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Executive summary

How can we effectively maintain and enhance forest biodiversity in

Europe?
Forest biodiversity - what is at stake?

Forest biodiversity is more than just a mixture of
species. It also concerns gene pools, structural and
functional diversity as well as scale aspects that
range from a single tree to entire regions. Forest
ecosystems of Europe, which include both natural
and managed forests, provide habitats for numer-
ous plant and animal species and are havens for
much of Europe’s biodiversity. In addition to the
cultural and aesthetic values of biodiversity, there
is also clear evidence that biodiversity contributes
to ecosystem productivity, stability and multifunc-
tionality. Biodiversity loss is a major threat to eco-
logical, social and economic stability.

Europe’s forests have a long history of human
use and management for the provision of wood,
food, feed and fibre. The intensity and duration of
these human impacts on biodiversity have varied
across Europe both over time and by location. As a
consequence, the types of forest biodiversity pres-
ent and the interventions needed for its mainte-
nance through conservation, management or res-
toration show a strong contextual dependency. In
some areas, especially in Northern and Eastern
Europe, there are still primary and old-growth for-
ests where limited human interaction has left them
in a substantially pristine state.

Forest biodiversity monitoring is key. Increased
conservation and management of European for-
est biodiversity starts with effective monitoring.
Most monitoring efforts are targeted at the spe-
cies level, with very little attention given to mon-
itoring other biodiversity aspects, such as genetic
and functional diversity. In addition, the lack of co-
ordination among European countries and institu-
tions on what to monitor and how to monitor it has

hampered efforts to build a standardised, EU-level
overview of how forest ecosystems are responding
to global environmental changes. Further support
and investment is needed for the monitoring of bi-
odiversity at different scales ranging from genes to
ecosystems, the continued development of moni-
toring technologies and the harmonizing of indica-
tors between European countries and institutions,
as well as their long-term implementation.

Threats to forest biodiversity can be distin-
guished between ‘external’ threats that are beyond
the direct influence of forest owners and manag-
ers (e.g. atmospheric pollution, climate change, bi-
ological invasions, land use change) and ‘internal’
threats that are directly related to forest manage-
ment practices. Interaction between external and
internal threats can increase the vulnerability of
species. Different internal and external threats do
not occur in isolation but interact, thereby increas-
ing the overall vulnerability of individual species,
ecosystems and even entire forests to each particu-
lar threat.

* Forest biodiversity has suffered from atmos-
pheric pollution. It resulted in acidification, eu-
trophication and damage by tropospheric ozone,
more than in any other continent.

- Efforts to mitigate climate change continue
to be both urgent and a challenge to preserve
European forest biodiversity. A combination of
increasing temperatures, more frequent drought
events, storms, megafires and pest outbreaks
have all contributed to a sharp increase in tree
mortality, threatening the survival of various as-
sociated species. Maladapted species that would
normally migrate along latitudinal or altitudi-
nal gradients are hampered from doing so by the
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extreme fragmentation of the European forest
landscape.

« Invasive species of plants, pests and diseases
that increasingly impact European forests can
profoundly threaten biodiversity by dominating
or devastating local ecosystems.

+ In recent decades, forested areas in Europe
have expanded markedly through land aban-
donment and active reforestation, particularly
in Mediterranean and mountain areas previous-
ly used for marginal crop and livestock farming.
Whilst initially appearing to be a positive, this
can cause a loss of non-forest biodiversity asso-
ciated with open ecosystems as light-demanding
low vegetation is replaced by trees.

- Different forest management practices have dif-
ferent impacts on biodiversity. Compared to ag-
riculture, forestry generally has an overall low-
er impact on biodiversity because of limited or
no use of artificial fertilizers and biocides, and
the much lower frequency of interventions caus-
ing ecosystem disturbance. Nonetheless, biodi-
versity in managed forests is often much lower
than in natural forests, mainly due to the lack
of diversity of tree species, of heterogeneity in
tree age and of special habitats like deadwood
or tree microhabitats. Smart management prac-
tices can further improve each of these aspects.

Forest (biodiversity) management - what
should we do?

Current biodiversity is often related to legacies
from the past, and in particular primary forests,
old-growth forests, ancient forests and cultur-
al forest landscapes are irreplaceable ecosystems
that require customised approaches to conserva-
tion.

e More stringent conservation measures are ur-
gently required for forests that are home to spe-
cies under threat, e.g. primary, old-growth and
ancient forests. The most effective way to secure
biodiversity in primary and old-growth forests is
to fully protect these forests. In ancient forests,

nature-based management regarding the tree
species composition and soil quality are often
satisfactory conservation measures.

+ While it is undisputed that forest management
influences biodiversity, the forestry sector has
potential to include more biodiversity friend-
ly measures in its management portfolio. In
fact, forest management is a key driving factor
to restore, maintain and promote biodiversity in
European forests.

« Hands-on nature-positive management is pos-
sible in every forest managed for wood produc-
tion, including plantation forests. Doing so be-
gins with increasing tree genetic diversity and
tree species diversity. It can be further improved
with decreasing the size of clearcut areas and the
retention of more deadwood, trees bearing mi-
crohabitats like holes and fissures, and structur-
al diversity in or between stands, all of which are
within the means of every forest manager.

» Ecosystem management, including variants of
close-to-nature forest management, needs to
be promoted to embrace varied disturbances
and support biodiversity reliant on the different
development phases of the forest, including pi-
oneer and decay stages. Modern integrated for-
est management seeks to mimic all types of dis-
turbance regimes and the resulting development
stages to allow the development and continued
presence of patches of old and dead trees.

» On alandscape scale, a Triad approach, which is
a combination of various management intensi-
ties, is a promising strategy to conserve a broad
range of biodiversity while also achieving other
important forest management objectives.

How should the policy landscape and
finance respond?

Forest biodiversity is governed by a range of policy
instruments, the form and use of which vary across
Europe. The large variation in ecological contexts,
as well as socio-economic, cultural and institu-
tional settings that differ across forested areas in
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Europe, needs to be factored in during policy for-
mation:

* Curbing biodiversity loss needs support from
all sectors and actors at multiple levels. Multi-
sectorial collaboration is needed for efficient
conservation and use of biodiversity in natural
and cultural landscapes, combining agriculture,
forestry, and human-cultural heritage.

A considerable time lag between new policies
and their biodiversity responses has to be taken
into account given the slow pace of forest devel-
opment and related management interventions.

» The mix of tailor-made financial and other in-
struments needs to be expanded to success-
fully secure Europe’s exceptional biodiversity

heritage. New instruments need to dovetail with
existing governance frameworks and policy mix-
es at the global, EU and national levels to ensure
that they are complementary rather than contra-
dictory.

» Market-driven instruments, such as reverse auc-
tions and biodiversity offsets are still underde-
veloped and require further exploration and dis-
cussion.

Conserving and increasing biodiversity is a shared
task that needs to be undertaken ambitiously by
European forest managers and owners as well as
public and private institutions, and the general
public. It requires broad institutional and financial
support.
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1. Introduction

Chapter highlights

Biodiversity loss is a major threat to ecological, social and economic stability. Conserving and
increasing biodiversity is a shared ambition of forest owners and managers, public authorities
and the general public.

Europe’s forests' represent a fascinating variety of ecosystems, from Mediterranean evergreen scrublands
and lush, temperate, deciduous forests through to conifer-dominated boreal and mountain forests. This di-
versity is generated primarily by variations in climate, topography, soils and natural disturbances. In Europe,
the majority of forests are, or at least have been, subject to some form of human modification or manage-
ment over several millennia. A large variety of land tenure and governance systems, management styles and
forest uses have transformed European forests by changing their extent, structure, species composition and
function. Currently, forests and other wooded lands cover almost 40% of the continent, or 227 million hec-
tares (Forest Europe 2020), and host a tremendous variety of living organisms that are of utmost importance
for the conservation of biodiversity on the European continent. The knowledge, experience and range of
tools available across the continent to forest managers shape forestry practices and are crucial to sustain
forest biodiversity as a major natural capital.

11 Biodiversity as a natural capital supporting human well-being

In the last three decades, efforts have been made to place the importance of nature for human well-being
higher on the international political agenda. The influential Millennium Ecosystem Assessment (MEA 2005)
and The Economics of Biodiversity reports (TEEB 2010) have both drawn attention to a phenomenon known
as ecosystem service cascade, where biological diversity is the basis for an array of cultural, regulating and
provisioning ecosystem services which provide benefits and have value for humans, including in non-mon-
etary terms, in addition to the intrinsic values of biodiversity. For example, biodiversity supports the pro-
visioning service of wood production by providing suitable tree species and their genetic resources along
with mycorrhizal fungi that boost the productivity of those trees. Such ideas are embedded in the Nature’s
Contributions to People (NCP) concept of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES) supporting the implementation of the United Nations Convention on Biological
Diversity (CBD) (IPBES 2015, Diaz et al. 2018). More recently, the Dasgupta review on the economics of biodi-
versity (Dasgupta 2021) emphasised the role of natural capital in our economies and made it clear that the
species extinction crisis we face not only undermines the resilience of all life on the planet but has conse-
quences for the human economic activity, which then impacts livelihoods and human well-being. Therefore,
investing in biodiverse ecosystems is the basis for the sustainable development of a fossil-free circular bio-
economy (Palahi et al. 2020) while simultaneously providing insurance against abrupt environmental change
(Paavola and Primmer 2019). The natural diversity of forest species, structures and functions is the only vi-
able foundation upon which a sustainable flow of forest goods, services and values can be based. Indeed,
the conservation of biodiversity could be viewed simply as best practice to retain the resilient, healthy and
productive forest ecosystems that allow forests to better withstand the impacts of unprecedented climat-
ic conditions and disturbances, such as increasingly severe storms, droughts, megafires as well as pest and
disease outbreaks (Seidl et al. 2017).

1  Forests in the context of this report have no juridical meaning but are widely interpreted as ecosystems where trees or woody vege-
tation are dominant. We used the FAO definition (FAO 2000) that includes high forests and all of their developmental stages, but also
scrublands and other wooded lands, excluding orchards and nut tree plantations.
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1.2 Global biodiversity crisis and European forests

There is broad scientific consensus on the major global environmental threats caused by human activities.
Even more than climate change, biodiversity loss is considered to have advanced to a more critically dan-
gerous stage where the planet is no longer able to recover naturally (Steffen et al. 2015). The current loss of
species is alarming as it is estimated that 1 million of the 8.7 million species on earth are threatened with
extinction (IPBES 2019). More concretely, the latest IUCN global Red List classified 28% of all assessed spe-
cies as threatened with extinction (40,084 out of 142,577), which means they are endangered, critically en-
dangered or vulnerable (IUCN 2021). The major causes of this global biodiversity crisis are the ‘evil quintet’
of habitat loss, pollution, overexploitation, invasive alien species and climate change (Brook et al. 2008). The
need for action to curb biodiversity decline has gained international profile since the United Nations (UN)
Conference in Rio de Janeiro in 1992 where the UN Convention on Biological Diversity (CBD) was signed. One
of the most significant concrete outcomes of the CBD was the formulation of the Aichi Biodiversity Targets
in 2010 which were to be achieved by 2020. One of these targets was the development and implementation
of the National Biodiversity Strategy and Action Plans (NBSAs). These have been backed up by important
science-policy processes since the establishment of IPBES in 2012 as the latter has now become a source
of reference information on the state of biodiversity highlighting for the countries as Parties of the CBD the
urgency of undertaking more dedicated action in the post-2020 Global Biodiversity Framework (Diaz et al.
2020) as none of the Aichi targets were achieved and biodiversity continues to decline across all scales and
regions (CBD 2020). Particularly for Europe and Central Asia, IPBES identified intensification in agriculture
and forestry as the major cause of biodiversity loss (IPBES 2018).

To protect habitats and species while also meeting its international commitments, the European Union
(EU) has been developing the Natura 2000 network of protected areas, based on the 1979 Birds Directive (on
the preservation of wild birds) and the 1992 Habitats Directive (on the conservation of natural habitats). The
main goal of the network is to offer a haven for the EU’s most valuable and threatened species and habi-
tats by setting conservation objectives, delineating protected sites and monitoring the conservation status
of these sites. The network now includes almost 30,000 protected areas covering 18% of the EU’s land area,
of which 48% is forested, and 8% of its marine territory (EEA 2019). The Natura 2000 network is the corner-
stone of the new EU Biodiversity Strategy for 2030 that aims, amongst other objectives, to securely protect
and provide effective biodiversity management on 30% of the EU’s land territory; to ensure the ecological
restoration of forest and woodland areas in the EU by planting 3 billion biodiversity supporting trees and to
make ecosystems healthier and more resilient to meet the challenge of climate change (EC 2020). Under the
umbrella of the European Green Deal, other EU policies and strategies, such as the Farm to Fork Strategy,
the Common Agricultural Policy (CAP), the EU Forest Strategy and the upcoming Nature Restoration Law set
additional ambitious biodiversity targets. Biodiversity-related headline goals of the new Forest Strategy are
the protection of primary and old-growth forests, the re- and afforestation of biodiverse forests as well as
the promotion of closer-to-nature forest management practices (EC 2021, Larsen et al. 2022).

There is broad political consensus to support the increasing ambition of safeguarding and promoting for-
est biodiversity in Europe. However, stakeholder views on the data used to describe the current state and
trend of European forest biodiversity, as well as on the strategies to protect and promote such diversity,
strongly diverge. As to the data and views on the current state and trends, the indicators reported by the
State of Europe’s Forests, partly obtained from National Forest Inventories (NFIs), show an overall positive
state or trend in an array of chosen biodiversity-related indicators, including the area of protected forests,
amount of deadwood and stability of forest-bird populations (Forest Europe 2020). In contrast, the Habitats
Directive related reporting streams show a grimmer situation with only 15% of European forest habitats in
a favourable conservation status (EEA 2019). Scientists have also flagged the insufficient and inadequate
protection of the last old-growth forests in Europe (Sabatini et al. 2020). This apparent inconsistency may
illustrate different monitoring approaches supporting different purposes: the former provides systematic



Forest Biodiversity in Europe

monitoring of national forest resources for sustainable forest production and multiple ecosystem services,
while the latter monitors the conservation status of vulnerable species and forest types. As to the strategies
for biodiversity conservation, there are also opposing views between proponents of land sparing (segrega-
tive) approaches targeting larger areas that exclude human activity to promote biodiversity within a matrix
that focuses on provisioning services (Paul and Knoke 2015) and those supporting the land sharing (integra-
tive) strategies using sustainable multifunctional forest management to conserve biodiversity using safe-
guards that still allow for activities such as the supply of wood (Kraus and Krumm 2013). Although these con-
trasting views are at the extremes of a broad spectrum of possible conservation options, they illustrate that
retaining and increasing biodiversity in Europe is a complex, challenging and contentious issue that will re-
quire multiple nuanced solutions based on the specific social, ecological, economic and cultural contexts.
Perspectives on biodiversity also vary along scales of space and time as well as being very much dependent
on the viewpoint and values of the observer. This makes it difficult for decision-makers to get a good grip
on the matter, its urgency and then find a viable way forward. This clearly causes a number of questions to
arise, such as why positions on this issue are so divergent and how can biodiversity be effectively conserved
and managed given this divide?

Finally, in addition to the differences in viewpoint, there are also large knowledge gaps and uncertainties,
many of which are the focus of ongoing research. For example, scientists are yet to fully grasp the effects of
climate change on forest biodiversity, the speed of the changes involved and the impact of such changes on
the viability of the targeted habitat types when conserving, managing and restoring Natura 2000 areas. This
understandably creates uncertainty regarding issues such as whether or not it is wise to introduce tree spe-
cies and provenances from other regions to enhance the adaptive capacity of forests, even within protected
areas? Or whether biomass extraction from forests for energy use is an opportunity to restore open or half-
open habitats, or rather a threat to the last old-growth forests in Europe? This report will try to shed some
light on these issues from a biodiversity perspective.

1.3 Aim of the report

This report aims to explore the importance of biodiversity in the context of European forests and to make
suggestions on how this biodiversity can be effectively maintained and enhanced through protection, man-
agement and restoration. The term Europe in this document means European Union, except where men-
tioned otherwise. The report is meant for all kinds of decision-makers at the EU, national and local levels
who are confronted with policy and management decisions related to biodiversity conservation and sus-
tainable forest management. Although the primary focus is on the EU, most of the insights and recommen-
dations made should be transferrable, with varying degrees of customisation where necessary, to non-EU
countries as well. This report does not and cannot provide black and white guidelines on how to support
forest biodiversity, rather it is designed to be a reference source for information and inspiration on the ba-
sics of forest biodiversity and forest biodiversity management. As such, it is a useful tool that highlights
what is possible for evidence-based decision-making on this complex and dynamic matter. The report is
purposely written and presented in a manner to stimulate dialogue on maintaining and restoring forest bi-
odiversity while illuminating ways to bridge gaps between divergent viewpoints on the available options to
avoid the loss of the irreplaceable and invaluable natural and cultural heritage inherent to European for-
est biodiversity.
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2. Understanding forest biodiversity and its
conservation

Chapter highlights

Forest biodiversity is more than just a mixture of species as it also concerns gene pools, struc-
tural and functional diversity as well as scale aspects that range from a single tree to land-
scapes and entire regions.

Current biodiversity is often related to legacies from the past. In particular primary forests,
old-growth forests, ancient forests and cultural forest landscapes are irreplaceable ecosystems
that require customised approaches to conservation.

Forest biodiversity is an indispensable underpinning factor for human prosperity and well-being. On the
European continent, human societies have depended for millennia directly and indirectly on what forest and
woodland ecosystems, which inherently includes their biodiversity, have provided. This involved deforesta-
tion to establish both settlements and clear land for agriculture on the most fertile soils. The remaining for-
est landscape was modified over time to a greater or lesser extent to provide multiple benefits. This included
expansion of pastures for domestic animals, coppicing and pollarding of trees for feed and wood fuel as well
as using or managing forests for building material and multiple non-wood forest products. Therefore, tradi-
tional knowledge, local stewardship and norms have fostered rules and regulations aimed at conserving the
multiple benefits of forest landscapes over many centuries (Biirger-Arndt and Welzholz 2005). The advent of
the industrial revolution ushered in an age where forests have been increasingly commercialised and exploit-
ed, a process which is ongoing and now expanding into the most remote forested areas, increasing the pres-
sure on forest ecosystems. This is arguably most evident in forest management regimes focused on wood as
a provisioning ecosystem service and often leads to a simplification of forest ecosystems into cropping sys-
tems. Only relatively unproductive, remote or inaccessible areas have retained forest ecosystems dominat-
ed by natural dynamics. All these transformations that have taken place at varying intensities over time and
space have profoundly modified the composition, structure and functioning of European forests.

2.1. What is biodiversity?

The term biodiversity is a short form of biological diversity and was coined for the first time at a conference
organised by the National Academy of Sciences of the USA in 1986. The report from this meeting explains
the emergence of the biodiversity concept as being triggered by data on deforestation and species extinc-
tions in the tropics and that forest loss accompanied by short-term profits were followed by local economic
decline (Wilson 1988). There was a conscious effort at the time, as there still is, to (1) place evidence-based
knowledge about the loss of life forms on the table of decision-makers, and (2) to discuss what actions and
levers are required. Being a foundation for economy and society, the biodiversity concept needs to be well
understood by citizens, stakeholders, actors and policy-makers.

Box 1. Definition of biodiversity

e co0eccco000000000s oo
According to the UN Convention on Biological Diversity, biodiversity means “the variability among
living organisms from all sources including, inter alia, terrestrial, marine and other aquatic eco-
systems and the ecological complexes of which they are part; this includes diversity within species,
between species and of ecosystems”. Biodiversity is thus a broad concept that is hierarchical and
scale-dependent. It ranges from the springtails and earthworms on a decomposing tree trunk in an
old-growth forest to the Gaia theory in earth systems science, seeing planet Earth as a single com-
plex system (Lovelock and Margulis 1974).
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ELEMENTS OF FOREST BIODIVERSITY

Components

- genes

species

ecosystems

species diversity

ecosystems

Composition

Figure 1. The main elements of forest biodiversity are represented as a triangle with three dimensions (com-
position, structure and function) that take account of the three hierarchical levels of components (genes,
species and ecosystems). Modified after Noss (1990).

From the definition in Box 1, we can see that biodiversity has different components that correspond to the
different levels of organisation of biodiversity, namely genes, species and ecosystems. Genes are the build-
ing blocks of life that explain the unique differences between species, individuals and populations with-
in a species. Ecosystems are geographical areas, small or big, where different species live together and in-
teract with each other and their environment. To make biodiversity understandable, these components can
be looked at from three different dimensions, namely its compositional, structural and functional diversi-
ty (Figure 1). Compositional diversity looks at the occurrence and variation in genes, species or ecosystems
by, for example, assessing bird species diversity in an area (alpha diversity), the differences in species com-
position between two separate locations (beta diversity), or the total species diversity in a landscape (gam-
ma diversity). Structural diversity is concerned with the variation in patterns present in genes, species and
ecosystems, for example, the number of vegetation layers or microhabitats (e.g., standing and lying dead-
wood, cavities of different sizes) present in a forest (Larrieu et al. 2014). Finally, functional diversity relates
to the variations in processes active in genes, species and ecosystems (Franklin 1988, Noss 1990, Larsson et
al. 2001, Turner 1989, Bracy Knight et al. 2020) by, for example, considering all life stages of a tree species
from seed to an overmature tree or all functions in a complex food web including primary producers, her-
bivores, carnivores and detritivores.

Biodiversity can thus be seen as introducing a language for describing the composition, structure and
function of ecosystems that are designed to help sustain the biosphere for its own sake and to allow hu-
mans to derive long-term benefits. Applying this language metaphor, biodiversity has letters (such as indi-
vidual genes, species, ecosystems), which represent the composition of life. These different letters need to
be structured into correctly spelt words (such as a viable population structure, a natural forest structure,
representative habitat networks). Finally, there is the grammar, the process of arranging words and clauses
in proper order to give them functional meaning (such as the presence of species with very different traits,
which are characteristics ensuring different functions in the ecosystem) (see Figure 1). In short, forest biodi-
versity involves much more than just trees.

1



From Science to Policy 13

12

2.2. Describing forest biodiversity

In the following paragraphs, we will go into some further detail to better describe the dimensions of forest
biodiversity and highlight some of these dimensions’ key components. Following on from this, we will high-
light the importance of spatial scale for studying and managing forest biodiversity.

Composition

Within an individual living organism in a forest, its genes are distributed in chromosomes and throughout its
genome. Within a population, which can be defined as a group of individuals of a given species living in the
same area, one can observe differences between individuals explained by genetic variation. Through repro-
duction processes, genes can be re-combined and modified. In pioneer tree species, such as the birch with
light propagules (seeds, spores), the genetic exchange is strong, whereas in late-successional species, such
as oaks that have heavy seeds, this exchange is lower. Among animal species, the degree of genetic mobility
varies dramatically. In fragmented landscapes, populations of a given species can be so small and isolated
that they suffer a loss of genetic variation, which leads to lower individual fitness and a higher risk of spe-
cies extinction. Knowledge of the genetic variation of species forms the basis for in situ and ex situ conser-
vation and, in the case of tree species, for tree breeding and climate change adaptation.

Species diversity in European forests is still enormous. Much attention is given to trees, herbs, birds and
mammals, however, a much broader focus is required to truly appreciate the variation in life forms. Below-
ground biodiversity is largely hidden and therefore often overlooked, nevertheless, it includes innumera-
ble plant roots, microbes, fungi, earthworms, nematodes, arthropods, etc. By way of a specific example, soil
fungi can be either mycorrhizal (forming beneficial associations with plant roots), endophyte (living in the
plant roots without harming them), parasitic (causing plant disease) or saprotrophic (thriving on dead or-
ganic material), all of which play their own crucial role in forest ecosystems. Mycorrhizal fungi link the whole
belowground part of the ecosystem in a network that provides nutrients, energy and information exchange.
At the stand scale, mycorrhizal species diversity can reach 20-120 species depending on the forest type
(Schirkonyer et al. 2013, Primicia et al. 2016) and at the regional scale, this can rise to 350 species (Alday et
al. 2017). Furthermore, tree species do not always associate with a single mycorrhizal species, changing their
association as they transit through life stages (seedling, sapling, mature; Boeraeve et al. 2021).

The diversity of forest ecosystems is also important. Within the large biomes of evergreen forests in the
Mediterranean, broadleaved forests in European lowlands to mixed conifer forests in mountainous and bo-
real regions, forest ecosystems further differ based on geology, soils and site types. However, ecosystems re-
lated to forests can also be a microcosm, as is the case with aquatic ecosystems that occur in dendrotelms,
cup-shaped hollows in trees permanently waterfilled and containing specific fauna (Biitler et al. 2020).

Structural diversity

The range of habitats suitable for different species found in forests primarily depends on the abiotic envi-
ronment (climate, geology, soil, hydrology and land form). In addition, organisms further modify this abiot-
ic structure by adding biotic structures (e.g., vegetation layers with trees in different development stages,
shrubs, herbs and mosses). Some organisms, called ecosystem engineers, produce structures that, because
of their dimension, longevity or number, provide a habitat for many other organisms. In forests, trees are
obviously the ecosystem engineers par excellence, however, other organisms, such as beavers, large herbi-
vores and earthworms, are also able to drastically change their environment and consequently, create or
modify the habitat for other organisms.

As a plant community dominated by trees, a forest may be either even-aged and single-layered, or une-
ven-aged and multi-layered. In a natural forest with a long absence of human interference, biotic structures
are typically very heterogeneous and emerge at different spatial scales. These structures include trees of
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Figure 2. Forest stand development following a stand-replacing disturbance in European forests, with the
hypothesised response of plants, animals and fungi (after Hilmers et al. 2018). Bands at the bottom of the
graph represent an approximate timeline of the successional stages (in years after the disturbance). Stages:
G, gap; R, regeneration; E, establishment; EO, early optimum; MO, mid-optimum; LO, late optimum; P, plenter;
T, terminal; D, decay. The green hatched area identifies the development stage with the highest expected
species diversity, while the red hatched area identifies the developmental stages wherein commercial for-
estry operates, demonstrating the mismatch between management for timber and biodiversity.

many size classes as well as standing and lying deadwood in different stages of decay, all of which have high
importance for biodiversity (Stokland et al. 2012). They typically show complete cycles of successional stag-
es, from pioneer stages with young trees to late-successional stages (Figure 2) with habitat trees. Habitat
trees (also called veteran trees) are large and old trees that provide microhabitats (Figure 6). Microhabitats
in the forms of hollows, crevices, cracks, decaying residues and so forth are key elements for biodiversi-
ty conservation in forests (Biitler et al. 2013; Larrieu and Cabanettes 2012; Larrieu et al. 2018). Similar to
deadwood, knowledge about habitat trees and microhabitats and their importance for biodiversity has in-
creased significantly (Fritz and Heilmann-Clausen 2010, Miiller et al. 2014, Gossner et al. 2016, Asbeck et al.
2021, Courbaud et al. 2022).

The crucial driver shaping biotic structures in primary forests are disturbances. Natural disturbances,
such as fire, wind, drought, flooding and insect outbreaks, create dynamic and heterogeneous habitat mo-
saics. The disturbances’ extent, severity and frequency strongly affect the proportion of young, mature and
old-growth stages in a landscape. This has direct bearings on species occurrences because certain spe-
cies are more dependent on later-development stages than others which prefer disturbed or young forests
(Figure 2). There is a continuum of disturbances in forests ranging from the occasional death of individual
canopy trees caused by pathogens through to widespread low-severity mortality caused by drought or her-
bivory, up to rare high-severity stand-replacing fires, mass blowdowns, or major insect outbreaks. In for-
ests managed for wood production, these disturbances are typically managed interventions and, as a con-
sequence, all the structures become much more simplified in such forests (Figure 2).

Functional diversity

In European forests clear positive biodiversity effects on forest productivity and forest stability have been
observed in dedicated tree diversity experiments (e.g., Van de Peer et al. 2018), observational studies in nat-
ural and managed forests (e.g., Jucker et al. 2014, Pretzsch and Schiitze 2009) and large forest monitoring
networks (e.g., Gamfeldt et al. 2013, Sousa-Silva et al. 2018). Mixtures of tree species show positive interac-
tions, such as complementarity in water uptake and a reduction in infestations of particular pests and path-
ogens (Jactel et al. 2017). Much of the functionality of diverse forests depends on the identity of the species
that compose it and the functional characteristics that are their species-specific traits (Ruiz-Benito et al.
2017), a factor that links back to their genetic makeup. In addition, diverse forests show higher levels of mul-
tifunctionality than monocultures (Van der Plas et al. 2016).
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Forest biodiversity along scales

Biodiversity is scale-dependent and can be observed at different temporal and spatial scales (Brumelis
et al. 2011), ranging spatially from the micro- to the continental scale and temporally from daily variations
through to long-term epochal changes. While there are numerous possible spatial scales one can consider,
for forest managers, the single-tree, patch, stand and landscape scales are particularly relevant. In the fol-
lowing paragraphs, we provide some examples of the three dimensions of composition, structure and func-
tion of biodiversity at these different scales.

Composition at the single-tree scale can be used to study a diversity of species with small area require-
ments (e.g., vascular plants, lichens, fungi in deadwood). At the stand scale, the genetic diversity of a tree
population can be assessed along with the occurrence of species with intermediate area requirement (e.g.,
songbirds, insects, mycorrhizal networks). At the landscape scale, researchers can examine the genetic di-
versity of metapopulations (defined as a regional group of interconnected populations) of a tree species
and can monitor species with large area requirements (e.g., raptor birds, large mammals).

Structure at the single-tree scale typically entails cavities and other tree-related microhabitats. At the
stand scale, topographic and soil variation can be effectively researched, as can the horizontal and verti-
cal tree canopy structure, deadwood profile (amounts by size and decay stages) and the amount and size of
different forest habitats and forest succession stages. The landscape scale is relevant for assessment and
planning of habitat network functionality, and when determining the occurrence of land-use legacies, such
as cultural landscapes and ancient forests.

Function at the single-tree scale can provide insight into organisms with a broad range of functionality,
such as primary producers, herbivores, carnivores, detritivores and parasites. The stand scale allows for re-
search into niche complementarity and portfolio effects thanks to the mixture of tree species. Finally, the
landscape scale is used to determine the functional significance of disturbances such as windstorms, fires
and bark beetle gradations.

2.3. Benchmarks for biodiversity conservation

Two complementary visions of conservation management

Visions on conservation are subject to cultural contexts and may evolve over time (Mace 2014). In broad
terms, European biodiversity conservation involves the maintenance of functional habitat networks at land-
scape scale that predominantly represent visions of either forest naturalness (Peterken 1996, Fritz et al.
2008) or cultural forest landscapes (Agnoletti and Emanueli 2016).

Forest naturalness is a term used to indicate the degree to which the attributes and dynamics of a for-
est are derived from purely non-anthropogenic factors (Peterken 1996, Kennedy et al. 2019). It is used as a
concept to measure the bio-ecological integrity of an area and as such, naturalness indicators are being de-
veloped for different European forest biomes (Brumelis et al. 2011, Winter et al. 2012) and efforts are being
made to map areas with high degree of naturalness as a basis for conservation efforts (Sabatini et al. 2021).
An important aspect of forest naturalness is forest continuity (Nordén et al. 2014), a term that refers to the
continuity of forest cover over larger areas in space and time. For forest continuity in space (also called for-
est contiguity) it is of utmost importance that coverage of the large variability in abiotic conditions, such as
local climate, soils, hydrology and topographic conditions, which provide heterogeneous mosaics of differ-
ent natural forest types, is ensured. Forest continuity in time ensures the occurrence of forest dynamic pro-
cesses, including succession and biotic or abiotic disturbances, in an ever-shifting mosaic. Forest natural-
ness is a key factor in defining those areas assigned the highest conservation priority in Europe, these often
being primary forests, old-growth forests and ancient forests (Box 2). In primary forests, all the biodiversity
normally inherent to old-growth and ancient forests can be expected, however, old-growth forests have bi-
odiversity features that do not necessarily occur in ancient forests and vice versa.
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Box 2. Forests with a high degree of naturalness.

Primary forests are large naturally dynamic forest areas where forest continuity has been main-
tained over long periods and where human influence has been absent or minimal during that time.

Old-growth forests are generally smaller areas of forest with a long absence of human interven-
tions. They may have been harvested, managed or even completely deforested by humans in the
past, but have now recovered to the point where all the successional stages are present, including
old trees and large amounts of deadwood.

Ancient forests are generally smaller forest fragments that have existed as far back as historical
sources can determine and, therefore, possess a more or less undisturbed forest soil and forest mi-
croclimate. They often have some level of management and wood harvesting, and may therefore
lack late-successional stages and old trees (cf. Hermy et al. 1999).

The definitions used here have been formulated in a way to clarify the differences between these
categories of forests with high conservation value. They may deviate from definitions used in recent
European policy documents, where confusion continues to exist.

Cultural forest landscapes are all kinds of agro-silvo-pastoral systems that may contain coppice forests,
open woodlands, pasturelands with scattered habitat trees, scrublands and the like. Given how widespread
human-altered landscapes are in Europe, these areas are crucial for biodiversity conservation in many parts
of Europe. As an example, on the Iberian Peninsula, native oak woodlands are common and are subject to
selective fuelwood and cork harvesting, cereal production, foraging by pigs, sheep and cows, and hunting
(Campos et al. 2013). Although such cultural forest landscapes are human-made and retain limited tree cov-
er due to cyclic human interventions, they still host a substantial part of Europe’s native biodiversity. Using
the light index from the plant bio-indicator table of Pignatti et al. (2005), it can be shown that 80% of total
Italian native flora needs low or zero tree cover to survive while these plants in their turn provide suitable
habitat to even more host-specific species of arthropods, fungi and so forth. This is in line with the hypoth-
esis that a substantial part of Europe’s current biodiversity is a result of co-evolution in low tree cover land-
scapes (Vera 2000). Open landscapes in Europe have existed for a long time thanks to native megafauna that
was driven to extinction by human overhunting approximately 30,000 years ago (AraGjo et al. 2017). Cultural
landscapes kept open by human management form a kind of surrogate for these lost ecosystems (Sandom
et al. 2014). In recent decades, cultural landscapes have been rapidly changing, sometimes due to agricul-
tural intensification (Godinho et al. 2014) but primarily due to the rural exodus, abandonment of tradition-
al practices and spontaneous forestation (Mauerhofer et al. 2018, Varela et al. 2020). Especially in southern
Europe, contiguous pioneer forests and related hot fires represent an ongoing threat to local biodiversity, a
situation further complicated by the emerging trade-off between ecosystem restoration designed to facili-
tate carbon sequestration and biodiversity conservation (Burrascano et al. 2016).

Depending on the conservation vision being considered, restoration and maintenance of natural pro-
cesses, or low-intensity management practices is necessary (Halada et al. 2011). Both conservation visions
require sufficient areas with appropriate quality, size and connectivity representing the range of site con-
ditions and development stages of a particular region. One vision is not superior to the other, but they
are complementary. Rather than being based on cultural preferences, adoption of either option should be
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LANDSCAPE AND HABITAT FEATURES SUPPORTING EUROPEAN FOREST BIODIVERSITY

Primary forests Old growth forests Ancient forests Cultural landscapes
Connectivity Disturbances Rare biotopes Tree species mixture
Deadwood Habitat trees Microhabitats Genetic resources

Figure 3. A visual overview of the major landscape and habitat features supporting forest biodiversity in
Europe that need to be taken into consideration by forest management practices. Photos: Miroslav Svoboda
(1), Bart Muys (2, 3, 5, 7, 8, 11), Per Angelstam (&), Ingo Arndt (6, 9), Sven Finnberg (10), Michele Bozzano (12).

based on the past land-use history and associated conservation priorities of the area under consideration
(Angelstam et al. 2021; Van Meerbeek et al. 2019). Thus, a forest landscape brought into management for the
first time in a recent past has the advantage of conservation practices targeting the conservation or resto-
ration of naturalness, while the biodiversity of forests and woodlands with a long stable management his-
tory often have advantage of promoting the continuation of the cultural landscape management in place.
This unavoidably results in the need for a complex conservation strategy where wood harvesting in some
areas needs to be decreased or banned, while in other areas it can, or indeed, may need to be intensified.
Particularly in the context of cultural landscapes, biodiversity conservation can create win-win scenarios
with biomass provision for bioenergy or biorefinery in the framework of the circular bioeconomy. As a syn-
thesis of such an integrated vision on European forest biodiversity, Figure 3 shows an overview of the most
important habitat and landscape structures that support biodiversity in European forests; all of which need
to be harnessed by exploiting their potential and addressing what threatens them. Forest management for
biodiversity (including non-intervention) will need to be moulded around all these elements of biodiversity
in a spatially optimised way (see Chapter 5).

Levels of ambition for biodiversity conservation
One can formulate at least three different levels of ambition for the conservation of biodiversity (Angelstam
et al. 2004). The first level is to ensure the simple presence of individuals of a species in a remnant patch



Forest Biodiversity in Europe

of a once widespread habitat. A second, higher level of ambition is to ensure the successful conservation
of naturally occurring species in minimum viable populations over long periods (Reed et al. 2003). Because
ecosystems are dynamic, the total area needed to ensure the persistence of each species in a viable popu-
lation is higher in the long term than in the short term (Pickett and Thompson 1978). Consequently, the third
and highest level of ambition is to ensure ecosystem integrity (Karr et al. 2021; Pimentel et al. 2000) as this
allows self-sustaining interactions among species and processes (Bengtsson et al. 2003). This supports eco-
logical resilience (Gunderson 2000), an area of increasing importance given the current environmental chal-
lenges the planet faces. This third level of ambition is included in more holistic concepts that try to capture
the key ecological attributes meant to provide a framework describing the conditions required to create and
preserve functioning ecosystems and their components (Schick et al. 2019). These different levels of ambi-
tion apply both to the visions of natural forests and cultural woodlands (Angelstam et al. 2021). Thus, when
interpreting and debating what status and trends data points to regarding biodiversity, the level of ambi-
tion also needs to be specified.

Critical habitat degradation thresholds

The term biotope refers to an area of environmentally uniform land cover supporting the occurrence of
a particular species. A habitat is defined as an area providing the requirements, such as feeding, cover
and breeding, of a particular population of a species and often includes several biotopes (Udvardy 1959).
Therefore, there is a need to identify and assess the quality, size and spatial distribution of biotopes that
form habitats. However, habitats are more than just a combination of biotopes or types of land cover as
predators, competitors as well as micro- and macroclimates also affect the functions of biotopes. A species
population’s ability to persist in a landscape or region depends on how much habitat there is, whether in-
dividuals or seeds can move between different patches of suitable habitat and how the habitat network is
maintained over time. Land-use change is a major driver of habitat degradation (Fahrig 2013, Hanski 2011) as
it is a significant contributor to area loss and fragmentation of habitats.

Habitat loss decreases the number of individuals that can be supported in that habitat. It is a major driv-
er of species loss and there is both theoretical and empirical evidence for the existence of thresholds for
local extinctions of a population as the amount of available habitat is reduced (Andrén 1994; Bender et al.
1998; Fahrig 2003). Thresholds refer to the fact that the risk for population extinction shifts from low to high
within a limited range of further loss of habitat (Guénette and Villard 2004). This means that there are limits
to how much of different forest habitats may disappear without threatening the viability of populations of
all naturally occurring species. The existence of such thresholds forms the basis of the formulation of long-
term evidence-based performance targets for how much of different forest habitats are needed (Angelstam
et al. 2004; Svancara 2005; Tear et al. 2005).

Fragmentation increases the isolation of remaining areas of habitat, making it harder for individuals to
move within the landscape and is a common reason why species disappear locally, regionally and, eventu-
ally, completely (Andrén 1994; Fahrig 2003). There are two types of key thresholds, or tipping points. The first
key threshold is referred to as the percolation threshold, this occurs when contiguous habitat is broken up
into patches, thus no longer permitting a flow of individuals or propagules of different species through an
unfragmented habitat (With and Crist 1995; Bascompte and Soulé 1996). The second key threshold is when
inter-patch distance increases, leading to patch isolation, which may result in unsustainable levels of in-
breeding depression and loss of fitness within the isolated populations.

Habitat degradation thresholds have three important consequences for the conservation of species:

1. Given the vagaries of the natural world, even if a habitat is ideal, the occupancy of any given species is
always less than 100%.
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2. For species that can live in landscapes with fragmented habitats, the effects on the persistence of spe-
cies are often non-linear. This means that when 10-30% of their habitat remains, the probability of per-
sistence of the species drops rapidly. This is the evidence-based background for the CBD’s and EU’s tar-
gets of 10-30% protected areas (Dinerstein et al. 2019).

3. There may be considerable time lag between habitat loss and species loss. This applies in particular to
long-lived species such as certain trees and is termed extinction debt (Hanski 2011).

Conservation of habitats forms the basis for the EU Habitats Directive and related Natura 2000 network.
In fragmented landscapes, which is the context for many European forests, spatial planning toward repre-
sentative ecological networks encompassing the integration of protection, management and landscape res-
toration (Mansourian et al. 2020) is needed. In turn, this requires regionally adapted approaches to collab-
orative landscape stewardship (Mufioz-Rojas et al. 2015). This argumentation is well reflected in the CBD’s
Aichi target 11 (CBD 2010) and the current first-order draft targets for effective and representative protected
area networks (CBD 2021), and also in European policy about Green Infrastructure and biodiversity (EC 2020,
2021), which builds on established principles in landscape ecology and conservation biology for sustaining
functional habitat networks (Opdam et al. 2001, Liquete et al. 2015).

2.4. People’s value of biodiversity and ecosystem services

Humans gain significant benefits from biodiversity in natural ecosystems and cultural landscapes. The con-
cept of ecosystem services captures this idea and structures value pathways between biodiversity conser-
vation as a whole and benefits for humans into three overall categories. The first and most obvious category
is provisioning services, which include directly marketed products such as timber and biomass but also in-
cludes many other provisioning services directly and indirectly derived from resource use. The second cat-
egory is regulating services, such as the pollination of plants by insects, carbon sequestration and erosion
control within ecosystems. The third category is cultural services, which include activities and values asso-
ciated with recreation, aesthetics and so forth. In older versions of the ecosystem services framework, bio-
diversity and its ecosystems functions, such as photosynthesis, soil formation and the like, are sometimes
considered as a fourth category of supporting services (MEA 2005).

While some species, structures and functions clearly underpin several of these ecosystem services, based
on current knowledge, it is not obvious what role, if any, all the organisms that constitute Europe’s forest
biodiversity have to play in these services or if they simply exist for their own sake. Furthermore, across
these categories, the benefits and experiences derived by human individuals and groups are quite differ-
ent (Primmer et al. 2018). The subjective nature of human values and interests poses challenges if we want
to measure and assess the sustainability of the benefits of biodiversity conservation and the costs of losing
species, habitat structures and ecosystem functions.

Economists have long recognised that markets’ fixation on financial interests threaten socially-optimal
management regimes, especially when it comes to natural resources that are unique, finite or technically ir-
replaceable or where the true value derived from a resource cannot be readily realised by market activities
(Krutilla 1967, Arrow and Fisher 1974, Spash 2021). They have also pointed out that not all values are easily
measured despite the fact that over the past few decades numerous aspects of the economic value of bio-
diversity have been addressed (Helm and Hepburn 2014). While values associated with provisioning servic-
es, such as timber and hunting, that are derived from certain species and ecosystems and are traded on
markets are fairly easy to calculate, at least in monetary terms, many other values are much more challeng-
ing (Hanley and Perrings 2019). For example, how does one quantify and qualify the value to home owners of
landscapes with forest views, and what is the value to people making use of natural areas for recreation or
health purposes. Even more confounding are non-use values, where a landscape may be held in high regard
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and/or enjoyed by people who do not undertake any particular behaviour or perceivable interaction with
that landscape. These notably include what is called the existence value, that is the value people derive
from knowing that a species exists or a naturally dynamic ecosystem is protected in ways that guarantee its
long-term existence, which is somewhat similar to how unique cultural heritage and objects are perceived.
Closely related to this is the bequest value, the value of knowing that species, ecosystems and biodiversity
is preserved for future generations, as well as option values, the value of having the option to enjoy any of
the other values at some point in the future. While much of the above is certainly difficult to quantify and
qualify, it is not always impossible, and as explained by Hanley and Perrings (2019), methods have been de-
veloped and adapted to address these values and are increasingly accepted as a basis for policy evaluation.

Building on these concepts of value is the natural capital approach, which is designed to keep track of the
various ecosystems’ and resource stocks’ ability to provide flows and hence retain their value. The realisa-
tion that natural dynamics and biodiversity underpin these values for humans is reflected in nature-based
solutions. This is an approach that entails protecting and restoring nature to counter the challenges posed
by environmental change. Each of these approaches has its own merits, however, putting all of them into
practice to safeguard values requires both progress in monitoring, verification and reporting on the impacts
of actions, as well as in the careful consideration of what policy instruments should be used to guide the
choice of suitable actions.
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3. Forest biodiversity monitoring: approaches
and trends

Chapter highlights

Monitoring of biodiversity at different scales ranging from genes to ecosystems, continued
development of novel monitoring technologies and harmonizing of used indicators between
European countries and institutions, as well as their long-term implementation, all need fur-
ther support and investment.

National Forest Inventories (NFI) are a great information source for biodiversity monitoring of
managed and unmanaged forests, and enriching their sampling procedures with non-tree bio-
diversity information adds value to existing data sources.

Biodiversity is currently being lost at an unprecedented scale. To guide and assess biodiversity policies and
management strategies aiming at reversing this trend, regular, reliable and standardised information on the
state of biodiversity is needed. Potentially, hundreds of variables can be measured to study, report on and
manage biodiversity, however, many biodiversity assessments around the world still primarily focus only on
species inventories. As discussed in Chapter 2, biodiversity refers to more than the number of species and
population sizes as it also encompasses other components and dimensions. Without a standardised frame-
work to deliver harmoniously measured, regular, timely data on the major and complementary components
and dimensions of biodiversity change, it becomes difficult to identify the mechanisms driving biodiversity
loss and reducing ecosystem services at multiple spatial scales, and then determine the best solutions to
prevent such loss. Having said that, many tools are available to reliably monitor various dimensions of bio-
diversity at multiple scales, such as eDNA, camera traps, drones and satellite remote sensing. While the use
of such modern technologies has expanded scientists’ options drastically (Figure &), as mentioned above,
the difficulty comes in interpreting the data these tools provide.

This chapter focuses on European forest biodiversity and its monitoring, paying attention to the different
components and dimensions of biodiversity and how these can be monitored. To organise such knowledge,
the chapter is structured around the six classes of essential biodiversity variables (EBVs) globally recog-
nised by the Group on Earth Observations Biodiversity Observation Network (GEO-BON), which allow quan-
tification of the rate and direction of change in complementary aspects of the state of biodiversity over time
and across space (Peirera et al. 2013). These classes are (i) genetic composition, (ii) species populations, (jii)
species traits, (iv) community composition, (v) ecosystem structure and (vi) ecosystem functioning (Pereira
et al. 2013). EBVs are expected to be critical for understanding and predicting changes in the most integrat-
ed and established global indicators of biodiversity. As such, they form an intermediate layer between raw
data from in situ/remote sensing observations and international indicators used to communicate the cur-
rent state of and trends in biodiversity (Table 1).

The first part of this chapter explores these approaches to monitoring, while the second part summarises
the state of knowledge on biodiversity status and trends for European forests. The chapter then concludes
with a discussion on existing knowledge gaps and perspectives.
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Table 1. EBV classes and associated examples of EBVs.

EBV class Examples of EBVs for this class

Genetic composition

Genetic diversity, effective population size, inbreeding

Species populations

Species distributions, species abundance

Species traits

Morphology, physiology, phenology

Community composition

Community abundance, phylogenetic diversity, trait diversity

Ecosystem structure

Ecosystem distribution, ecosystem vertical profile

Ecosystem functioning

Primary productivity, ecosystem disturbance regime

Figure 4. A sample of state-of-the-art forest biodiversity monitoring from regional coverage using satellites
to local ground coverage using high intensity biodiversity monitoring plots. Graphic inspired by Bennett and
Tkacz 2008, Turner 2014, Hardisty et al. 2019, Pennisi 2021.
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3.1 Forest biodiversity monitoring: from genes to ecosystems

Genetic composition

Genetic diversity is of paramount importance for forests’ resilience to environmental change. Essentially,
greater genetic diversity within a given species means that its populations are likely to be more apt to with-
stand variable environmental conditions. There are multiple variables that can capture information about
the genetic composition in forest ecosystems, such as measures of allelic diversity within and between pop-
ulations of a species.

The importance of monitoring genetic diversity has been discussed by the Food and Agriculture Organization’s
(FAO) Department for Forest Genetic Resources since 1970. Their proposal on the implementation of forest ge-
netic monitoring was published in 1996 (Namkoong et al. 1996), however, their recommendations were not con-
sidered feasible due to the high costs and logistical constraints. Following the 2015 European Forest Genetic
Resources Programme (EUFORGEN) recommendations for genetic monitoring of forest trees in Europe, the
Manual for Forest Genetic Monitoring and associated guidelines was published in 2020 (Bajc et al. 2020). This
manual provides concise descriptions of the scientific principles behind the proposed forest genetic monitor-
ing system, descriptions and explanations of the indicators, verifiers and background information as well as a
description of different levels of intensity of genetic monitoring. In addition, it provides step-by-step instruc-
tions on how to carry out all the activities necessary to implement and conduct forest genetic monitoring, and
assess the costs of monitoring for each of the above-mentioned levels of intensity.

To date, forest genetic monitoring has been primarily confined to deriving information from the sequenc-
ing of tree samples. However, a number of studies have started to highlight how remote sensing technolo-
gy may contribute to forest genetic monitoring in the future (Czyz et al. 2020). Furthermore, recent work has
outlined the potential for eDNA to improve the collection of population genetic data (Adams et al. 2019).
eDNA is DNA that is collected from a variety of environmental samples such as soil, seawater, snow or air,
rather than directly sampled from an individual organism. Example sources of eDNA include, but are not lim-
ited to, microbes, spores, faeces, mucus, gametes, shed skin, carcasses and hair. eDNA metabarcoding is a
novel method of assessing biodiversity wherein DNA is extracted from such samples, and then amplified to
generate thousands, or even millions, of reads. From this data, species presence can be determined and ge-
netic information gathered. These technological developments are gaining traction with scientists, especial-
ly given their cost effectiveness and ability to access standardised information across landscapes. Coupled
with greater efforts to engage practitioners with the benefits of incorporating genetic monitoring in forest
management, there could be a significant boost in the near future to our ability to track changes in the ge-
netic composition of key forest species across Europe.

Species populations

Monitoring the conservation status of all species and habitats of ‘community interest’ is an obligation un-
der the European Habitats Directive and every Member State is required to report on the progress made in
implementing the Habitats Directive every six years. Information on species populations underpins, among
other types of information, the assessment of the conservation status of species for the IUCN Red List of
threatened species, the world’s most comprehensive inventory of the global conservation status of species.
These expert assessments bring together information on species distribution and abundance status as well
as trends in these numbers to allow evaluation of their extinction risk, robustly highlighting which species
require particular conservation attention.

The distribution and abundance of forest-dependent species are traditionally monitored using methodolo-
gies such as plot monitoring, line transects and sequential soil coring, often focusing on typical or easily iden-
tifiable indicator species. The emergence of new technologies, such as remote sensing (particularly camera
traps, bioacoustics, drones, sensors onboard planes and satellite remote sensing), eDNA and citizen science,
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increasingly refine and complement these data. For example, hyperspectral sensors onboard drones, planes
and satellites can be used to assess the distribution of specific tree species in given ecosystems (Asner and
Martin 2016). Genetic material can be collected from soil, water bodies, watersheds and even from the air, to
help monitor diversity and the abundance of target species or species groups (Crookes et al. 2020, Leempoel
et al. 2020, Clare et al. 2021). A key strength of using eDNA to provide data is that it provides information about
hard-to-sample species and is less reliant on imperfect indicator species. The emergence of rapidly improv-
ing species recognition apps employing machine learning has gone hand in hand with increased enthusiasm
for species monitoring by citizen scientists and has boosted biodiversity mapping efforts. The amount of data
collected by citizen scientists now represents a significant proportion of the information available to scientists
for assessing and modelling changes in species distribution (Chandler et al. 2017), particularly when it comes
to birds, butterflies, moths, plants and fungi. However, there are several challenges associated with the use of
these technologies. For example, a broad system for the standardisation of eDNA workflows still needs to be
developed (Harper et al. 2019), while poorly documented and varying sampling efforts can represent a major
issue when making inferences based on citizen science data (Sicacha-Parada et al. 2021, Bradter et al. 2021).
In general, the collection and interpretation of citizen-science sourced data is complex and requires careful
calibration with consolidated identification and counting methods coupled with reviewing by expert panels.

Species composition and species traits

Forest composition monitoring refers to the assessment of species composition and richness in a given forest
ecosystem. These assessments have traditionally relied on the quantification of alpha, beta and gamma diver-
sity (see Chapter 2). Species-based metrics that are based on the number of distinct species in a defined area
(i.e., species richness) remain the most common approach to look at ecological community composition. Such
information is increasingly being gathered using remote sensing technology, citizen-science approaches and
environmental DNA surveys. Rapid progress is, however, being made both in terms of defining best practices
and accounting for bias using robust analytical solutions, meaning that the importance of remote sensing ap-
proaches to improve forest biodiversity monitoring in Europe is likely to increase in the near future.

Species traits can be broadly understood as those qualities common to all organisms of a species, such as
body mass, length or basal metabolism. Functional traits are a specific type of trait that relates to the char-
acteristics of an organism that are considered relevant to its response to the environment and/or its effects
on ecosystem functioning. Functional trait diversity has been shown to underpin ecosystem functioning and
ecosystem services delivery (Duncan et al. 2015). In many situations, species trait monitoring requires con-
siderable on-the-ground monitoring efforts, such as home range size and lifespan, and is primarily moni-
tored through medium to long-term projects. However, several traits, such as phenology or tree height, can
be derived from satellite data, camera traps and aerial pictures. Systematic monitoring of species traits at
large spatial scales remains rare, meaning there is still much to do to compile comprehensive, European-
wide portfolios for most taxa.

Ecosystem extent and structure

Forest structure refers to an amount or arrangement of entities within a particular space. This structure can
be broken down into several components, including structural components, trophic components, as well as
vertical and horizontal arrangements.

« Structural components of forests typically include water bodies, deadwood and tree cover, the number
and condition of which can be derived from ground-based or remotely-sensed information depending on
the expertise, budget and logistical constraints of the monitoring entities.

« Trophic structures are formed by the arrangements of food webs. Understanding such webs requires com-
prehensive information on species occurrence in a given forest ecosystem as well as information on the
local diets of each species present. These trophic structures can be challenging to assess as they require,
in many situations, stomach content or DNA analyses to identify dietary composition.
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* Vertical structures are formed by the vertical arrangement of canopies and tissues within a forest ecosys-
tem and are a key component of habitat quality for many species. Typical variables capturing information
about the complexity in the arrangement of vertical structures include the structural complexity, varia-
bility and distribution of a forest canopy as well as its root/shoot ratio. These variables can only be mon-
itored at large spatial scales using either extrapolation models of ground-based information or a com-
bination of remote sensing data collected by passive (multispectral) and active (LiDAR, RADAR) sensors.

« Horizontal arrangement typically refers to fragmentation metrics, such as the number of fragments, the
distance between fragments and the size of ecosystem fragments or ecosystem components. Although
long-term field experiments have been invaluable for investigating the outcomes of fragmentation on bi-
odiversity, remote sensing is still considered the only viable approach to provide comprehensive data on
horizontal ecosystem structure at larger spatial scales. The costs and technical challenges associated with
horizontal arrangement assessments are relatively low, however, these challenges tend to increase as the
spatial extent and desired resolution detail increase and if the considered landscape is complex.

The National Forest Inventories (NFI) of the different European countries form a huge network of perma-
nent monitoring plots, often with a plot resampling interval of 10 years. This network was originally designed
to monitor tree species composition, standing stocks, wood increment, and diameter class distribution in
the context of various forest provisioning services. The available data is nevertheless increasingly used as
a broad-spectrum ecosystem assessment tool, a purpose for which it was not originally intended. As such,
while the currently gathered data remains useful, extending the measured variables to indicators for tree
species, structural and functional diversity would largely benefit biodiversity conservation efforts.

Ecosystem functioning

Ecosystem functions are ecological processes that control the fluxes of energy, nutrients and organic mat-
ter through an environment. Examples of ecosystem functions include soil formation, soil retention, food
production and biological control. They differ from ecosystem services, which are defined as the benefits
human populations derive, directly or indirectly, from ecosystem functions (Pettorelli et al. 2018). The key
distinction between ecosystem functions and services is thus that functions can have both intrinsic and po-
tential anthropocentric values, while services are defined only in terms of their benefits to people.

A wealth of methods relying on the collection of field data is available to locally measure various ecosys-
tem functions. For example, the functioning of European forests is currently assessed by the International
Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests). This
network has been monitoring forest conditions since 1985 at two monitoring intensity levels. In the 5663
Level | plots, tree vitality is routinely assessed on an annual basis while the diversity of ground vegetation
and general information on living trees and deadwood are assessed at irregular intervals. In the more than
600 Level Il plots, vitality, growth, atmospheric deposition and soil condition are more intensively moni-
tored each year.

However, to obtain large scale information on the functioning of ecosystems, local data needs to be in-
tegrated to produce standardised metrics. Because the measurement of the functions themselves is com-
plicated, time-consuming and expensive, very few methods can realistically be scaled up to provide large-
scale coverage on a regular (daily, weekly or even monthly) basis. Therefore, proxies are often used instead
(Stephens et al. 2015), as is the case with the use of standing biomass to forecast productivity. Proxies de-
rived from satellite imagery hold great potential for cost-effectively tracking changes in certain ecosystem
functions at scale, such as productivity, although in many cases methodologies still need to be agreed upon
(Pettorelli et al. 2018).



Forest Biodiversity in Europe

3.2 Overall trends in European forest biodiversity

Here, some results of European forest monitoring are presented and interpreted in an overview that is not
intended to be exhaustive but gives important examples of positive and negative trends.

Species composition and population size

A total of 454 trees and other woody species are known to be native to Europe, yet European forests are rel-
atively homogeneous when it comes to tree composition (Rivers et al. 2019). Around 30% of European forest
area is dominated by single species, mostly conifers while 51% of the continent’s forest area has only two to
three tree species in it and only 5% has six or more tree species (Forest Europe 2011). Monitoring data has so
far revealed that 58% of Europe’s endemic trees are threatened, while 42% of all native species are threat-
ened with regional extinction. Of the endemic tree species, 15% (66 species) have been assessed as critically
endangered (Rivers et al. 2019). These numbers have to be interpreted with care though as they are strong-
ly influenced by a large number of threatened micro-species from the genus Sorbus, which are confined to
a few locations in the UK and the Carpathians.

According to recent reports by the EEA (2016), 27% of mammals, 10% of reptiles and 8% of amphibians
linked to forest ecosystems are considered to be under threat of extinction within the EU. Trends in conser-
vation status are well-established for birds, with 32% of forest bird species showing an improvement while
the status of another 40% is stable. Interestingly, populations of common forest bird species have been rel-
atively stable over the past 37 years, with only minor fluctuations observed in the common forest bird in-
dex (but see chapter & for recent climate change effects). Encouragingly, several mammal species have also
increased their distribution range in Europe by approximately 30% since the mid-20th century (Deinet et
al. 2013); some of these species (wolf, lynx and bear) have directly benefited from forest expansion (Cimatti
et al. 2021). Finally, according to Natura 2000-reporting, forests exhibit the highest proportion of improv-
ing trends among the assessments, with 14% of the forest assessments having a good conservation status.
However, 31% of forest assessments still show a bad conservation status and 54% a poor conservation sta-
tus (EEA 2019). This suggests that European forests have not escaped the global trend of biodiversity loss,
however, in contrast to other non-forest systems, they seem to show some improvement in parts of their in-
dicator set.

Efforts to track forest species trends are, however, far from being evenly distributed across space and
taxonomic groups, with a recent review reporting that arthropods, birds and plants are the most frequent-
ly used indicators for biodiversity in European managed forests and this does not paint a complete pic-
ture (Oettel and Lapin 2021). This means significant gaps remain in our ability to identify many forest spe-
cies at risk as, for example, the vast majority of fungal and micro-organism species are yet to be assessed
(Goncalves et al. 2021).

Ecosystem extent and structure

Recent analyses have established that forest extent is increasing slowly in Europe. Forest area in the EU in-
creased 0.2% annually between 2010 and 2020 (Potzelsberger et al. 2021). However, differences between
countries exist as some countries, particularly in northern and south-western Europe, are experiencing a
decline in forested areas. Importantly, primary forests continue to be lost both in and outside the EU, par-
ticularly in Romania, Poland, Ukraine, Slovakia and the boreal North (Sabatini et al. 2021). Moreover, recent
analyses carried out by the Joint Research Centre show a relatively constant degree of forest land cover frag-
mentation by country over the assessment period, which ran from 2000 to 2018. The UK, Ireland, Iceland and
Denmark were found to have the highest proportion (> 30%) of isolated forest fragments. The lowest propor-
tions of fragmentation (~ 1%) are found in Finland and Sweden, while the EU average is approximately 8%.
The highest fragmentation increase was found in Spain, which grew from 9.7% in 2000 to 12.9% in 2018 (Vogt
2019). However, it is important to remember here that a low proportion of forest cover fragmentation does
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not necessarily guarantee a good conservation status, as forest patches with high biodiversity value can still
be highly fragmented within a forest matrix (Angelstam et al. 2020).

Large trees, snags (standing dead trees), lying deadwood, open spaces and diverse understories are im-
portant structural components of forests (McElhinny et al. 2005) and are monitored in some of the NFIs
(vidal et al. 2016). The overall amount of available deadwood in European forests increased between 1990
and 2015 despite an opposite trend in Central and East Europe during this period. This increase could be
explained by more frequent disturbances related to climate change and more nature-oriented forest man-
agement practices (Potzelsberger et al. 2021, see further in Chapter 5). For what was then the EU-28, aver-
age deadwood amounts were 12 m3/ha in 2015 (7% of the growing stock), which is lower than the 20-50 m3/
ha proposed as minimum deadwood volumes (Miller and Biitler 2010) and considerably lower than what is
found in old-growth forests (Stokland et al. 2012). However, there is a large variation among regions, with to-
tal deadwood volume ranging between 2.3 m3/ha in Portugal and 28.0 m3/ha in Slovakia (P6tzelsberger et al.
2021). To become a more relevant indicator, the total amount of deadwood needs to be complemented with
information about its spread in terms of size and decay stages (Stokland 2001) as well as its spatial distri-
bution (Odor et al. 2006). For example, while hard deadwood has increased in Sweden due to storm events,
decayed deadwood is stable or declining depending on which region is considered (Jonsson et al. 2016).

Ecosystem functioning

Long-term changes in forest ecosystem functions are rarely assessed at the continental scale, leading to sig-
nificant gaps in our ability to understand and predict changes in ecosystem services delivery. An increase
in the frequency of forest disturbances, often linked to augmented defoliation, wind and insect outbreaks
as well as the wider occurrence of forest fires, has the potential to erode Europe’s carbon storage potential.
Opportunities to study the resilience of forests and their functioning are possible through the long-term
annual monitoring of tree crown condition of almost 110,000 trees across Europe in the ICP Forests network
(see Chapter 3.1). The overall mean defoliation for all species was 23.3% in 2019 and defoliation increased
on 19% and decreased on 9% of the network plots between 2010 to 2018 (ICP Forests 2020). Insects were the
predominant cause of damage and accounted for 26% of all recorded damage symptoms, with other prom-
inent causes being fungi (11%) and drought (9%). Although trends in disturbance size were highly variable,
disturbance frequency consistently increased while disturbance severity decreased in the 1986-2016 period
(Forest Europe 2020; Senf and Seidl 2021a). An interesting point to note in this context is that mixed forests
showed stronger resilience to recent droughts than monoculture forests (Sousa-Silva et al. 2018).

3.3 Data gaps and perspectives

Direct information on the different components and dimensions of forest biodiversity in Europe can be dif-
ficult to obtain, meaning that in many situations forester managers, governments, statistical offices, NGOs
and researchers, rely on other proxies to draw conclusions about biodiversity, often with a strong bias to-
wards tree-specific information. Such proxies include metrics capturing information on the conservation
status of tree species as well as metrics considered to correlate with forest management sustainability, such
as forest growing stock, inter- and intra-stand age structure and/or tree diameter distribution in forests and
other wooded land and the proportion of an area managed for conservation.

Many biodiversity-monitoring efforts are focused on informing policies at the national and internation-
al levels. In particular, the urgency of undertaking large-scale mapping of high conservation value forests,
which is an important step for policy formulation ensuring their conservation, can be highlighted here.
However, there is also a pressing need to monitor biodiversity at the forest management unit (FMU) lev-
el within the framework of forest management planning and evaluation. The principles and approaches to
monitoring biodiversity at the FMU level are similar to those undertaken at the national and internation-
al levels but, in general, forest managers have less knowledge and funding to engage in state-of-the-art
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monitoring and often continue to simply measure standard forest inventory variables. Attempts have been
made to compose indicator baskets targeting the most cost-effective way to evaluate biodiversity at the
stand or FMU levels (Angelstam and Dénz-Breuss 2004; Maes et al. 2011), but more work is needed to stand-
ardise and promote these among forest managers. There is huge potential for training and collaborative
learning, which may turn stewards and managers of forests into more effective sources of forest biodiver-
sity information.

The number of forest biodiversity indicators being suggested as valuable by scientists, practitioners and
policy-makers has been growing steadily over the past few decades leading, in many cases, to situations
where agencies are having difficulties in identifying which of the large number of proposed indicators they
will employ in their data collection efforts. This steady increase in indicators has also rendered prioritis-
ing funding for large scale data collection and analysis more difficult. A relatively recent evaluation of the
strength of evidence for many of the indicators showed that the validity of most indicators on which moni-
toring and conservation planning is based are scientifically weak, highlighting the dangers associated with
decision-making based on indirect proxies of forest biodiversity (Gao et al. 2015). Additionally, forest bio-
diversity monitoring efforts are currently not sufficiently aligned with EBVs, showing different priorities
and methodologies among countries. Uniform pan-European gridded datasets to inform researchers, poli-
cy-makers and conservationists on the state of forest biodiversity would vastly improve our ability to track
changes in our natural capital and predict how it may fare in the future. Recently, 29 countries started an in-
tegrative harmonisation process through the foundation of the European National Forest Inventory Network
(ENFIN). Initiatives such as these are important steps towards data standardisation, which is required to im-
prove forest biodiversity monitoring in Europe.
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4. Main threats to European forest biodiversity

Chapter highlights

The need to implement policy processes to reduce external threats, such as climate change, at-
mospheric pollution and invasive species, all of which negatively impact European forest bio-

diversity, remains urgent.

Several forest management practices are harmful to biodiversity, but the forestry sector has

the potential to reduce these impacts.

In this chapter we position the well-known quintet of major causes of biodiversity loss at global level,
namely pollution, climate change, biological invasions, land-use change and overexploitation (Brook et al.
2008) in a European forest context. To make these threats even more relevant to forest stakeholders and ac-
tors when assessing their negative effects on forest biodiversity, we distinguish between ‘external’ threats
that are beyond the direct influence of forest owners and managers and ‘internal’ threats that are directly

related to forest management practices (Figure 5).

THREATS TO EUROPEAN FOREST BIODIVERSITY

External threats

Biological
invasions

defores-
Drought tation

Atmospheric
Pollution

Land use change

Internal threats

Forest management

Species

Conversion Harvesting N
choice

Removal of habitat
trees, dead wood and
stumps

Site improvement
& biocide use

Impacts on European forest biodiversity

Figure 5. The relationships between major threats to biodiversity in European forests and particular groups
of species (from left to right: trees, understory vegetation, soil organisms, insects, birds, mammals). The
thickness of the arrows indicates the estimated magnitude of effects based on expert opinion. Indirect ef-
fects, such as changes in forest stand structure, are not represented.
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4. External threats

Pollution

Decades of high inputs of atmospheric pollutants, such as sulphur dioxide, nitrogen oxides and ammonia,
have increased the acidity and nitrogen content of forest soils over large parts of Europe (Arnolds 1991). The
resulting acidification and eutrophication have caused shifts in the structure and functioning of forest soils,
including mycorrhizal community structure and diversity (Kraigher and Al Sayegh Petkovek 2011). They are
also responsible for changes in the composition of plant communities (van Dobben and de Vries 2017), with
a decline in the diversity of vascular plants and specific species adapted to poor soils, such as heathers and
lichens and an increase in nitrogen demanding plants, such as some grass species (Strengbom et al. 2001,
Eichenberg et al. 2021). These changes can cause cascading effects in forest food webs where, for example,
an altered plant composition might result in decreased snail populations, and the lower consumption of
snails by birds reduces their calcium intake, leading to lower breeding success due to more fragile eggshells
(Graveland et al. 1994). The gradual decrease in nitrogen and acid deposition currently taking place across
Europe has not yet translated into clear improvements in forest ecosystem functioning (Schmitz et al. 2019)
or species recovery (e.g., Esseen et al. 2022) because input levels continue to exceed critical loads in many
regions. Also the secondary pollutant tropospheric ozone resulting from atmospheric processes in a pollut-
ed environment continues to cause damage to the health of trees and other forest dwellers (Lin et al. 2020).
The proximity of forests to agricultural fields can also lead to pollution exposure caused by the drift of ap-
plied biocides (including insecticides, fungicides and herbicides etc.). These biocide residues can, for ex-
ample, have a deleterious effect on forest-dwelling insects via a reduction in their abundance and diversity
(Seibold et al. 2019; Briihl et al. 2021).

Climate change

Anthropogenic greenhouse gas emissions are rapidly and drastically altering climatic conditions worldwide,
leading to elevated temperatures and an increase in the frequency and intensity of extreme weather events
such as heatwaves, heavy precipitation and droughts (Lange et al. 2020). The effects of such changes on for-
est biodiversity are complex, particularly because they are interacting with other pressures like land-use
change or biological invasions, thereby e.g., increasing the destructive power of wildfires or facilitating inva-
sive species expansion. By 2070, approximately 45% of all protected areas in temperate deciduous and mixed
forests are expected to experience climatic conditions beyond the limits of historical variability, relative to
the 20 century (Hoffmann et al. 2019). This will cause range shifts for many species which will often not be
possible within the currently protected area boundaries (Aradjo et al. 2011). Forest dwelling species with low
dispersal ability will face a fragmented European forest landscape and be hindered to respond to changing
habitat. More generally, extreme climatic events may have direct deleterious effects on the survival of indi-
viduals and the dynamics of populations, generating increased risks of local extinctions. In the following par-
agraphs, the effect of temperature rise, extreme droughts and forest fires are discussed in more detail.

Temperature rises and heat waves

The response of forest biodiversity to temperature rises and heat waves is mainly observed through chang-
es in the spatial distribution of species. A global review of reported climate change effects on biodiversity
mentions shifts in the distribution of tree species along with the associated forest-dwelling species biomes
(Scheffers et al. 2016). European-scale climate projections confirmed major poleward shifts of dominant
tree species, which could result in local extinctions or at least a continent-wide reduction in their distribu-
tion range (Dyderski et al. 2018, Benito-Garzon et al. 2019).

While studies have predicted range reductions for many tree species, herbivorous forest insects are ex-
pected to generally benefit from such future changes in climatic conditions, with warming conditions lead-
ing to shorter generation time, higher fecundity and survival rates coupled with an expansion of their rang-
es. This will, in turn, lead to a potentially higher number and severity of pest outbreaks (primarily bark
beetles) and, as a result, increased tree mortality (Jactel et al. 2019). However, temperature extremes such as
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heat waves are also known to be a potential danger to the survival of insects given their sensitivity to ther-
mal shocks and the higher frequency of lethal temperatures, which is often around 40°C (Jactel et al. 2019).
In addition, it has been shown that climate warming reduces the amount of snow cover in winter and in-
creases litter decomposition, which has a detrimental effect on the diversity of insects requiring thick litter
layers to overwinter (Harris et al. 2019). Such loss in forest floor mass and associated organisms has already
been observed in different parts of Europe (Wellbrock et al. 2017).

Adecline in bird diversity has already been recorded for birds in boreal forests and Europe’s higher moun-
tain ranges, with further range contractions predicted as global warming continues (Virkkala 2016). In addi-
tion, changes in tree phenology (e.g., the start date of leaf flush in Spring) may lead to a mismatch with her-
bivorous insect phenology (e.g., egg hatching) resulting in a lower abundance of prey for insectivorous birds
(Renner and Zohner 2018).

Extreme droughts

An increase in the duration, frequency and intensity of droughts caused by climate change will lead to a
significant increase in tree mortality worldwide and particularly in Europe (Allen et al. 2010; Anderegg et al.
2015a). Heatwaves combined with the increased water stress associated with ever-hotter droughts can in-
crease forest microclimate alteration and forest mortality (Allen et al. 2015; De Frenne et al. 2019; Senf et al.
2020, Schuldt et al. 2020). The main physiological mechanism explaining drought-induced tree mortality is
xylem hydraulic failure, namely the risk of cavitation in the stem vessels (Adams et al. 2017). Many European
tree species, such as poplars, willows, alders and maples, are considered at high risk of mortality from ex-
treme droughts, whereas junipers, cypresses, yews and box trees are more drought resistant (Choat et al.
2012). Water-stressed trees can also be more vulnerable to forest pests and diseases, such as the aforemen-
tioned bark beetle outbreaks (Jactel et al. 2012; Anderegg et al. 2015b; Seidl et al. 2017). The resulting rates of
tree mortality will threaten the persistence of all organisms that depend on the resources and habitats pro-
vided by living trees. Of particular concern is the fact that many of Europe’s large and dominant tree species
that are particularly important for forest biodiversity (Biitler et al. 2013) seem to be the most vulnerable to
drought (Taccoen et al. 2021). Decreased precipitation, which leads to the drying of forest soils and ponds,
has been found to result in a significant reduction of amphibian diversity (Walls et al. 2013). However, the
increased abundance of dead trees is expected to benefit deadwood dependent species such as saproxyl-
ic beetles and fungi, which are highly-diverse species groups (Lassauce et al. 2011) and of high conservation
value because they are comprised mostly of forest-habitat specialists (Ranius et al. 2011).

Forest fires

Forest fires are a natural disturbance to which biodiversity in parts of Europe is well-adapted and, for some
species, is even required (e.g., some Mediterranean pines). However, rising temperatures coupled with more
frequent and severe droughts, in combination with land abandonment and associated biomass accumula-
tion, have all contributed to an increase in the occurrence and extent of large forest fires in Europe (Senf
and Seidl 2021b). Fires have obvious direct adverse effects on forest species by burning vegetation and kill-
ing any animals not able to escape the flames (Ward et al. 2020). This is particularly critical when fires be-
come hotter and more intense or occur in forest ecosystem types that have not evolved in a manner that
allows them to recover from recurrent forest fires. Small, remnant habitat patches (e.g., bogs) that cannot
easily be recolonised are one example of a particularly at-risk ecosystem. Forest fires can also have signif-
icant adverse belowground effects as they affect soil microbes and ectomycorrhizal fungi (Dove and Hart
2017). Fire frequency and intensity is key: while occasional fires can encourage the regeneration of certain
tree species (Bobiec et al. 2019), overly recurrent fires may prevent natural forest regeneration and signifi-
cantly impact biodiversity (Adamek et al. 2016).

Although the abiotic hazards caused by climate change each have their own effects on biodiversity, it
should be remembered that they also often have cumulative or interactive effects (Seidl et al. 2017), and
that certainly holds true in a forest fire context. A striking example of this phenomenon is the outbreak of
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bark beetles, particularly the spruce bark beetle (Ips typographus). Windthrow created by storms serves as
an ideal breeding substrate and, if the temperatures are warm enough, beetles can have one extra breed-
ing cycle per year, increasing their population to epidemic levels. This leads to them attacking trees in the
infected area, which are often already under water stress, in overwhelming numbers and resulting in a very
large increase in the number of dead trees that, in turn, provide abundant fuel for forest fires.

Biological invasions

Non-native species may arrive in forests by planned introduction, accidental release and migration. The in-
crease in the volume and speed of global trade and travel has heightened the risk of invasion by non-na-
tive species worldwide (Chapman et al. 2017), including in Europe, meaning that invasions are exponential-
ly increasing for all taxonomic groups (Seebens et al. 2017). For example, around 450 species of non-native
insect species are currently known to have colonised European forests, a number that increases by an av-
erage of 6 each year (Roques et al. 2020). About 400 non-native plant species have also been detected in
European forests (Wagner et al. 2017), although to date only a small share of them are potentially invasive.
However, several of the at least 150 non-native woody plants introduced to European forests are known for
their potential invasiveness (Potzelsberger et al. 2020). These invasive species include acacias and mimosas,
black locust, black cherry, tree of heaven, red oak and box elder. Their impact on European flora is mainly
seen in their use of water, nutrient and light resources, leading to a competitive struggle with native trees
occupying the same ecological niche and subsequently leading to a reduction of native natural regenera-
tion (Langmaier and Lapin 2020).

The direct mortality effects of invasive herbivorous insects and fungal pathogens on native trees are
much more extensive (Lapin et al. 2021). Most European elm species are almost extinct because of Dutch
elm disease, which is caused by a fungus transmitted by bark beetles (Santini and Battisti 2019). Ash trees
are suffering the same fate due to ash dieback, also caused by a fungus. The pinewood nematode is se-
verely threatening pine species in southern Europe, while the box tree moth can kill 100% of the box trees
in warm areas. All of these tree species’ losses lead to extinction cascades for the organisms that depend
on them. For example, 43 fungi and 18 invertebrate species are exclusively found on box trees and are thus
endangered by the box tree moth invasion (Mitchell et al. 2018). Similarly, the 97 lichen species specifically
found on elm trees in the British Isles have been severely threatened by the Dutch elm disease (Watson et
al. 1988) and 115 species closely associated with European ash trees in Sweden are at high risk of regional
extinction (Hultberg et al. 2020).

Several exotic bird and mammal species, such as ring-necked parakeets (Strubbe and Mathysen 2007) and
raccoon dogs (Dahl and Ahlén 2019) that were kept as pets or for material provisioning (fur, game meat etc)
have escaped captivity and established viable populations in European forests, often at the expense of na-
tive species’ habitats and population densities.

Land-use change and forest fragmentation

The forest area of the European continent has strongly increased over the last three decades, gaining ap-
proximately 28,000 km? net forest cover per year (Song et al. 2018). This has come about partially as a con-
sequence of active afforestation but primarily as a result of agricultural land abandonment (Buitenwerf et
al. 2019, Hampe et al. 2020). The biodiversity outcomes of these new forests are time and context depend-
ent, with both species gains and losses being reported. In the first phase following a deforestation event,
new forest patches form dense thickets of pioneer trees, pushing the species found in the preceding cul-
tural landscape toward extinction, however, many forest species, especially those typical for ancient for-
ests, can be extremely slow to reach and colonise these new forests, depending on the surrounding land-
scape (Andrés and Ojeda 2002, Martin-Forés et al. 2020). Moreover, the net increase in forest area may result
in mainly homogenous wood-production oriented stands and masks the increasing loss of primary and
old-growth areas that are being deforested at an average rate of 1000 km?2 per year (Nabuurs et al. 2022).
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Deforestation and forest conversion often destroy primary, old-growth, mature and even sometimes ancient
forests (Sabatini et al. 2018), leading to the increased fragmentation of forest landscapes and further biodi-
versity loss. In a pan-European context (CORINE land cover maps), 8% of forest landscapes are severely frag-
mented (Vogt 2019) and within the forest matrix, the remaining patches of primary, old growth and ancient
forest are very fragmented. Both forest habitat loss and fragmentation at the landscape level can have pro-
found detrimental effects on biodiversity. Smaller and more isolated patches of forest habitats have lower
species richness of fungi (Abrego and Salcedo 2014), shade plants (Bahner et al. 2020), birds (Enoksson et al.
1995; Betcik et al. 2020), forest specialist ground beetles (Niemela 2001) and saproxylic beetles (Brunet and
Isacsson 2009). Additionally, woody plant species face increased risk from a loss of genetic variation and fit-
ness following habitat fragmentation (Vranckx et al. 2012). By way of a final point to this section, forest frag-
mentation also interacts with climate change as fragmentation leads to smaller populations and thus lower
genetic variation which, in turn, results in lower adaptive capacity when organisms are confronted by other
negative environmental drivers such as climate change.

4.2. Internal threats related to forest management

Anthropogenic disturbances connected with our use of forests very often have a much stronger impact than
most natural disturbances. While natural disturbances leave so-called biological legacies in the form of re-
sidual surviving trees and deadwood, they also promote regeneration and leave patches of undisturbed
stands, whereas human activities, such as wood harvesting, very often remove most of the biomass and
do not leave any undisturbed older stands in a landscape. Forest management with a focus on wood pro-
duction leads to a dominance of young and middle-aged homogeneous stands of medium to high densi-
ty across Europe (see Figure 2). Meanwhile, clearcutting which entails the removal of all trees followed by
replanting has been practised on a significant part of Europe’s forest land over the last 150 years, and has
led to landscape homogenisation and caused a significant decline in forest biodiversity. In contrast to tra-
ditional forms of forest use, such as coppice, coppice with standards and wooded pastures which result
in high structural diversity within and between stands, even-aged silvicultural systems often produce less
stand-level heterogeneity and harm many forest species (Heidrich et al. 2020). In addition, the impact of
wood harvesting on biodiversity is exacerbated by the continued export of biomass, which would otherwise
remain available to support natural food webs (Lindeijer 2000). The decisions of forest managers and the
implementation of these silvicultural operations can, therefore, have major impacts on forest biodiversity.
When considered holistically, and despite the increase in protected and voluntarily set-aside areas in recent
years, the intensification of forest management has led to the deterioration of habitat network connectivity
(Svensson et al. 2019, Angelstam and Manton 2021).

Conversion of old-growth and primary forests

The removal of woody biomass from Europe’s last intact primary and old-growth forests (Barredo et al. 2021)
is ongoing (Svensson et al. 2019, Angelstam and Manton 2021), sometimes for economic reasons, sometimes
in the context of sanitary logging after insect infestations. From a biodiversity conservation point of view,
the transformation of these pristine forests into secondary forests equates to severe forest habitat degra-
dation, even if the tree canopy cover does not change (Angelstam et al. 2021). The main negative impacts on
such forests involve their specialist species, in particular those dependent on large, old trees or deadwood
as well as those needing forest connectivity and temporal continuity (Paillet et al. 2010; Role¢ek and Repka
2020; Angelstam et al. 2020).

Other cutting and harvesting interventions

Tree cutting is a crucial intervention in forestry, not only because it provides wood to human society, but be-
cause it redistributes light and soil resources that promote either the growth of individual trees (stand tend-
ing, including thinning) or enables tree regeneration (regeneration cuttings in silvicultural systems). Thinning
operations are implemented throughout the forest rotation cycle to support the growth of selected trees
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by reducing competition with their neighbours. The resulting decrease in stand density induces changes in
light, temperature, water and nutrient regimes, all of which have various effects on habitat conditions. While
strong thinnings promote the growth of light and warmth demanding plant species, they have negative im-
pacts on shade-demanding understory plant species and ectomycorrhizal community composition (Buée et
al. 2005). Thinning from below, including the removal of suppressed and poorly formed trees, reduces the
amount and diversity of tree-microhabitats (Courbaud et al. 2022). Regeneration cuttings, including clearcut,
strip cut, shelterwood cut and patch cut systems, are generally more intensive and have therefore a larg-
er impact on biodiversity than thinnings. Altering the age distribution of trees in a forest ecosystem toward
younger classes has negative effects on biodiversity (Eggers et al. 2020; see Figure 2). Reviews comparing
different harvesting regimes conclude that more negative effects on biodiversity occur when clearcuts are
applied, although the scale and severity of these effects vary among different taxonomic groups (Rosenvald
and Lohmus 2008; Fedrowitz et al. 2014; Chaudhary et al. 2016). In general, the abundance and species rich-
ness of specialist species strictly related to forest habitats, such as some birds, saproxylic insects and fungi,
is decreased by clearcuts while the diversity of species preferring open habitats, such as vascular plants of
grasslands and forest edges as well as many forest insects adapted to gaps and disturbances, may increase.
Experimental research showed that shelterwood cuts were harmful to the genetic diversity of pioneer tree
species while clearcuts, retention tree cuts and patch cuts eroded the genetic diversity of late-succession-
al tree species (El-Kassaby et al. 2003). An important shortcoming of many studies focused on harvesting’s
effects on biodiversity is that they only look at selected species groups rather than the full range of forest
dwelling species (Oettel et al. 2021). The effects of different harvesting methods on diversity at the land-
scape scale have also barely been assessed (however, see Schall et al. 2018, Angelstam et al. 2018, Naumov
et al. 2018, Eggers et al. 2020). A final point of concern here is that the use of heavy machinery in harvesting
operations can lead to soil compaction, which can result in a significant decrease in ectomycorrhizal fungal
abundance and diversity (Wiensczyk et al. 2002).

Removal of habitat trees, deadwood and stumps

Cavity-bearing habitat trees (Figure 6) are among the most important habitats for specialized forest wild-
life, including forest bats and birds while several highly threatened forest beetles also depend on old cavi-
ties with organic matter. Such trees are a typical element of old-growth forests, although the density of large
habitat trees is often less than one per hectare in managed forests (Biitler and Lachat 2009, Larrieu and
Cabanettes 2012; Larrieu et al. 2018). However, in managed forests and cultural landscapes, they are still rou-
tinely cut for safety reasons or economic return.

Sanitation cutting, salvage logging and the removal of deadwood is a common practice in many European
countries to maintain either the traditional ideal of a clean and tidy forest or required by law for perceived
reasons of forest health or human safety. However, deadwood provides a habitat for a myriad of saproxylic
species of which many species are characterised by a narrow host range (Stokland et al. 2012). For salvage log-
ging in the context of bark beetle we refer to Hlasny et al. (2019) for a critical review of management options.
Although there might be economic and operational reasons for salvage logging, there are also many instanc-
es where these gains would be minimal, while the biodiversity gain is high. In some intensive forestry regimes,
clearcutting may also be accompanied by stump removal that can have negative effects on soil structure and
soil fauna (Kataja-aho et al. 2011; Taylor and Victorsson 2016) while simultaneously removing valuable habitats
for many saproxylic insects and fungi (Hjaltén et al. 2010; Brin et al. 2013; Victorsson et al. 2013).

Tree species selection for afforestation and reforestation

Threats to biodiversity also arise from the cultivation of non-native tree species. The latter have not shared
a co-evolutionary path with other non-tree species native to Europe and are therefore less likely to provide
these species with suitable habitats (Felton et al. 2013, Gossner et al. 2009). While tree species choice will in-
fluence canopy closure and light transmission for the understorey vegetation or the diversity of tree-related
microhabitats (Larrieu et al. 2018), it also affects leaf litter composition (nutrient rich litter versus nutrient
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Figure 6. Habitat trees and dead wood offer a large variety of microhabitats supporting biodiversity, and may
be threatened by harvesting in managed forests (inspired by Biitler et al. 2020, Humphrey and Bailey 2012).

poor litter, Desie et al. 2020a) and, in turn, the interplay between soil decomposer communities, the humus
type and soil acidity (Desie et al. 2020b). In this context, conversion from ancient broadleaved forests to ex-
otic conifer stands leads to strong, largely irreversible changes in their belowground communities and herb
layer (Desie et al. 2019).

In addition to which specific tree species are present in an established tree community, the diversity of
those species is also important. At the stand scale, there is ample evidence that homogeneous stands sup-
port lower species richness than mixed stands (Ampoorter et al. 2020) for many taxonomic groups, such as
understory plants (Gong et al. 2021), birds (Castano-Villa et al. 2019) and predatory arthropods (Stemmelen
et al. 2022), while other taxonomic groups, such as certain ground beetles (Barsoum et al. 2014; Kriegel et al.
2021) are less impacted. On the landscape scale, a patch-wise variation of stands with different tree species
results in a higher heterogeneity and may provide higher overall species richness (e.g., Heinrichs et al. 2019).

Site improvement and biocide use

In intensively managed forests, shredding of harvest residues, ploughing and tillage operations to prepare
forest soils for planting, all affect biodiversity, as can be seen, for example, by the negative effects soil work
has on ground dwelling beetles and spiders (Kosewska et al. 2018). Moreover, the use of nitrogen fertiliser to
stimulate tree growth negatively affects the species richness and diversity of understory plants (Strengbom
and Nordin 2008) as well as the abundance of mosses, lichens (Sullivan et al. 2018), mycorrhiza, ground bee-
tles (Rodriguez et al. 2021), amphibians and ungulates (Sullivan et al. 2018). More common in European for-
ests are soil amendments using limestone, dolomite or rock dust as a soil restoration measure to com-
pensate for historical acidification and nutrient deficiencies. Depending on the product used and dosage
applied, these amendments may cause an abrupt change in soil pH and nutrient content which can have a
negative impact on the composition of understory vegetation (Becker et al. 1992). Although the use of her-
bicides in European forestry is rather limited, it is sometimes used for weeding before reforestation or to
promote conifer over broadleaved regeneration, which affects both plant diversity and has indirect adverse
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impacts on wildlife, such a reduced abundance of songbirds and mammals (Guynn et al. 2004). The use of in-
secticides and fungicides is even more uncommon in European forestry, so that its impacts are not detailed
here. In summary, when it comes to biocides, most forest management systems have a much lower intensi-
ty and frequency of use than in intensive agricultural systems (Freer-Smith et al. 2019), however, when it is
used, there are inherent negative consequences.

4.3 Interaction between threats

Measures to mitigate threats to forest biodiversity are primarily a part of the broader efforts to mitigate
climate change, curb acidifying and eutrophicating atmospheric deposition and control invasive exotics.
However, significant untapped potential to mitigate various threats remains within the reach of forest man-
agement itself, not only by answering the crucial question of whether to manage or not to manage, but also
the question of how to manage. The possible approaches and context dependencies of forest management
favouring biodiversity are discussed in Chapter 5.

The diverse range of external and internal threats to forest ecosystems do not occur and act in isolation
as evidenced by the fact that many such threats often present themselves simultaneously. The interaction
of different threats can increase the vulnerability of organisms, populations and communities to individu-
al stressors. It has, for example, been shown that many tree species are more susceptible to pests such as
bark beetles, as a result of temperature extremes, drought events, and air-borne heavy metal disposition
(Harvey et al. 2020, Canelles et al. 2021). Internal threats can also lower the resilience of forests to certain
threats where, for example, the erosion of genetic diversity is known to limit populations and species abili-
ty to adapt to changing conditions (Koskela et al. 2013) while the loss of functional and species diversity im-
pairs the stability of forests in response to disturbances (Jing et al. 2021, Jactel et al. 2021). Importantly, the
impact of threat interactions is likely to increase given that climate-related disturbances are predicted to
be more frequent and severe in the future (Canelles et al. 2021).

As an endnote to this chapter, it is not only important to monitor forest biodiversity but also to monitor
the threats to that biodiversity (Oettel and Lapin 2021). There are still serious gaps in our understanding of
and ability to monitor such threats (Joppa et al. 2016). Attempts were made to include land-use impact on
biodiversity in commonly used desk-top methods for environmental assessment of products, such as the
Life Cycle Assessment (LCA; Wagendorp et al. 2006, Myllyviita et al. 2019), however, no I1SO standard has been
agreed upon, unlike other impact categories in LCA.
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5. Forest management promoting biodiversity

Chapter highlights

The biodiversity of primary, old-growth and ancient forests is both unique and vulnerable and,
therefore, urgently requires more complete and careful mapping coupled with conservation
measures undertaken at the landscape scale.

Hands-on nature-positive management is possible in every forest managed for wood produc-
tion, including plantation forests. Doing so begins with increasing tree species diversity, the
retention of more deadwood and habitat trees coupled with the use of disturbance patches, all
of which are within the means of every forest manager.

Triad management combines segregative and integrative approaches to biodiversity conser-
vation. It is a promising option, but good policy solutions to implement them in mixed owner-
ship landscapes need further development.

As previously noted, the majority of forests in Europe have been managed for a long time. Forest manage-
ment traditionally focused on wood production but has now evolved to include multiple ecosystem services.
This chapter focuses specifically on forest management approaches and techniques that serve to promote
biodiversity conservation. These approaches may entail decreased management intensity, or even no man-
agement, but not in all cases as, for example, biodiversity associated to cultural landscapes, such as coppice
forests and agro-silvo-pastoral systems, will continue to need recurrent management interventions (Bernes
et al. 2015). In the first part of this chapter, we present a range of measures that are known to positively in-
fluence different aspects of forest biodiversity. Following on from this, the second section combines these
measures and discusses them in the context of different forest management systems that range from pure
conservation to multipurpose and production forestry.

51 The portfolio of measures for managing forest biodiversity

A broad portfolio of possible measures is at the disposal of forest managers to promote and capitalise on bio-
diversity (see e.g., Agra et al. 2016). These measures have been developed in harmony with the boundary condi-
tions for forest biodiversity in unmanaged natural and managed cultural forests introduced in Chapter 2 as well
as by our understanding of management interventions that are harmful to biodiversity, as identified in Chapter
4, The presented measures will sequentially address key components (genes, species and ecosystems) and di-
mensions (compositional, structural and functional diversity) of forest biodiversity as identified in Chapter 2.

Managing for genetic diversity

The lower hierarchical level of biodiversity to consider in forest management is the genetic diversity of sin-
gle species and its populations. Genetic diversity is fundamental to a species’ ability to adapt and evolve
to a changing environment. Adaptative potential depends on complex interactions between population
growth, migration, genetic exchange with other populations and loss of genetic variation (Fady et al. 2016).
In the following sections we concentrate on the fitness of (a) tree populations and (b) other species.

a) Tree population viability

Studies on the genetic diversity of trees in forests have chiefly targeted economically important tree spe-
cies. There exist several measures to introduce and maintain high genetic diversity throughout the produc-
tion chain of forest reproductive material (seeds, seedlings and cuttings). Of great importance here is the
use of recommended registered sources of basic material, that is the various provenances, stands and seed
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orchards providing the seeds for afforestation/reforestation, that are available in each country. Other prac-
tice-relevant information, such as guidelines on minimum effective population size for natural regenera-
tion and seed harvest guaranteeing sufficient genetic variation, are provided by the EUFORGEN programme
(EUFORGEN 2021). The latter provides management recommendations for maintaining high genetic diversity
in tree populations and is being expanded to include data on rare and vulnerable tree species, like Sicilian fir,
Taxus or Common Ash. The data provided by EUFORGEN is also extremely useful for more common species,
such as beech, where irregular shelterwood showed minimal impact on tree genetic diversity in comparison
to unmanaged old growth (Westergren et al. 2015), while the high pollen mobility connects otherwise isolated
populations and compensates for the negative genetic consequences of small stands and low tree densities
(Vranckx et al. 2014). Crucial for the genetic conservation of all tree species is to take advantage of full mast
years with massive seed production, both for silvicultural interventions aiming at natural regeneration as well
as for seed collection for seedling production in nurseries. If populations are small or genetic diversity is low,
natural regeneration can be combined with enrichment planting. In the face of climate change, climate-smart
seed sourcing (Prober et al. 2015) is often recommended as it consists of seed collection in full mast years to
maintain high genetic diversity and assisted migration by expert-based mixing that draws on more southern
provenances in existing populations (Fady et al. 2016), which is often legally restricted. For further knowledge
gain, it is important to ensure the traceability of used forest reproductive material and the implementation
of long-term monitoring of the effectiveness of the abovementioned measures, as proposed by EUFORGEN
(Aravanopoulos et al. 2015) and detailed in the manual for forest genetic monitoring (Bajc et al. 2020).

b) Other species population viability:

Similar to trees, other species have varying potential to persist, adapt and evolve at a given site depend-
ing on the conditions. Gathering data on the genetic diversity and genetic structure of populations informs
management in two important ways:

- First, reduced genetic diversity serves as an early warning signal of the genetic impoverishment of region-
al populations and can be the basis on which targeted population support can be implemented. This ap-
proach has been successfully used on the Eurasian lynx (Ratkiewicz et al. 2012), Ural owl (Hausknecht et
al. 2014) and Western capercaillie (Bajc et al. 2011), among others.

+ Secondly, genetic structure provides important information on the connectivity between subpopulations
of endangered forest species as well as their dispersal potential, as has been shown in studies involving
Ural owls (Hausknecht et al. 2014), Western capercaillies (Braunisch et al. 2010) and various deadwood in-
sects and wood-dwelling fungi (Komonen and Miiller 2018). This information can then be used to guide
management interventions such as captive breeding and release, as was done for the European bison
(Gippoliti 2004). Providing adapted nesting facilities for birds is widely undertaken in gardens and forests
throughout Europe, although this practice may also benefit non-native species (Bailey et al. 2020).

While broadly seen as good practice, information on genetic structure and diversity is only available for a
limited number of keystone species, meaning more work needs to be done in this area.

Managing species and habitat diversity at the stand scale

To promote a diversity of habitats and their associated species at the stand scale, forest managers em-
ploy approaches that attempt to increase heterogeneity which is predominantly pursued along three major
axes: (i) the composition and diversity of trees and shrubs; (ii) variation in the stands’ horizontal and verti-
cal structure; and (iii) the amount and variation of deadwood and habitat trees of different kinds. All three
axes are significantly reduced in production forests when compared to natural forests (e.g., Angelstam and
Donz-Breuss 2004, Miiller and Biitler 2010). Although relevant at the stand scale, the management of game
populations is discussed in the next section about the landscape scale.
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Enhancing tree species diversity

As explained in Chapter 3, the current diversity of tree species in European forest stands is predominant-
ly low (Forest Europe 2020). Given the positive relationship between tree diversity and the diversity of oth-
er forest-dwelling species (e.g., Ampoorter et al. 2020; Barbaro et al. 2019) on the one hand and the need to
facilitate the adaptation of Europe’s forests to climate change on the other, it appears to be a matter of ur-
gency to accelerate the diversification of tree species within forests.

As an initial step, future forest management should aim for a diversity of site-adapted tree species that
support native biodiversity. Mixtures can be optimised to include different functional types with respect to
stress tolerance and ability to promote high species diversity to strengthen forest resilience in the face of
rapid climate change (Baeten et al. 2019, Messier et al. 2019). The adaptive potential of genetically-robust
native tree species, including previously rare species, should be exploited first when adapting tree species
composition to climate change.

A subsequent step can be to include other European tree species that are not native to a given region but
are closely related to the indigenous tree species. This may involve, for example, introducing a more drought
resistant oak species that currently has a more southern distribution but will most likely support a rela-
tively large proportion of the biodiversity normally associated with indigenous oaks (Vogel et al. 2021). Site-
adapted exotic species, such as Douglas fir, for which long and positive cultivation experience exists, can
also be used to reduce the risk of invasiveness (Bindewald et al. 2021b). Critical proportions for mixing such
non-natives into a matrix of native trees, above which the viability of populations of native forest dwelling
species are at risk, are still largely unknown and should, therefore, be carefully investigated.

Beyond the active planting of additional tree species, an increase in the variation of canopy opening (see
below) and the suppression of browsing ungulates are the two most effective management strategies to fos-
ter tree diversity (Bauhus et al. 2017, Boulanger et al. 2018, Hothorn and Miiller 2010). Hence, active manage-
ment that promotes the survival and growth of rare, light-demanding and palatable (for ungulates) species,
for example through early thinning or the creation of mono-specific patches of these species to eliminate
competition by other species, can greatly support tree diversity in the long term.

Enhancing forest structural heterogeneity

High vertical heterogeneity within stands locally promotes the diversity of different species groups includ-
ing birds, insects and fungi (MacArthur and MacArthur 1961, Heidrich et al. 2020). Large trees form the most
pronounced three-dimensional structure in forests and numerous species are adapted to the habitats pro-
vided by this late-successional structural element (Moning and Miiller 2009). In silvicultural systems dom-
inated by clearcuts, as is the case in boreal forests, the retention of living trees within the logged area for
one or more additional rotations is an important tool to enhance the structural heterogeneity and related
biodiversity (Fedrowitz et al. 2014, Thorn et al. 2020). Given that without proper management the survival of
retention trees can be low (Rosenvald et al. 2019), science-based intervention guidelines have been devel-
oped (Gustafsson et al. 2020) and, interestingly, these guidelines can be quite different from retention levels
negotiated in forest certification standards (Angelstam et al. 2013, Kuuluvainen et al. 2019).

It sounds counter-intuitive, but even multi-layered forests, such as selection forests in Central European
mountains, can have negative effects on the overall landscape-level forest biodiversity. This is because their
complex structure at the stand level is repeated over larger areas which causes unnatural homogenisation
at the landscape scale and low beta diversity (Schall et al. 2018). Therefore, besides vertical structural var-
iation in managed forests, significant horizontal variation in the density of canopy cover, ranging from very
dense stands without regeneration to those with gaps offering areas of full sunlight, is a key requirement to
promote forest biodiversity at the landscape scale. The occurrence of disturbance events should be seen as
an opportunity for the development of early seral, species-rich forests that retain biological legacies, such
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as standing dead trees and lying deadwood, meaning active planning of disturbance-like interventions at
the landscape scale should be a central element of modern ecological forestry (Aszalos et al. 2022; see more
in Chapter 5.2).

Enhancing deadwood and habitat trees

The most prominent effect of the removal of woody biomass through harvesting is the decline in the num-
ber of large old trees as well as standing and lying deadwood in different stages of decay (Stokland et al.
2012). Therefore, the conservation and restoration of near-natural forests, dispersed large habitat trees
and deadwood should always be part of the management plan in biodiversity-oriented forestry. Practically,
this not only keeps living trees, but also snags, lying deadwood, charred trees, or disturbed forest patches
(Gustafsson et al. 2012). Based on meta-analysis of the literature on this topic, it can be concluded that for
specialist organisms dependent on deadwood, diversity in the tree species providing deadwood and trees
with old-growth features is more critical than their amount, with the amount more important than its spatial
arrangement. The diversity of deadwood is formed by both different tree species and by deadwood types in
terms of diameter and successional stage. This information opens opportunities for economically optimised
deadwood enrichment strategies (Seibold et al. 2016). To foster biodiversity related to microhabitats (see
Chapter 2), actively preserving habitat trees during thinning operations, ringbarking trees to create standing
deadwood and even actively creating microhabitats (e.g., carving wounds or cavities in living trees) are in-
creasingly used (Gustafsson et al. 2020, Sandstrom et al. 2019).

Managing species and ecosystem diversity at the landscape scale

To ensure the spatial continuity of all features important for biodiversity, it is also necessary to consider for-
est management at the landscape scale. Landscapes with forests in Europe range from those heavily domi-
nated by forested areas to those that are predominantly agricultural with only few forest fragments.

In forest-dominated landscapes (Figure 7A), forest cover does not impose harsh boundaries beyond which
forest-related species cannot travel (Busse et al. 2022, Fahrig 2013, Seibold et al. 2017), although this may
not be true for specialist species. Across naturally dynamic landscapes, the variability in abiotic conditions,
such as local climate, soils and topographic conditions, is reflected in the existence of heterogeneous and
dynamic mosaics of different forest types. It is important to understand this variability in time and space
and to maintain or restore it through proper management. In this context, identifying and preserving spe-
cific and very often marginal habitats within forests, such as water springs, watercourses, wetlands, peat-
lands, rocky sites and topographically extreme sites with lower tree density, provide excellent opportunities
to maintain and promote biodiversity. If the landscape under consideration still contains ancient forest ar-
eas (see Chapter 2), soil disturbing management, conversion to conifer monocultures, ploughing, soil scari-
fication, various fertilisation regimes and other activities known to harm a variety of organisms endemic to
ancient forests, are to be avoided.

Understanding and emulating natural disturbances is a key aspect of forest management practices pro-
moting biodiversity. These concepts have been well used and documented in the ecological forestry ap-
proach that seeks to maintain and restore structural complexity in forest stands based on patterns found in
stands and landscapes shaped by natural disturbances (Palik and D’Amato 2017). Management practice em-
ploying a combination of silviculture systems, harvest rates coupled with appropriate extent, rotation pe-
riod and return intervals that best emulate the natural disturbance regime would be a major improvement
(see also Chapter 4.2). Maintaining sufficient areas of mature and old-growth stands across a landscape and
securing their connectivity is also crucial tool for biodiversity promotion as leaving and retaining sufficient
amounts of such groups of trees or small stands without management is a way to positively influence the
age structure of the landscape (Angelstam et al. 2020).
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Figure 7. Schematic representation of the integration of biodiversity into forest management at the land-
scape scale using two abstract European landscapes. A. (upper pane) Forest-dominated landscape; the ma-
trix consists of multiple-use forest with wood production, containing patches of habitat trees and dead-
wood and also individual habitat trees; small dark green patches represent old-growth stands or special
biotopes (1-10 ha); B. (lower pane) Agriculture-dominated landscape; the matrix consists of agricultural land
with remnant trees and hedges functioning as stepping stones, but mainly for mobile species dispersal.
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To mimic structural heterogeneity found in natural forest landscapes, a variety of management interven-
tions must be applied across different spatial scales (Palik and D’Amato 2017). Silvicultural systems, such as
group selection and irregular shelterwood, maintain the multi-cohort stand structure of the late-succession-
al stage. However, to maintain heterogeneity at the landscape scale, this is not sufficient by itself and must
be combined with silvicultural systems that (i) entail higher canopy removal and (ii) incorporate natural dis-
turbances into the regeneration process. Spatial heterogeneity in harvesting levels, in terms of intensity and
cutting area, can have a direct bearing on promoting heterogeneity within traditional silviculture systems, par-
ticularly when spatially-diversified harvest patterns are used to promote the size and connectivity of habitats.

In agriculture-dominated landscapes (Figure 7B), the same guiding principles for forest-dominated land-
scapes apply within the remaining forest fragments, especially when it comes to abiotic variability, rare bi-
otopes, successional stages and areas with low or zero management. The main difference with forest-domi-
nated landscapes is that the population size of forest-related species is limited to smaller forest fragments
and exchanges between populations is impeded by an agricultural matrix unsuitable for forest species
(Decocq et al. 2016). In such a context, biodiversity-oriented management should focus on enlarging the
remaining forest fragments and maximising their structural and functional connectivity. Enlarging exist-
ing fragments is the preferable option over creating new ones because, among other things, it protects the
fragment’s core area from weedy plant invasion (Honnay et al. 2002) and from influxes of the fertilisers and
biocides commonly employed in agricultural activities. Enlarged fragments will also support larger popu-
lations of limited-mobility species, which is especially important if the fragments are ancient forests (see
Chapter 2). Maximising connectivity can be realised by conserving and restoring tree-based landscape ele-
ments, such as remnant habitat trees, hedgerows and tree-lined thoroughfares and/or by creating new frag-
ments as stepping stones.

An important specific issue regarding biodiversity management at the landscape scale is game manage-
ment. Game populations, especially ungulates such as roe deer, deer, moose and wild boar, have increased
dramatically in European forests in recent decades (Angelstam et al. 2017a and 2017b, Carpio et al. 2021). This
trend is caused by a complex interplay of factors, including ineffective game management, milder winters,
abundant food in agricultural land adjoining their habitats and the lack of natural predators. When popula-
tion levels are moderate and not overly dense, ungulate herbivory has positive effects on herbaceous plant
diversity by mediating the competition between woody and non-wood plants (Bernes et al. 2018, Boulanger
et al. 2018, Flpjgaard et al. 2018). However, booming ungulate populations means they have become a mat-
ter of concern for biodiversity conservation in some regions. Young trees, primarily broadleaved but also
some native conifer species, can be heavily damaged through browsing and antler fraying, which has obvi-
ous impacts on their survival rates. This has a cascading effect on the species dependent on these trees as
they mature, including lichens, fungi, pollinator insects and bird species (Angelstam et al. 2017a; Vazquez
and Simberloff 2004) and may limit adaptation options to climate change in affected areas (e.g., Kunz et al.
2018). A range of management approaches is available, ranging from culling animals to protecting plants us-
ing barriers such as fences and grow tubes (Carpio et al. 2021).

5.2 Forest management systems supporting biodiversity

Possible measures to support biodiversity from the genetic to the landscape level as outlined in Chapter
5.1 primarily intend to reduce or eliminate negative impacts of forest management on forest structure and
composition. The next key question is how they can be implemented in existing forest management sys-
tems across Europe. For example, the retention forestry approach, which promotes the long-term reten-
tion of living and dead trees and small areas of mature forest at the time of harvest, can be implemented
in most types of silvicultural systems and forests (Gustafsson et al. 2012). Its application from clear-fell-
ing to single-tree selection silvicultural systems supports biodiversity and ecosystem functions at stand
and landscape scale by promoting variation in forest structure, composition and complexity. Likewise, the
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Figure 8. Forest management options at the landscape scale. Along the horizontal axis, the options vary from
pure land sparing without multiple-use forest (left) over triad options (centre) to pure land-sharing without
forest reserves and plantation forests (right) (modified after Larsen et al. 2022). By way of example, a triad
forest landscape could be composed of 30% unmanaged, 60% multiple-use and 10% intensively managed for
wood production The range of proportions of the different management options in a triad approach is flexible.

maintenance of genetic diversity of populations of trees and other forest-dwelling organisms can be inte-
grated into many different silvicultural systems.

Besides biodiversity conservation, European citizens and governments expect forests to provide other
ecosystem services like wood production and cultural services. Different forest management systems vary
in the level of spatial integration of management for biodiversity with the other goals of forest manage-
ment (McDonald and Lane 2004). There are different options (Figure 8), which may result in very distinct for-
est landscapes:

+ Land sparing is a landscape management approach that involves strict spatial segregation of conserva-
tion and wood production areas. This includes forest areas with no management or conservation-orient-
ed regime in place and other areas that are intensively managed, such as plantations. This approach is
well-suited to preserving sensitive species that can either disappear even with low levels of human dis-
turbance or need large undisturbed areas to flourish (Betts et al. 2021). Under this approach, intensive-
ly managed plantation areas can contribute to the conservation of biodiversity, under the condition that
the efficiency of timber production from plantations leads to a reduction of timber extraction from the
remaining forest areas (Bauhus et al. 2010). Meeting this condition requires strong forest governance to
achieve a regional balance of forest management objectives and related systems, which is not easy to re-
alise in forest landscapes with a large proportion of private ownership (Bollmann and Braunisch 2013).

« Land sharing is an integrated landscape management approach that promotes the multiple-use of are-
as for conservation, wood production and other ecosystem services. This approach results from the idea
that in forests managed for wood production, which covers the majority of forest land in Europe (Sabatini
et al. 2020), the recognised deficits in forest structural diversity and old-growth structural elements can
only be addressed by maintaining and restoring these elements in managed area, unless the area of seg-
regated elements (i.e., reserves) is significantly enlarged.
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 Triad management is a hybrid approach combining land sparing and land sharing. Because both strate-
gies have strengths and weaknesses (Nagel et al. 2017), triad management has been proposed as a best-
of-both-worlds system of sustainable management of forest landscapes (Seymour and Hunter 1992, C6té
et al. 2010). In triad landscapes, protected areas and intensive forest-use systems account for a part of
the landscape, with the remainder occupied by integrated management systems, for example, continuous
cover and close-to-nature forest management. The latter provides a suitable matrix for improving connec-
tivity between protected areas and acts as a buffer against intensively managed stands. This approach en-
courages flexibility to find a compromise between the desire to increase protected area, implement mul-
tiple-use forest management systems and simultaneously expand wood production for the bioeconomy.
As a starting point, triad schemes for forest landscapes can be optimised based on predetermined wood
production goals and conservation targets (C6té et al. 2010).

The functionality of the three elements in triad management, namely strict conservation areas, intensively
managed areas and integrated multiple-use areas are further elaborated in the next paragraphs.

Management of high-value protected areas

National parks, forest reserves and other types of protected areas are essential governance structures
where forest management measures strongly focused on promoting biodiversity (see 5.1) should be rolled
out. Large protected areas allow natural processes such as fires, insect outbreaks and wind fall to occur and
run their course on large scales, which is typically impossible in forested landscapes managed for wood
production. Therefore, the occurrence of natural disturbances in such locations should not necessarily be
followed by sanitary and salvage logging, which removes the newly-created unique habitats. Using land-
scape-level planning, protected areas and their buffer zones should be designed in a way that permits nat-
ural disturbances without having them spill over into surrounding managed forests and vice versa. While
smaller protected areas create important biodiversity islands in the matrix of managed forests, potentially
hosting source populations of many rare species (see Figure 7), large protected areas allow for the re-intro-
duction and/or maintenance of viable populations of large mammals which are, in the case of herbivores,
often important ecosystem engineers. However, the distribution of such reserves at the landscape level re-
quires careful planning to create functional networks of representative habitats.

In many protected areas across Europe, it is common practice to perform sanitary and salvage logging, es-
pecially after a disturbance. While natural disturbances have positive effects on species diversity, negative
effects of salvage and sanitary logging on species diversity have been well documented (Thorn et al. 2018).
This contrast between available evidence and common practices underlines the need for greater acceptance
of natural disturbances in the management of the Natura 2000 network.

Existing primary and old-growth forests in Europe are of paramount importance for conserving biodiver-
sity. Despite their relatively small share of Europe’s total forest cover, entire regions with relatively large ar-
eas of primary forests still persist. Surprisingly, there are significant knowledge gaps about the location, ex-
tent and current status of many remaining primary and old-growth stands (Sabatini et al. 2020). Since only
half of the known primary and old-growth forests are strictly protected, and a significant number are threat-
ened by timber harvesting, immediate action at the national and EU levels is required to prevent the loss
of these critically important forests.

Close-to-nature and other forms of integrative forest management

In a context of strong fragmentation and widespread but small-scale private ownership, conservation meas-
ures in European forests, both inside and outside of the Natura 2000 area, are often integrated into forest
management at the stand scale. This integration requires a reduction in forest harvesting levels to retain
habitat trees, build up desired deadwood stocks and set aside patches of unharvested forest with high con-
servation value. Integrative forest management approaches have been advocated to support biodiversity
conservation, while balancing with the many other demands placed on forests (Krumm et al. 2020).
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A widespread integrative approach is close-to-nature forest management (Pommerening and Murphy
2004). It has traditionally included many elements of conservation management discussed under Chapter
51, such as maintaining tree species and structurally diverse forest stands, a preference for the presence of
site-adapted native tree species, a reliance on non-anthropogenic processes such as natural regeneration
and ungulate-population control as well as using long production cycles (Bauhus et al. 2013). After the World
IUFRO Congress in Ljubljana (1986) the international Pro Silva movement was founded and further spread
these ideas among forest managers. In recent decades, the close-to-nature forest management approach
has been widened to incorporate the concepts and measures of retention forestry (Gustafsson et al. 2020),
which are better suited for lowland and boreal forests without many shade-tolerant tree species.

From the perspective of biodiversity conservation, some issues with the close-to-nature forest manage-
ment approach have been identified: a lack of retained forest structures, a high frequency of harvesting and
a lack of consideration of landscape-level forest heterogeneity (e.g., Schall et al. 2018, Bassler et al. 2014,
Gossner et al. 2013). There are many ways to address these deficits using flexible and regionally adapted ap-
proaches of integrative forest management (e.g., Krumm et al. 2020). Higher landscape-level structural var-
iation can be achieved through applying a wider range of management intensities as well as retention and
maintenance (or reactivation) of historical forest management systems, such as coppice and coppice with
standards. These concepts have been embraced by the ecological forestry approach that seeks to maintain
and restore structural complexity in forest stands based on patterns to be found in stands and landscapes
shaped by natural disturbances (Palik and D’Amato 2017). Owing to the lack of landscape-scale management
in many of Europe’s forested regions, for the reasons outlined above, these ideas have not yet been widely
incorporated into forest management (however, see Roth et al. 2019).

Management of cultural landscapes

The origin of Europe’s cultural landscapes and their biodiversity was described in Chapter 2 where it was
noted that historically, forest land use included a wide variety of techniques such as coppicing with or with-
out standards, low-intensity forest grazing, low-intensity burning and charcoal production, partial tree bio-
mass removal and others. These types of historical land-uses were often intertwined with similarly diverse
agricultural and agroforestry practices that created areas of fine-grained and heterogeneous mosaics of
open and closed habitats, mimicking a higher variety of succession stages and with a significant presence
of habitat trees. From a modern forestry point of view, these are low-value forests with low tree density, low
canopy closure and biomass as well as low-quality timber. For this reason, they have been converted into
high forest of often conifers, or are abandoned and colonised by pioneer trees. However, from a biodiver-
sity point of view, these are highly valuable forest landscapes as they host many species that have become
rare and increasingly endangered. In some regions of Europe, these cultural landscapes and their biodiver-
sity are still largely intact or have returned to traditional management techniques as part of their local con-
servation efforts. Often, traditional management techniques including coppicing or pollarding of trees and
mowing or livestock grazing of ground vegetation are paramount to keep on interrupting the forest succes-
sion, keep the canopy cover low and maintain the high cover and diversity of forbs in these systems (Baeten
et al. 2009, Douda et al. 2017). In general, when it comes to effectively managing forests in a cultural land-
scape, involving actors that actively search for win-wins to manage the trade-offs is seemingly the most vi-
able approach to keep such forests economically profitable while simultaneously safeguarding the biodi-
versity found in these landscapes. Policy and subsidy adjustments through the European CAP and Farm to
Fork programmes have immense potential to support biodiversity conservation efforts in these landscapes
(Varela et al. 2018).

Contributions of plantation forests to biodiversity conservation

Plantation forests are typically characterised by even-aged stands with one dominant and fast-growing tree
species which, in many cases, is of exotic or regionally non-native origin. They are usually managed in rath-
er short rotation cycles with regeneration after clear-felling that leaves virtually no living or dead biomass
in situ between production cycles. As a result, this practice supports little biodiversity typical for natural
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forests and compares poorly to less intensively managed forests (Lopez-Bedoya et al. 2021). However, plan-
tations are sometimes far from being biological deserts (Stephens and Wagner 2007) and can also contrib-
ute to the preservation of the biodiversity in neighbouring natural forests in shared landscapes (Brockerhoff
et al. 2008) by realising more wood provisioning on less land (Freer-Smith et al. 2019). The establishment of
new plantations may induce either a loss or a gain in biodiversity, depending on the intensity and conserva-
tion value of the previous land use. When established in former intensive agricultural land, a gain in biodi-
versity can be expected because the reduced pesticide use and soil disturbance, as well as the created for-
est cover promote the establishment of understory vegetation, providing new habitats for forest fauna. In
contrast, replacing natural forests or native grasslands with plantations will lead to a net biodiversity loss.
In addition, there are a range of management alternatives to improve biodiversity within forest plantations
(e.g., Hartley 2002, Flaspohler et al. 2011) while maintaining their commercial efficacy. These include a pref-
erence for native tree species, the use of species mixtures (Messier et al. 2021), avoiding or reducing tillage
and weeding, retention of logging residues as well as the protection of the understory during thinning and
harvesting while also retaining some of the structural elements (Bauhus and Schmerbeck 2010).

At the landscape scale, plantations can provide surrogate habitats to forest species, although these will
primarily be generalist species. They can also improve connectivity between forest fragments in a non-for-
est matrix by functioning as stepping stones (Brockerhoff et al. 2008). Importantly, plantation forests should
not be composed of invasive species or harbour pests that spread to nearby natural forests. Consistent with
the segregation approach, landscape-level measures, such as limiting the size of planted stands and pre-
cluding the spread of harvesting operations over time, can moderate possible negative effects (Flaspohler
et al. 2011). The potentially most important contribution to biodiversity conservation of productive planta-
tions is their concentration of wood production into a small area, which can facilitate the reduction of har-
vesting pressure on other forests or even in the set-aside of reserves in other parts of the landscape through
land sparing (Bauhus et al. 2010). Increasing the land area used for plantation forestry could thus facilitate
an increase in the size and/or the number of strict conservation areas in segregation and triad approaches
(Figure 8). Hence, future afforestation efforts in Europe may benefit biodiversity through restoring valuable
habitats on the one hand and providing highly productive forests that compensate for biodiversity conser-
vation-related reductions in harvesting intensity of other forests on the other. However, this requires care-
ful landscape planning across multiple scales.

In conclusion, finding a well-selected combination of different management and non-management ap-
proaches, well-integrated at the landscape level into joint land sharing and land sparing approaches, that
are well-adapted to local legacies and potential is the key challenge. In this regard, there are opportunities
for the new closer-to-nature forest management concept proposed in the new EU Forest Strategy (EC 2021)
that are yet to be fully seized upon. A range of principles for the effective deployment of closer-to-nature
forest management have already been proposed in Larsen et al. (2022).
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6. Forest biodiversity policies and incentives

Chapter highlights

Policies should always be evaluated considering their (potential) impact, effectiveness, effi-
ciency and legitimacy as well as the coherence of the policy mix.

A mix of tailor-made financial and other instruments needs to be expanded to successfully se-
cure Europe’s exceptional biodiversity heritage. Market-driven instruments, such as reverse
auctions and biodiversity offsets are still underdeveloped and require further exploration and
discussion.

Multi-sectorial collaboration is needed for efficient conservation and use of biodiversity in
natural and cultural landscapes, combining agriculture, forestry, and human-cultural heritage.

This chapter describes the logic of different policy instruments and governance mechanisms that are aimed
at steering and supporting the conservation of forest biodiversity and shows how context and history-de-
pendent policy is, as well as how different policy instruments function together and influence each other.
The chapter starts by describing how policy is often justified and designed to generate positive impacts and
then draws attention to the context and history that condition new policies, including the influence exert-
ed by stakeholder interests and conflicts. The chapter ends with a description of different instrument types
available to policymakers, including regulations, economic instruments, information, collaborative govern-
ance and sustainable financing.

6.1 The role of public policy

Biodiversity underpins the provision of ecosystem services and their resilience, which also has other values
for society, as described in Chapters 1 and 2. The need for effective policy in this area arises from biodiver-
sity loss not generating obvious direct costs or providing direct feedback to landowners and managers. For
these reasons, the responsibility and costs of conservation fall on society in general and, consequently, bio-
diversity conservation is primarily steered by public policy.

Broadly speaking, public policy steers societal activities by setting goals and identifying means, and it is
designed in government-led processes (Howlett and Cashore 2014). Public policy relating to forest biodiversi-
ty conservation seeks to reduce threats to biodiversity and improve the conservation status of forest ecosys-
tems by steering the actions of forest owners and managers while supporting the structures that they rely on.
Because biodiversity and forest ecosystem functions depend on and constitute complex ecological processes,
even at the landscape level, conservation efforts need to pay attention to dynamics that do not fall within the
nominal administrative and legal boundaries of individual properties, municipalities and countries.

The success of a public policy can be evaluated in varied ways, such as by analysing processes as well
as the activities and impacts on the ground, that is, whether the inputs are generating the desired out-
puts (Mickwitz 2003). In biodiversity policy, as with environmental policy in general, the emphasis is often
on the (expected) ecological impacts and the (expected) effectiveness of policies in achieving those results
(Turnhout et al. 2016). In other words, much attention is paid to how effectively biodiversity is conserved
when measured using certain criteria. Despite the importance of the ecological effectiveness of policy and
specific policy instruments, it is also important to consider other aspects, such as social and economic im-
pacts as well as the institutional feasibility of a given policy. All of these can condition the impacts and ef-
fectiveness of policy by influencing the criteria used to assess it.
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Historically, the focus on conserving forest biodiversity has been pursued with both goods (fuel, food and
feed) and protective functions regarding wilderness, heritage and aesthetic aspects. Today, biodiversity con-
servation is also driven by existence and bequest values, charismatic species as well as areas and organisms
that are rare, unique or endangered. The increasing intensity of forest use has resulted in the ascendance
of segregated approaches, as described in Chapters 2 and 5, in Europe’s efforts to conserve biodiversity.
Unfortunately, this approach has resulted in the segregation of administrative efforts on this issue as well.
Protection and protected areas are governed by environmental administration but because they can fall un-
der the auspices of one or more policies, the specifics of how such policy is applied can vary. When an ad-
ministration’s focus is on ecosystem services, the multiple functions of forest ecosystems or specific eco-
system features, such as old trees or structural diversity, forest biodiversity conservation is chiefly governed
and pursued through forest policy. This integrative approach is often framed as multi-functional forest man-
agement or sustainable forest management and its implementation is integrated into national forest law
and planning systems steered with targeted instruments that are described in detail later in this chapter. A
key notion to keep in mind at this point is that the triad approach that makes use of the range of preserva-
tion and sustainable, multifunctional forest management, as described in Chapter 5, is constrained by the
fragmented ownership structure in many European countries.

6.2. Public good characteristics and externalities justify policy

The benefits derived from biodiverse forest ecosystems are numerous and many of them can be enjoyed
beyond administrative boundaries. While landowners cannot exclude anyone from those benefits that are
public goods, they often hold rights to influence the structure and function of the forest ecosystem affect-
ing biodiversity. The trade-offs between landowners’ property rights and society’s conservation interests
are a cornerstone of what forest biodiversity policies seek to address.

In economic terms, biodiversity loss is a negative externality resulting from degradation caused by harvest-
ing, less than ideal management and land-use change. As previously stated, there is often no direct cost feed-
back to the agents driving degradation, except if degradation reduces aspects such as productivity or resil-
ience in observable ways. The feedback to the consumers of the marketed forest goods is even weaker. Indeed,
the negative consequences of degradation are experienced by others, which is why this is considered an exter-
nal cost. This is the core economic argument for regulating forest management, to better account for the over-
all true value of biodiversity (Krutilla 1967). In a similar vein, but going in the other direction, increased biodi-
versity resulting from conservation-sensitive forest management would be a positive externality.

The commodification approach to forests has emphasised the easily measurable economic benefits of their
exploitation but resulted in the inherent value of the ecosystem itself, along with its numerous non-econom-
ic benefits, simply being ignored (Sagoff 2008; GOmez-Baggethun 2010). Method developments in environmen-
tal valuation have allowed us to assign economic value to several ecosystem services, but not all (Dasgupta
2021), and the integration of values into decision-making remains a practical challenge (Primmer et al. 2018).
Thus, the problem of unsatisfactorily addressed externalities remains. Having said that, a balancing proviso
should be kept in mind regarding the problem of externalities. While often key actors in biodiversity loss, some
landowners protect biodiversity without compensation for their economic losses (Primmer et al. 2014), even
though their objectives and opportunity costs of providing this protection differ (Vedel et al. 2015).

Conservation measures are often carried out or compensated for by the public sector, whereas environmen-
tal regulations prescribing forest management restrictions can generate costs that are incurred solely by land-
owners. This has only recently begun to change with new initiatives entailing payments for ecosystem servic-
es and ecological compensations placing the costs of conservation on private-sector actors. As many threats
to forest biodiversity come from forestry, any policy that hopes to be even marginally effective must address
these threats. With property rights generally providing broad leeway regarding forest use and management,
any new policies that moderate these rights will need to be well justified given the sensitivity of the topic.
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6.3 Policy depends on context and history

Regional and local differentiation

European forests vary in their ecological features, protection, management histories, economic use, own-
ership structure and governance. Forest structure and biodiversity, as well as approaches to conservation
also vary across the continent. Some countries, such as Finland and Sweden, have put more emphasis on
land sparing approaches with relatively stricter protection and no interventions in protected areas, while
other countries, such as Germany and Austria, have pursued conservation by integrating it into regular for-
est management. Further to this, in densely inhabited countries and countries with a long history of land-
use change, for example, Denmark, the Netherlands, Italy and Spain, much of the emphasis on biodiversity
conservation involves land sharing that includes the restoration and maintenance of traditionally man-
aged landscapes. The third group of European countries have clearly opted for mixed approaches combin-
ing strict preservation with restoration and integrated conservation. In Romania, for example, strict nature
protection of the last remaining primary forests is complemented with multi-functional forestry in managed
areas that pursues forest regeneration using local species, small clear-cut areas and rotation lengths over
120-140 years.

The economic importance of forests and forestry is concentrated in rural areas and is, therefore, also so-
cially important. Some European countries have a strong forest sector, for example, close to 20% of Finland'’s
export income comes from its forest industry, while in many other countries, their forest industries are pure-
ly regional or only locally significant. While many European countries have rural areas that still use wood for
fuel and others use wood for bioenergy that may play a significant role at an industrial scale, the relative
economic importance of the forest sector across the continent is shrinking when measured in terms of its
share of GDP. In addition, employment in the forest sector has decreased by approximately 33% in Europe
since 2000 (Forest Europe 2020). Nevertheless, forests remain important in many rural areas, albeit in a so-
cially and culturally important capacity, where their key economic relevance is increasing because of their
real estate value (Angelstam et al. 2022). The broader implications of all of this for biodiversity conserva-
tion remain unclear.

Expectations for a broadening income base for forestry, such as by establishing new value chains that
support rural areas, are now centred on the bioeconomy (Kleinschmit et al. 2014), social innovation (Nijnik
et al. 2019), governing innovations for ecosystem service provision (Primmer et al. 2021) and a circular econ-
omy (D’Amato and Korhonen 2021). New income generation opportunities from biodiversity conservation
are expected at the policy level, such as in the latest EU Forest Strategy (2021).

Land ownership and regulation

In the EU, approximately 60% of the forest area is privately owned, by non-industrial actors that are ei-
ther individuals, associations, forest communities, religious organisations or small-scale local enterprises
(Weiss et al. 2021). Although there is great variation in the size of privately-held forest lands, from larger pri-
vate estates in Northern Europe, where some 70% of forests are privately owned, to much smaller private
estates in South-East Europe, where around 90% of the forests are public (Pulla et al. 2013; Weiss et al. 2019),
almost 90% of Europe’s 16 million private forest owners hold less than 10 hectares each. This diversity in
forest ownership can be a challenge for policy design and implementation but could also result in a mosa-
ic of management approaches that could ideally support biodiversity conservation at the landscape level
(Molder et al. 2021), particularly if integrated or triad approaches are employed.

For decades, forest owners’ rights and responsibilities have mostly been regulated through forest legisla-
tion and policies, with a primary focus on sustaining high yields so that, for example, growth exceeds har-
vest. Following the increasing recognition of the need to conserve biodiversity as a whole rather than just
trees, environmental regulation is having increasing impacts on property rights (Nichiforel et al. 2020).
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Interests and stakeholders

Biodiversity conservation is often positioned in opposition to the economic uses of forests that are based
on maximum sustained yields. Its claims are considered to bypass the claims from rural livelihoods, large
numbers of private forest owners and the economically significant forest industries operating in parts of
Europe (Edwards and Kleinschmit 2013; Winkel and Sotirov 2016). The conflict is not novel in Europe as can
be seen, for example, with the establishment of the Natura 2000 network that has resulted in heated de-
bates and conflicts in many EU countries (Niemela et al. 2005; Blondet et al. 2017), a pattern that echoed sim-
ilar preceding conflicts (Hellstrom 2007). This frequent positioning of wood production and biodiversity con-
servation as opposing and incompatible goals has politicised biodiversity conservation, particularly when
EU-level forest biodiversity policies are being formulated.

Governance architecture at national and EU levels

Overall, forestry and forest management in the EU are governed under national mandates and, in some
European countries, also under regional mandates. In addition, many European countries have national for-
est strategies that vary in their emphases on forest functions (Primmer et al. 2021). Since the beginning of the
1990s, European countries have formulated forest- and biodiversity-related policy goals and voluntary poli-
cy instruments in the context of the pan-European Forest Europe process and different certification schemes.

The EU holds no forestry competence per se but formulates forest-related policy instruments largely
based on its competences in agriculture, environment and trade. To coordinate these forest-related policies
more tightly, the European Commission has compiled a portfolio of forest strategies and action plans: While
the first EU Forest Strategy primarily summarised EU forest-related policies, the second strategy, produced
in 2013, provided guidance to enhance EU-level coordination of forest-related policies (Aggestam and Piilzl
2018, Wolfslehner et al. 2020) and took a more holistic view of forest ecosystems and their related ecosystem
services than other EU-level policies at the time (Bouwma et al. 2018). The latest EU Forest Strategy (EC 2021)
has put a decided emphasis on biodiversity conservation with protected area targets and closer-to-nature
forest management ideas (Larsen et al. 2022).

Environmental protection falls under the category of being a shared EU competence. This means that the
European Commission can establish legal instruments for biodiversity conservation to meet international
commitments, among other things, but these need to be implemented by Member States. The central instru-
ments in this regard to date are two EU Directives (the Birds Directive and the Habitats Directive) and the EU
Biodiversity Strategy which has a strong overall-strategy emphasis at the EU level. This governance archi-
tecture targets biodiversity preservation by protecting threatened species and habitats but its implemen-
tation in many Member States also allows for its integration into forest management and wood harvesting
practices. Furthermore, the latest EU Biodiversity Strategy (EC 2020) embeds protected areas at the heart of
conservation activities and mandates protecting the EU’s remaining primary and old-growth forests as well
as better managing protected areas to secure their biodiversity values.

Biodiversity conservation is now systematically recognised alongside wood production and other functions
in national forest strategies (Primmer et al. 2021), as evidenced by some Member States’ forest laws now in-
cluding goals for biodiversity conservation. National biodiversity governance typically builds on nature pro-
tection legislation, implementing the EU Directives, and a national biodiversity strategy that addresses bi-
odiversity conservation even beyond protected areas. In general, formal biodiversity conservation policies
emphasise protection and preservation, reflecting a segregated approach to conservation and management.

6.4 Public policy instruments, private initiatives and instrument mixes

The societal goal of conserving biodiversity has resulted in numerous policy instruments that go beyond the
pale of formal biodiversity conservation governance architecture and regulation. Steering with regulations is
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complemented with, and connected to, other mechanisms that trigger behavioural changes and support col-
lective action to promote biodiversity. For example, payments through agro-environment schemes can make
forest owners and managers become ecosystem service providers and encourage them to consider biodiver-
sity-friendly ways of managing their forests. Importantly, knowledge exchange and collaboration have been
shown to support commitment and allow co-learning as well as generate new experimental and innovative
ways of enhancing biodiversity conservation (Rauschmeyer et al. 2009; Sterling et al. 2017). There are also sev-
eral different voluntary private initiatives that are complementary to or align with public policies.

In practice, policy instruments are always applied together and are designed to support each other. In eco-
nomic policy design, it is commonplace to suggest that every distinct goal requires its own policy instrument
as very rarely are multiple diverse goals sufficiently met by one instrument. As such, at the design phase when
a new regulation is being proposed, attention is often focused only on this one specific instrument, ignoring
the supporting information and network instruments as well as the payments and transfers that come along
with that new law. Similarly, newly established payments are generally based on specific laws and information
instruments also support economic instruments, at least in their implementation and monitoring. An effective
policy instrument mix is often the result of policies being successively developed to supplement existing pol-
icy-instrument mixes, bringing some nuanced improvement to address changes in real-world circumstances.

In the following sections, we describe the policy instruments that have been deployed to govern forest bi-
odiversity conservation. We outline aspects of each policy instrument, the ways in which they are assumed
to generate impacts and what enables and constrains such impacts. Some of these impacts are reasonably
easy to evaluate, however, many policies, especially forest-related policies, are evaluated based on the per-
ceived success of their implementation activities because their impacts on forest ecosystems require con-
siderable time to become manifest, which can provide an inaccurate assessment of a policy’s efficacy.

Legal instruments

Regulations require society and landowners to comply with a set of standards and practices while also al-
lowing or requiring certain monitoring and enforcement procedures to be established. Regulations primar-
ily impact organisations, structures, agencies and procedures but can also empower a public authority to
ensure compliance and evaluate whether the guiding regulations are effective. Such evaluations are often
conducted when planning changes in regulations that are often required due to new knowledge or altered
societal demands making such changes prudent.

Biodiversity conservation via regulations can be and is done in many ways, ranging from politically-pro-
cessed protected area programmes to more targeted and smaller-scale authority decisions. Practices de-
pend on context, national forest management rules as well as on landowners’ property rights, as discussed
earlier in this chapter.

Regulation is always an ‘entitlement. When established, regulations may allow for a variety of interventions
into forest use and can heavily favour producing timber, conserving biodiversity or fall somewhere on a spec-
trum between these extremes. When enhancing biodiversity conservation, a so-called ‘property rule’ is applied,
entitling a landowner to claim compensation from the public budget for undertaking those actions required
to maintain biodiversity. Alternatively, if a liability rule is applied, a landowner or manager is deemed as be-
ing responsible for biodiversity conservation and carries the associated costs of doing so according to the ‘pol-
luter pays principle’. This reflects the fact that regulation, and the issues it seeks to address, are always costly.

As a policy instrument, regulation in the forest sector may, in theory, be the tool most certain to bring
about positive biodiversity-conservation impacts. In practice, both the efficiency and effectiveness of such
regulations are conditional on information for targeting, well-functioning and funded enforcement mech-
anisms as well as the processes for managing their social legitimacy. The preparation and implementation



Forest Biodiversity in Europe

of regulations should also deal with the associated uncertainties and risks for key actors and incorporate a
background formulation process based on interest negotiations. This would help address some of the dan-
gers of poorly construed regulations where, for example, protecting a specific area results in leakage, name-
ly, a transfer of harvests to other areas that also have biodiversity value or, arguably worse, a new regulation
can result in pushback or even non-compliance.

A challenge with regulation-based conservation is providing it with political and societal legitimacy. In
contexts where landowners’ property rights have a strong status, new conservation initiatives have raised
opposition and resulted in conflicts. In highly restricted property rights contexts, such conflicts seem to be
less evident, however, failures in implementation still occur (Bouriaud and Marzano 2014; Knorn et al. 2012;
Knorn et al. 2013).

Financial instruments

Biodiversity conservation is often governed by payments and subsidies. Several EU countries have specific for-
est biodiversity payment schemes that rely on voluntary conservation contracts (Miljand et al. 2021). In addi-
tion, through the implementation of the CAP and some national programmes, for example, in Finland, Denmark
and Belgium, subsidies and payment schemes are used to support and encourage landowners to take measures
above and beyond what regulation requires (e.g., in Natura 2000 areas or other sites of interest).

Due to World Trade Organization (WTO) compliant EU regulations, public subsidies and payments should
be set to compensate no more than the likely cost of the measures to landowners in terms of direct costs
plus foregone net income at relevant discount rates (Jacobsen et al. 2013). In practice, this reduces the po-
tential for increasing market-like features in government payments, often resulting in flat-rate payment
schemes with limited efficiency. Difficulty in changing practices can also contribute to authorities seeking
to treat landowners similarly, paying them similar amounts irrespective of their contribution to biodiversi-
ty and conservation efforts (Primmer et al. 2014). This can reduce the attractiveness of the payment scheme
for some landowners and result in its ineffectiveness.

Sometimes, the design of payment-type policy instruments ignores the motivational drivers of landown-
ers as some are reaping benefits that are not captured by the payment scheme which, if these benefits were
captured, would result in them needing a smaller payment for their conservation activities. Importantly,
landowners have shown a particular willingness to accept payments when they feel in control of the pro-
cess and contract (Miljand et al. 2021). Furthermore, if an unexpectedly large number of landowners accept
payments or subsidies and the associated management requirements, a scheme’s annual budget could be
prematurely exhausted. In such a scenario, this is both problematic and may indicate that the policy may be
effective but not necessarily efficient, as a sufficient number of landowners may have accepted the meas-
ures for lower subsidy and payment amounts (Ferraro 2008).

Payments are often evaluated and justified based on their efficiency rather than their effectiveness or im-
pact. The impacts of payments depend much on the design of the payment scheme and payments are gener-
ally based on expected impacts or even just the desired activity, for example, the restoration of or refraining
from harvesting a parcel of forested land. As subsidies and payments are conditional on the required activity
being implemented over time, some kind of monitoring system is usually put in place to follow the impacts of
the scheme. Sanctions, in the form of repayment plus penalty interests or fees, are also sometimes employed
and necessary in settings where local norms clash with a scheme’s terms and conditions (Engel et al. 2008).

Market-based instruments

Reverse auctions, or conservation tenders, are instruments that allow a buyer (often a government or city,
although sometimes a developer) to efficiently use a market-like setting in which landowners compete
for contracts on biodiversity conservation by setting a price for specific actions. There are examples of
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tenders with different designs, particularly in the US and Australia, but they remain largely underemployed
in Europe. Evaluations show that tenders may enhance cost-effectiveness but transaction costs can be
high and these instruments also differ from the regular practices of the implementing authorities (Latacz-
Lohman and Schilizzi 2005; Rolfe et al. 2017). In the EU, contract-based measures for biodiversity conserva-
tion were considered appropriate instruments for biodiversity protection in farmland if they primarily tar-
geted the maintenance of threatened habitats and species (Herzon et al. 2018) and there are only a few such
examples implemented in forest conservation (Demant et al. 2020).

Biodiversity offsets have been applied in various European contexts, however, they are still considered an
emerging instrument (Wende et al. 2018). Offsets are a way for the biodiversity degrading actor to compensate
for the degradation caused by paying for the conservation or restoration activities of others, a process that
often operates in a market-like setting relying on brokers or banks to reduce costs and improve coordination
and where the offset provider could be another forest owner (Bull et al. 2013). In forest biodiversity terms, the
damaging actor with a compensatory responsibility and who thus needs to buy the offset is easiest to identi-
fy in situations where a forest is converted to other land use, such as for residential or mining purposes. For
forestry actors participating in multifunctional forest management, the compensation and offsetting roles
remain unclear because of the difficulty in measuring biodiversity loss and gain as well as in allocating the
changes in rights and responsibilities between the harvesting, silviculture and nature management entities.
Offsets have generally developed as a result of legal compensation responsibilities and follow a so-called mit-
igation hierarchy, seeking to incentivise actors to avoid or minimise damage to biodiversity by enforcing com-
pensation and restoration to ensure no net loss of biodiversity occurs (McKenney and Kiesecker 2010). This is
an interesting point to note as Natura 2000 has a compensation mechanism built into it.

Because of the context-dependency and complexity of biodiversity, no-net-loss metrics are hard to estab-
lish and their conservation effectiveness has been criticised (Bull and Strange 2018). There are also exam-
ples of offsets happening entirely voluntarily, as is the case with companies wanting to advance their rep-
utation by appearing to be more socially and ecologically responsible, or citizens wanting to pay for their
footprint, often copying the ideas from voluntary carbon offsetting. The net impact of voluntary offsetting
is hard to measure but seemingly remains a marginal positive to date.

Information instruments

Information and planning have always played a central role in forest biodiversity conservation. While reg-
ulations and economic instruments are backed up with guidelines and extension services, local extension
and advice services can turn information into real-world practice. Experience drawn from the Natura 2000
implementation has shown how communication and information play a crucial role in improving the ac-
ceptance of conservation measures among landowners and reducing local conflicts. However, it is often the
information and planning stage that triggers debates at levels ranging from local through to the EU (Young
et al. 2010; Edwards and Kleinschmit 2013).

The idea that information, evidence and learning may support biodiversity conservation has been repeat-
edly addressed in the literature on integrated landscape-level approaches, including adaptive manage-
ment, conservation planning and many applications of ecosystem services analyses. At the same time, im-
plementation analyses show that integration of different knowledge bases and access to local knowledge
require significant simplification of measurement standards as well as engagement and acknowledgement
of the framings of local stakeholders (Primmer et al. 2015; Saarikoski et al. 2018; Hodgson et al. 2019). In oth-
er words, information and advice alone do not generate impacts, but they are essential for supporting the
implementation of other policy instruments.

Network governance
Forest biodiversity policy and its implementation are often supported by collaborative networks of ac-
tors that take many forms, from government-driven policy networks to project and operational networks
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(Primmer 2011). As planning and regulation are considered centrally driven and, therefore, distanced from
local social and ecological settings, local networks and conservation initiatives often emerge as coun-
ter-movements. For example, the Finnish Metso Programme employs voluntary conservation contracting
and emerged in the aftermath of the Natura 2000 programme. Indeed, networks can generate new ide-
as and practices relevant to biodiversity conservation and their positive role is broadly recognised in both
European and national forest and biodiversity strategies (Primmer et al. 2021).

Network governance simultaneously challenges and complements government-led policy initiatives by
sharing resources, knowledge and learning while also increasing accountability (Rhodes 2007). Network gov-
ernance is meaningful in biodiversity conservation and in complex environmental policy in general where
many governance levels and actors have active roles (Jordan 1999; Loft et al. 2015). Although networks can
take conservation initiatives and generate biodiversity impact on the ground, they are mostly valued for
their capacity to engage with and support learning and commitment.

Market governance

Public concerns for biodiversity and environmental protection have induced different interest organisa-
tions and major market actors to seek to drive change through voluntary market measures and product dif-
ferentiation. The most visible and prominent of these are forest management certification standards such
as FSC and PEFC, which are open for enrolment from any owner (public or private) willing to adapt their for-
est management to the certification schemes’ standards. Currently, about 52% of EU forests are certified,
among which 80 million hectares are PEFC certified, and 52 million hectares are FSC certified, which includes
different measures for biodiversity protection and enhancement (Forest Europe 2020). This certified area
continues to grow, but the variation in adoption across countries and areas remains large.

From the forest owner’s perspective, motivations include market access and potential price premiums
on roundwood. While the first is easy to trace because there are large buyers that do not buy non-certified
wood, evidence suggests that price premiums remain limited, likely in the low single digit percentages. This
is despite consumer surveys suggesting a significant willingness to pay a premium for certified products,
and the absence of high premiums in the market suggests that owners joining certification schemes do not
change their practices in ways that would force prices up.

Evaluating the impacts of certification on forest management is methodologically challenging because of
the observational nature of the data available. Recent major reviews suggest that evidence of positive ef-
fects is both scant and weak (e.g., Cubbage and Sills 2020). With little change in practices, certification gen-
erates little biodiversity impact in the EU, although when considered globally, certification can be meaning-
fulin controlling the worst of the ecological impacts of certified timber value chains.

Sustainable finance

There are calls for the finance sector to address biodiversity conservation through standards and specif-
ic instruments. Examples include investors pushing private and public pension funds to shift to green in-
vestments and private companies investing in nature restoration and protection projects (Ferraro and Kiss
2002; Lofqvist and Ghazoul 2019). Sustainable finance has received growing attention in the last decade and
it is increasingly called for in both UN and EU policies. At the same time, many companies, especially those
for whom ecological issues are a sensitive issue, have been seeking to raise funds for their green invest-
ments in, for example, emission-reducing infrastructure. Funds for such investments may be raised by issu-
ing dedicated green bonds that may help to reduce borrowing costs and include conditions for Corporate
Social Responsibility (CSR) and Environmental, Social and Governance (ESG) actions. Another specific ex-
ample can be found in the insurance industry that could influence their landowner customers with sustain-
able management requirements or invest back in restoration that increases ecosystem resilience (Paavola
and Primmer 2019).
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European society and institutional context
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Figure 9. European forest biodiversity governance as an iterative multiscale process of fitting governance
architecture and policy instruments (top) to the protection of biodiversity and the optimisation of the eco-
system services it supports (bottom).

Despite increasing expectations that the finance sector will start to invest in ecosystems and biodiversi-
ty, public funding still dominates such investment globally (OECD 2020). There are examples of public-pri-
vate partnerships pursuing sustainable investments as many countries now require private foundations to
give away part of their earnings for philanthropic purposes (Reich 2018). The EU has developed sustaina-
ble financing principles to be applied across the public and private domains under the so-called ‘taxonomy
for sustainable finance’. The taxonomy criteria will define sustainability advancing and harming activities
while seeking to influence investments and stimulate new finance sector initiatives that align with the cri-
teria while supporting biodiversity conservation and nature restoration efforts. It is expected that this tax-
onomy will develop, and perhaps even tighten, its standards going forward to match the increasing ambi-
tion for sustainability.

Policy design should make full use of this entire mix of policy instruments, always adjusting to specific
contexts and backgrounds as circumstances and local contexts require (Figure 9).
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7 Policy and practice implications

Forests and other wooded lands are more than just trees. During the past 300 years, the dominant fram-
ing of forests in Europe has been as a source of material resources such as wood, fuel, fibre and, to a lesser
extent, as natural capital providing multiple benefits. Biodiversity is the core feature of this natural capital
onto which value chains of wood, non-wood forest products, amenity values and cultural values are built.
Communities’ needs and citizens’ views of forests and other wooded lands are changing as societies in-
creasingly appreciate the regulating and immaterial values of forests in addition to their direct provisioning
value. Rural jobs in forestry and agriculture are declining while business opportunities in urban service sec-
tors related to forest recreation, tourism and regulating services are growing, a process supported in some
EU countries by specific governmental programmes on green jobs in forestry.

Our understanding of what biodiversity means, how it can be monitored accurately based on evi-
dence-based performance targets, and, as well as how this status can be maintained or improved through
conservation, management and restoration, is more robust than ever before and continues to evolve. The
challenge is to encourage collaborative learning on which tools to use for the given biophysical, socio-eco-
nomic and cultural European context being considered. Forest biodiversity is not the same if defined through
a forestry production or a nature conservation lens, and it can be managed with different levels of ambi-
tion. Whatever views are considered, both traditional and novel sectoral interests are at stake, and there is
no ‘one-size-fits-all’ solution. Certain measures may be beneficial for some aspects of biodiversity, and neg-
ative for others, therefore, evidence-based and robust governance mechanisms are needed to address the
complexity of societal trade-offs in satisfactory and sustainable ways.

New policies will not solve all of Europe’s biodiversity challenges at once, it has been a long road to get to
where we are. Biodiversity responses to new policies manifest themselves after a considerable time lag giv-
en the slow pace of forest development. Because a policy is feasible only if there is long-term commitment
and societal legitimacy, policy instruments advancing forest biodiversity conservation should be coherent,
ambitious and firmly embedded in the portfolio in which they appear. Our growing ambition to address on-
going biodiversity loss is justified, particularly given the ever-higher value placed on biodiversity by society.
Coherent direction is needed to guide this ambition as it seeks, among other things, to innovate in the strug-
gle to preserve biodiversity via research, programmes and instruments tailored to specific policy contexts. As
noted above, many policy measures to enhance and protect biodiversity do not generate immediately visi-
ble impacts; biodiversity conservation is a long-term goal that requires long-term commitment and the im-
pact pathway from forest management, including non-intervention, to positive biodiversity outcomes needs
assessment and to be communicated to all stakeholders with an understanding of the delays and lags at play.

Governing forest biodiversity cannot be done with single policy instruments. Improving the effectiveness
and legitimacy of forest biodiversity conservation requires an understanding of the entire range of existing
and potential policy instruments. New instruments need to dovetail with existing governance frameworks
and policy mixes at the global, EU and national levels to ensure that they are complementary rather than
contradictory. Policy actions should be tailored to the specific contexts where they will be implemented but
still sufficiently coordinated across different scales and spaces to retain coherence. The ongoing success of
forest biodiversity policy throughout the EU depends to some degree on the institutional legacy and the
history of forest management and biodiversity protection. For this to happen, the large variation in ecolog-
ical contexts, as well as socio-economic, cultural and institutional settings that differ across forested areas
in Europe, needs to be factored in at the embryonic stages of policy formation.

Curbing biodiversity loss needs support from all sectors and actors at multiple levels. Environmental, for-
est(ry) and rural development authorities, civil society, forest owners and managers, as well as entities from
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the whole length of value chains should engage in a common effort to develop tools supporting the realisa-
tion of forest biodiversity policies on the ground. This includes actors that may harm biodiversity and could
carry more of the conservation burden by internalising the externalities of harm. Investment and subsidies
should be steered away from harmful activities and towards conservation activities through the use of sus-
tainability criteria when channelling funds. This should be supplemented and supported by effective coor-
dination and knowledge exchange across sectors and amongst different actors.

Considering contextual and regional socio-ecological differences, it will be essential to either design tai-
lor-made approaches or approaches that are sufficiently flexible to undertake appropriate measures for the
settings in which they will be applied. It is neither possible nor the purpose of this paper to propose policy
and management priorities for individual countries and regions; however, based on the presence or absence
profile of the landscape elements listed in Figure 3, it is possible to sketch out a potential biodiversity-conser-
vation framework for every regional context. In the following paragraph, we revisit these landscape elements
one by one, ranked from those less-demanding elements within reach of every forest manager up to the more
challenging elements requiring concerted action at the regional, national or even international level.

Restoring species composition to a natural state and promoting a high diversity of tree spe-

cies in Europe’s forests is a challenge. Also plantation forests used purely for production

purposes need more tree diversity for the sake of ecological stability. As a policy measure,

tree diversity could be a criterion for restoration, to access subsidies, insurance and calam-
Tree species mixture  jty funds.

Forests should contribute to the conservation of genetic resources by securing the viabili-

ty of key populations with broad genetic variation. In the context of rapid climate change,

the natural regeneration of local tree populations, in combination with the proliferation of

more heat and drought tolerant (European) tree species or provenances are options to be
Geneticresources  cautiously considered.

The amount of deadwood in different decay stages, and its mosaic distribution in space,

is much lower in managed forests than in natural conditions. Restoration can be easily in-

itiated by leaving deadwood unharvested, however, it will take decades to develop the re-

quired thresholds for many deadwood dependent species, meaning that commitments to
Deadwood this must be long-term.

Single big old trees and small patches of old-growth stands host many microhabitats and

provide unique deadwood. Forests without such trees need to be restored by sustaining re-

tention trees and small stands thereof during silvicultural interventions. In forests where

they do occur, they should be protected. In wood production systems with long rotations,
Habitat trees individual trees with lesser timber value could be left to age and decay naturally.

Tree-related microhabitats on trees with conservation value appear in all forests, even at
a young age. Training foresters and other land managers to recognise and retain trees with
these features is important to safeguard them during thinning and logging operations.

Microhabitats

Natural disturbances and the biological legacies they create form an essential part of forest
ecosystem dynamics. This entails non-intervention in primary forests, securing habitats for
disturbance intolerant species. It also entails the retention of disturbed patches or certain
biological legacies in disturbed areas of managed forests to enhance the biodiversity con-

Disturbances nected with early seral stages of forest development. In some countries and regions, this
may require a change in legislation.
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Valuable biotopes, such as springs, water bodies, peatlands, rocks and rare forest types,
should be mapped and protected. In many areas of intensive forest management, they can
be relatively easily restored. Legislation, subsidies, reverse auctions and local action can
contribute significantly to improving the status of these biodiversity hotspots.
Rare biotopes
In landscapes where forests with a high conservation value are strongly fragmented, con-
nectivity is a concern for the functionality of habitat networks (green infrastructure).
Afforestation and the restoration of appropriately designed ecological corridors are viable
options to improve connectivity without creating ecological traps for dispersing species.
Connectivity
Cultural landscapes, such as heathlands, woodlands, dehesas and coppice forests often
contain biodiversity of high conservation value that require more open environments, in-
cluding those with low tree density. These areas are often legally part of forest land; rais-
ing awareness of their value, providing special protection and specialised management will
Culturallandscapes  help keep their open aspect and retain diversity.

Ancient forests are a somewhat overlooked but very valuable type of forest with unique
biodiversity features, even though they are often fragmented and managed. They need to
be better mapped, protected against deforestation and managed with care to avoid conver-
sion to intensive forms of forest management.

Ancient forests
Old-growth forests are characterised by later successional phases, including large amounts
of old and dead trees. These biodiversity elements are rare and need better protection
through EU and national multi-instrument approaches. In addition, there is great potential
to restore old-growth forests for which suitable incentives should be developed.

old growth forests

Primary forests have been without any significant human interference for a long time.
They combine features of ancient and old-growth forests and are simultaneously the most
unique and threatened element of European forest biodiversity. In execution of the EU
Biodiversity Strategy and Forest Strategy, all remaining primary forests should therefore re-

Primary forests ceive full protection, a measure that will require legal and financial support at the nation-
al and European levels.

To realise the multifunctional roles of European forests that are being ever more ambitiously sought af-
ter, much hope has been put on spatial integration approaches where biodiversity conservation and man-
agement for other purposes, such as wood production and recreation, go hand in hand at the stand level.
Although very valuable, these systems have their limitations and often fail specialised forest biodiversity
that needs late-successional phases and large forested areas. For this reason, approaches where multifunc-
tional secondary forests, protected areas (natural reserves, national parks, high-value conservation areas
with specific but generally low-intensity or zero intervention management) and intensively-managed for-
ests and plantations coexist within a landscape, deserve more attention. Placing more land under strict pro-
tection, made feasible by the intensive management and harvesting of other parts of the forest landscape,
is an attractive but largely unexplored option in European forests. Successfully implementing such an ap-
proach at scale in European landscapes will need an effective mix of attuned and flexible policy instruments
capable of accommodating the complexity of the circumstances surrounding Europe’s forests.

Finally, it is important to emphasise the strong context-dependency of forest biodiversity and, therefore,
the regional specificity requirements of any policy and finance measures being considered. In Southern
Europe, the cultural landscape that has resulted from the long history of human use and degradation of for-
ests is now undergoing a period of rapid forest expansion as a result of high rates of land abandonment.
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Although this will slowly lead to increased forest-related biodiversity, the current challenge is to mitigate
biodiversity loss in non-forested areas of that cultural landscape. Rural-innovation projects that promote
win-win scenarios involving megafire prevention, wood-based bioeconomy development, extensive live-
stock production and the promotion of cultural and natural heritage hold great promise. Furthermore, in
Western and Central Europe as well as Southern Scandinavia, expansive agriculture has reduced and frag-
mented forested lands over the last centuries. Integrated management of the remaining ancient and oth-
er forests could be promoted. Large-scale ecosystem restoration of forests previously converted to conifer
monocultures that are now destabilised by atmospheric pollution, insect outbreaks and climate change re-
mains a challenge. Fast-growing plantation forests along the west coast of the continent could consider in-
vestments to increase functional diversity and prevent collapse. Despite the designation of Natura2000 are-
as, Northern Scandinavia and Eastern Europe have an urgent need to address the protection of their primary
and old-growth forests. In addition, near-natural forests that have been harvested only once or twice in the
recent past offer great opportunities to conserve and restore biological diversity in harmony with other eco-
system services through low-intensity management practices, rather than intensifying their harvesting lev-
els. However, in all the above-mentioned regions, the day-to-day work of keeping and restoring biodiversi-
ty falls primarily on the shoulders of the numerous public and private forest owners and other actors in the
landscape, together with local communities and civil society, which will need to be motivated, trained and
well-supported to address Europe’s biodiversity challenges. This will require that these actors have access
to a mix of tailor-made financial and other instruments that can successfully restore Europe’s exceptional
biodiversity heritage.
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W e are living in a time of accelerated changes and unprecedented global
challenges: energy security, natural resource scarcity, biodiversity loss,

fossil-resource dependence and climate change. Yet the challenges also de-
mand new solutions and offer new opportunities. The cross-cutting nature of
forests and the forest-based sector provides a strong basis to address these
interconnected societal challenges, while supporting the development of a
European circular bioeconomy.

The European Forest Institute is an unbiased, science-based international
organisation that provides the best forest science knowledge and information
for better informed policy making. EFI provides support for decision-takers,
policy makers and institutions, bringing together cross-boundary scientific
knowledge and expertise to strengthen science-policy dialogue.
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