groups of
species relate to each other, and to the system as a whole, such as predation,
symbiontic relationships or mutualism.

Function

Ecological and evolutionary processes, including gene flow, disturbances
and nutrient cycling. There are two aspects of function: (a) the influence on
processes (e.g., photosynthesis, nutrient cycling, population growth), and (b)
the influence on ecosystem structure (e.g., balance among different
populations). In addition to the internal functions of ecosystems, there are
external functions, which are influences of the community as a whole on its
surroundings. Examples include regulation of water and nutrient fluxes,
stabilization of soils, and absorption and reflection of solar energy (albedo).




Naturalness: a key concept to describe reference ecosystems

The ecosystem concept was formally coined in the 1930s (Tansley 1935), although insights
about ecosystems and their role as natural capital for society are widespread in traditional
knowledge (Parrotta and Trosper 2012). An ecosystem consists of a biological community,
and the physical and chemical factors that make up its non-living or abiotic environment.
Policies about maintenance of forests, biodiversity and ecosystem services make explicit
reference to the naturalness concept (MCPFE 2003). However, many current definitions of
forest and natural that are applied in the context of forest statistics overlook ecologically
important components of natural forests such as dead wood, old and large trees (Rouvinen
and Kouki 2008). In spite of the ambiguity of this concept (e.g., Balée 1998; Egan and Howell
2001), indicator variables addressing ecological sustainability should represent both naturally
dynamic forest ecosystems (Peterken 1996; Angelstam and Dénz-Breuss 2004; Brumelis et al.
2011) and pre-industrial agroforestry systems (Angelstam 2006). Other terms used to describe
the conditions in benchmark or reference areas are ecological integrity (Pimentel et al. 2000),
natural range of variation (NRV; Cyr et al. 2009), and historic range of variation (HRV; Egan
and Howell 2001). Because the focus of this study is on natural forests and not cultural
woodlands, in the following the focus in this study is on NRV and not HRV.

Reviewing evidence-based knowledge about species

Habitat loss is the main reason for species extinctions (e.g., Wilcove et al. 1998) and for the
alteration of processes that impair delivery of ecosystem services (MEA 2005; Kumar 2010).
The existence of non-linear responses of species and processes to habitat loss (e.g., Fahrig
2001, 2002) allow for the design of habitat-species studies to formulate evidence-based
targets regarding how much of ecosystem attributes can be lost without losing species and
populations, or altering natural processes (e.g., Muradian 2001; Angelstam et al. 2004a;
Huggett 2005; Lindenmayer and Luck 2005; Villard and Jonsson 2009; Muller and Bdtler
2010). This requires a systematic analytic approach to collecting empirical data using multiple
methods (Angelstam et al. 2004b; Roberge and Angelstam 2009).

First, the range of variation of parameter values for habitat variables need to be identified by
comparing naturally dynamic forests and managed forests with different management
histories and thus different amount of suitable habitats. Then hypotheses about non-linear
responses of species to habitat amounts can be tested through empirical studies comparing
habitat amounts to the occurrence or viability of species populations (e.g., Angelstam et al.
20044a; Roberge et al. 2008). Similarly, historical data about habitat variables and species can
be analyzed (Egan and Howell 2001).

Naturally dynamic forest ecosystems have shaped species and populations by natural
selection and therefore provide an opportunity to learn about the NRV (e.g., Nilsson et al.
2007). Consequently, the benchmark for conservation of ecological sustainability at multiple
spatial scales needs to be understood for different disturbance regimes (e.g., Shorohova et al.
2009; 2011; Kuuluvainen and Aakala 2011; see Fig. S1a), and their natural range of
parameter values needs to be identified (Angelstam et al. 2004a; Roberge and Angelstam
2009; see Fig. S1b). Parameter values corresponding to NRV may directly provide
conservation targets for very large, unmanaged areas where natural processes are allowed to
occur (Cyr et al. 2009; Gauthier et al. 2009). However, in most parts of Europe forests are
managed to produce raw material for industrial use, and thus depart considerably from NRV
(e.g., Kouki et al. 2001; Angelstam and D6nz-Breuss 2004; Kuuluvainen 2009; see Fig. S1c).
Hence, under such conditions NRV may not be a desired aim as it would not satisfy social and
economic dimensions of sustainable forest management policy (e.g., Forest Europe 2011). By



contrast, in Quebec, Canada, the forest policy vision is to ensure that the age structure and
spatial patterns of natural forests is preserved (Ministere des Ressources naturelles et de la
Faune 2010). An alternative approach, such as the Swedish forest and environmental policy,
Is to address the quantitative requirements of naturally occurring specialized species as key
ecosystem variables (see Bush 2010; Angelstam et al. 2011). Policies may thus represent
different levels of ambition for biodiversity conservation, which each can be matched with
evidence-based knowledge. This study focuses on a low level of ambition, presence of
species. Other progressively higher levels include population viability, ecological integrity
and resilience.

Admittedly, quantitative ecological knowledge about habitat requirements is insufficient for
most forest species (e.g., Miller and Bitler 2010). Furthermore, the range of requirements is
strongly dependent upon the traits of species, ranging from for example flightless saproxylic
beetles to strong flying pyrophilic species and large mammals. However, emerging
knowledge about the requirements of specialized (Angelstam et al. 2004a), ecologically
important (Drapeau et al. 2009) or so-called focal or umbrella species (Roberge and
Angelstam 2004) provide a useful starting point for formulating evidence-based performance
targets for ecological sustainability (Fig. S1d). Due to the inherent uncertainties in empirical
knowledge, these targets will generally take the form of ranges (i.e. intervals) rather than
precise values. Finally, negotiated targets need to be compiled (Fig. S1e), and compared with
evidence-based performance targets representing either NRV (Fig. S1b) or focal species’
requirements (Fig. S1d). We emphasize that this knowledge should ideally be based on
studies that link habitat structure and vegetation management to demographic parameters
because habitat use (presence/absence or densities) may not reflect habitat quality (e.g., Van
Horne 1983).

To review this complex knowledge, scientists involved with research about composition,
structure and function of terrestrial and aquatic ecosystems in European forests were gathered.
The group included experts of different taxonomic groups of species, habitats and ecosystem
processes in terrestrial and aquatic ecosystems, in both managed and naturally dynamic
forests. To extract evidence-based knowledge about how much habitat is enough we reviewed
the literature for original work, reviews and meta-analyses of published literature. To make
quantitative data about different forest ecosystem variables comparable, data for each variable
(such as dead standing wood or forests older than final felling) was normalized by dividing all
values with the highest observed value for that variable. Then the distribution of values in 5%
units was used to illustrate differences between NRV, target intervals for species persistence
and the situation in forests with a long management history.
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Fig. S1 Illustration of the methodology to derive performance targets for habitat amount. To
describe ecosystems, several scales (trees in stands, stands in landscapes, landscapes in
regions) need to be included (A). To understand the extent to which forest landscapes with
different forest histories have sufficient amounts of habitat for the maintenance of species at
different spatial scales, it is necessary to find out both what the natural range of variability is
(NRV) (B), how much of this is left (C) and how much specialized species require (D).
Finally, there is a range of negotiated policy-driven norms (E) that evidence-based targets can
be compared with.
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S3. How much habitat is enough?

The range of parameter values for ecosystem components under assumed NRV conditions,
species requirements and amounts in managed forests showed large variation, but are still
clearly different from each other (Table S3, Fig. S2). Variables capturing natural forest
components varied the most under NRV, and the least in managed forests. The shape of the
curve under NRV conditions suggests that about 30% of the reviewed studies of naturally
dynamic landscapes have similar amounts of natural components as managed forests, and the
other ones considerably more. However, about 75% of the studies in managed forests had
<5% of the amounts under NRV conditions. Finally, of the reported threshold values or
intervals for species populations, 80% were in the range of 10-30% of NRV condition.
However, it is important to recognize that some species require amounts of natural
components found only in the higher end of the range of variation.



Table S2 References reviewed regarding terrestrial ecosystem components (old forest, downed dead wood, standing dead wood) representing
estimates about the variability in naturally dynamic forests, managed forests and evidence-based knowledge about the requirements of
specialized focal species’ needs (data sufficient only for downed dead wood)

Managed forest

Requirements of specialized species of
conservation concern or species assemblages

Natural range of variability

3-5% old-growth forest (Angelstam and
Andersson 2001:46)

7% of state forest in boreal Sweden >150
years in 1990 (excluding mountain forest)
(Linder and Ostlund 1998).

1-11% older forest stands (>120-150 years)
in the same three study landscapes in 1990
(Linder and Ostlund 1998).

0.1-2.1% old forest (Franc et al. 2007)
1-13% decidous forest in landscape
(Mikusinski et al. 2003:523)

0-21% decidous forest in landscape (Butler
et al. 2004a)

0.5-9% decidous forest in landscape (Franc
et al. 2007)

4.5 m*ha! (CV=2.7%) downed dead wood
in managed productive forest across Sweden
(Fridman and Walheim 2000).

0.4-1.1 m*ha* downed dead wood (Biitler et
al. 2004a)

2.1-4.0 m*ha™* downed dead wood
(Angelstam and D6nz-Bruess 2004)
6.6-11.8 m*ha™* downed dead wood (Ekbom
et al. 2006).

1.7 m*ha* dead wood in managed

5 m°ha™ each of four combinations of size
and decay stage of dead wood(Stokland
2001)

14-18 mha™* snags over an area of 100 ha
(Butler et al. 200443, b)

34% old forest of a local landscape
(Angelstam 2004)

8-17 m*ha™ of standing deciduous dead
trees over an area of 100 ha (Roberge et al.
2008)

>100-200 standing dead trees per ha
(Lohmus et al. (2010))

Five species never recorded wherever
<23.8-28.5 m*ha™* of total dead wood over
an area of 100-400 ha (@kland et al. (1996))
Number of saproxylic species increases with
increasing dead wood amounts even in the
upper range of dead wood volumes studied
(> 60 m*ha™) Martikainen et al. (2000)

No threatened species found in managed
stands with < 20 m*ha* of dead wood; large
number and high abundance of threatened
species only where > 100 m*ha™* (Penttila et
al. 2004)

45-62% old-growth forest (Bélisle et al.
2011:900);

22-96% old-growth forest (Angelstam and
Kuuluvainen 2004:125)

44% of state forest in boreal Sweden >150
years in 1915 (excluding mountain forest)
(Linder and Ostlund 1998).

29-57% older forest stands (>120-150 years)
in three study landscapes in 1916-1921
(Linder and Ostlund 1998)

59-67% deciduous trees in landscape
(Angelstam and Dénz-Breuss 2004:313)
Range of means for downed dead wood 13-
117 m*ha™ in boreal old-growth spruce
dominated forest; 12-79 m*ha™ in boreal
old-growth pine dominated forest; 16-80
m>ha™ in boreal post-fire successional forest
(Siitonen 2001).

48.7 (range 21.9-84.9) m*ha™* downed dead
wood (Rouvinen et al. 2005).

16-79 m*ha™ downed dead wood in
unmanaged boreal forest in northern Finland
and NW Russia (Aakala 2010)

20-51 m*ha* downed dead wood depending
on landscape, Finland and Russia (Rouvinen
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productive forest across Sweden (Fridman
and Walheim 2000).

0.1-0.4 m*ha* downed dead wood (Biitler et
al. 2004a)

1.2-4.3 m*ha™* downed dead wood (Ekbom
et al. 2006).

1-4 m*ha™* downed dead wood (Simil4 et al.
2003)

0.5-1 m*ha™* snags in managed boreal forest
since WWII (Linder and Ostlund 1998).
0.3+1.0 m*ha™ dead wood on clearcuts
subjected to forest fuel harvesting in boreal
Finland (Erdjéa et al. 2010).

0.7+2.1 m*ha™* dead wood on clearcuts
without forest fuel harvesting in boreal
Finland (Erdjéaa et al. 2010).

et al. 2002)

35.3 (range 8.0-96.3) m*ha™ dead wood
(Rouvinen et al. 2005).

11-13 m*ha™* snags in unexploited mature
boreal forest (Linder and Ostlund 1992;
Linder and Ostlund 1998)

3-78 m*ha™* downed dead wood in
unmanaged boreal forest in northern Finland
and NW Russia (Aakala 2010)

23.6-47.3 m*ha™* downed dead wood
depending on landscape, Finland and Russia
(Rouvinen et al. 2002)

Standing wood 10.1-47.6 m*ha™ (Rouvinen
et al. 2002)

12-29 m*ha™* downed dead wood (Késter et
al. 2005)

Mean downed dead wood 90 m*ha™ in long
established montane and 38 mé/ha in long
established beech forests (Christensen et al.
2005b)

Snags in old-growth reserves beech-fir forest
of a nationalpark 1-9 mean 4.8 m*ha™
(Kanold et al. 2009)

Snags in spruce beech forests core zone
nationalpark with bark beetle disturbance 0-
12 mean 1.7 m*ha™* (Kanold et al. 2009)
Snags in lowland beech forests old-growth
reserves 0-14 mean 5.8 mha™* (Mdiller 2005)

11




1 -
0.9 A
0.8
0.7
0.6
0.5 A
0.4 -
0.3 A
0.2 A
0.1 A

0 T T T T T T T T T T T T T T T T T T T

PR PRP PP RPRPLP O L LL NS

Proportion of maximum value for quantitative variables in 5%-intervals

—o— Managed (n=34)
---m--- Species'needs (n=11)
—a—NRV (n=39)

Cumulative proportion of studies

Fig. S2 Summary of results from the review of terrestrial ecosystem components (old forest, downed dead wood, standing dead wood)
representing estimates about the variability in naturally dynamic forests and managed forests, and evidence-based knowledge about the
requirements of specialized species of conservation concern (data sufficient only for downed dead wood) see Table 1).
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