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Introduction 
Forest biodiversity1 is the basis for forest functioning, the provision of a multitude of forest ecosystem 
services and our insurance for the challenges of climate change adaptation and maintaining forest resilience. 
Forest biodiversity also has an intrinsic value that goes beyond any human measurable value.  
 
Humans have been shaping European landscapes for thousands of years, partly even since the time when 
forests were just forming again after the last ice age. This altered the distribution and appearance of forests 
and the diverse plant and animal species assemblages associated with them (Ellis et al. 2021). This long 
history of human development has reduced forest area to currently 35% of the European land area (Forest 
Europe 2020) - compared to an assumed natural forest coverage of around 80% (EEA 2018). It has also 
reduced the area of primary and old-growth forests2 to 3% of European forests (Barredo et al. 2021). At the 
same time, it has also allowed for the development of tremendously species-rich cultural landscapes.  
 
In the 19th and 20th century the area of more intensively managed forests increased. Today, the direct and 
indirect effects of intensifying human actions including the impacts of climate change and increasing natural 
disturbances are putting ever bigger pressure on forest ecosystems and also on forest biodiversity. But there 
are also opportunities and examples of reversing the trend. For example, many previously intensively 
managed forests are now becoming more mature and mixed and are regaining biodiversity. 

What do we know about the status of forest biodiversity?  
Public awareness on the threats to biodiversity in general has markedly increased in recent years through a 
combination of local/regional studies and global assessments (e.g. IPBES 2019). Quite often it is assumed that 
a decline in biodiversity occurs across all land-use types. However, for European forests, an overall 
biodiversity decline cannot be verified, and several important indicators also point in the opposite direction.  
 
Unfortunately, there are very few indicators in the important European forest assessment reports (i.e. EEA 
2020, Forest Europe 2020, Maes et al. 2020, IPBES 2018, Rivers et al. 2019) that directly monitor forest 
biodiversity, e.g. common forest bird species protected under the Birds Directive, or other species protected 
under the Habitats Directive or IUCN Red List species. In addition, there are some structural, compositional 
and functional proxy indicators of (certain elements of) forest biodiversity such as tree species composition, 
deadwood, regeneration, naturalness, and forest fragmentation, indicators on pressures on biodiversity, e.g. 
alien species, and the indicator of protect forest areas. From these reports and assessments we can infer that 
in terms of average functional diversity European forests are doing well and show clear trends of 
improvement, but in terms of safeguarding rare/endemic and threatened species, the situation remains 
precarious (e.g. Rivers et al. 2019), although information on threatened species is also often fragmentary 
(Forest Europe 2020).  
 
Forest birds 
According to the latest State of Nature Report (EEA 2020), common forest bird species show an improving 
trend (2007-2018) in 34% of the cases, a stable trend in 37% of the cases and a deteriorating trend in 17% of 
cases. On average, the common forest bird index decreased by 3% between 1990 and 2016 in the EU (with a 
reversed trend over the last years), whereas the common farmland bird index decreased by 32%. Of non-bird 
species protected under the Habitats Directive, 6% show an improving trend, 37% a stable trend and 27% a 
decreasing trend (EEA 2020). 

 
1 The biological variety and variability of life including the genetic, species, and ecosystem level 
2 Primary and old-growth forests are ecosystems where signs of past human use are absent or minimal and where 
ecological processes follow natural dynamics. 



 

 

 
Tree species diversity 
Tree species diversity has been improving between 2005 and 2015, with the share of forests composed of 2-
5 tree species slowly but steadily increasing (Indicator ‘4.1 Diversity of tree species’, Forest Europe 2020). 
Since the diversity and abundance of other forest-associated species in European forests is related to tree 
species diversity (Ampoorter et al. 2020), this is an important indication of improvement. Overall, tree genetic 
diversity levels in European forests were found to be high across many traits and genes, showing no signs of 
decline (Erichsen et al. 2018; Eliades et al. 2011; Robledo-Arnuncio et al. 2004). Concerns raised by the 2019 
IUCN European Red List of Trees (Rivers et al. 2019) about 42% of the 454 European tree species being 
threatened have to be carefully assessed. Among the 168 threatened species (not including slightly more 
than 20 data-deficient species assumed to be threatened), the vast majority (130) belong to the Sorbus genus 
which has a peculiar reproduction mode leading to an unusually high number of typically only locally 
occurring species. Threatened Sorbus species mainly occur in a few hotspots in Wales, England, the 
Carpathians and Hungary. Since these species typically occur in more open habitats, they are mainly 
threatened by tall forests or deforestation (Rivers et al. 2019). 
 
Deadwood 
Deadwood is a key structural attribute of forests that up to 4,000 species depend on (Stokland et al. 2012). 
Its occurrence in European forests has increased between 1990 and 2015, to varying degrees among regions 
and only with an opposite trend in Central-East Europe (Indicator ‘4.5. Deadwood’ Forest Europe 2020). For 
the EU-28, deadwood amounts on average to 11.9 m3/ha and 6.9% of the growing stock. Interestingly, the 
average volume of deadwood per ha, which is still lower compared to the 20-50 m3/ha proposed as minimum 
deadwood volumes (Müller and Bütler, 2010) and considerably lower compared to forests that have been 
strictly protected for a long time (Stokland et al. 2012), is unrelated to the percent of annual forest increment 
that is removed in fellings across European countries, pointing to other influences (Bauhus et al. 2017).  
 
Forest habitats 
While 31% of forest habitat assessments have a bad conservation status, forest habitats exhibit the highest 
proportion of improving trends among the assessments (13%) (EEA 2020). The conservation status of 
habitats, however, cannot be taken as an indicator for biodiversity per se, and its interpretation regarding 
biodiversity is complicated due to the differences in the assessment approach among countries. Four 
parameters must be assessed, (i) range, (ii) area, (iii) structure and functions and (iv) future prospects to yield 
the conservation status. The parameter ‘structure and functions’ is supposed to include some indicators 
directly associated with biodiversity. However, the countries define many different specific indicators and 
thresholds, and often the assessment does not even use indicators but is based on expert judgement (Alberdi 
et al. 2019), as is also the case for the parameter ‘future prospects’ of species and habitats. 
 
Reflections on forest biodiversity indicators 
Generally, most forest indicators used in European assessments monitor the state/condition of the forest 
ecosystem or pressures on it (e.g. Maes et al. 2020, Storch et al. 2018). Typically, it is not possible to derive 
general conclusions on the impacts of changing indicators on forest biodiversity, because of the different 
demands and habitat requirements of the different forest species and the different susceptibility to change 
(Storch et al. 2019).  
 
Some forest indicators may even contradict some specific conservation goals, for example high soil nutrient 
status/availability or soil carbon stocks would be counterproductive for the conservation of the typically 
highly diverse species assemblages on poor soils, including soils degraded by human activity like forest 
pasturage and litter raking (IPBES 2018). Indicators like increasing timber volumes or increasing stand 
productivity may mean more disadvantageous growing conditions for light demanding species (e.g. Sabatini 



 

 

et al. 2018). If there were more concrete targets defined for any of these indirect biodiversity indicators, they 
would have to be forest habitat specific and would often require target ranges rather than simple thresholds, 
for example even for forest area itself considering the competition with non-forest species and habitats. 
 
Future forest biodiversity assessments at European level need to be harmonized and find measurable, simple, 
financially feasible and reliable indicators. These should have elaborated thresholds or target ranges for the 
different European forest types, and also a link to management measures to promote biodiversity indicators 
should be established (Oettel and Lapin, 2021). The focus should lie on functional indicator groups (de Groot 
et al., 2016) instead of single charismatic species and with genetic monitoring included. The concept of 
functional indicator groups encompasses their association with a particular habitat type or structure, thus 
better characterising the functional ecology of the habitat (Ricotta et al., 2015). In forests, the indicator 
groups under consideration include bryophytes (Mölder et al., 2015), lichens (Perhans et al., 2007), saproxylic 
Coleoptera (Gossner et al., 2013; Vanderwel et al., 2006), macrofungi (Dvořák et al., 2017), or tree-hole 
inhabiting aquatic organisms (Petermann et al., 2016, 2020). 
 
 

What are the key factors affecting forest biodiversity? 
Considering the information deficit on the state of forest biodiversity as shown above, the more relevant 
questions are on the drivers of biodiversity decline, the way forest management influences biodiversity, and 
management options to maintain and improve forest biodiversity.  
 
Importantly, there is not a single key driver but a range of factors that affect forest biodiversity in different 
ways. In the following, we distinguish between internal, forestry related pressures and external pressures on 
forest biodiversity. 
 
External pressures 
Climate change is one of the biggest current and future threats to forest biodiversity. It impacts directly on 
species as well as their habitats. Climate change favours species with particular traits (e.g. favouring light-
coloured insects), whereas other species may be reduced in their abundance or even die out, at least locally 
(e.g. Bässler et al. 2013; Zeuss et al. 2014). As tree pests and diseases may also benefit from climate change, 
e.g. through increased winter temperature or prolonged vegetation periods, impacts on tree species will 
increase, what may lead to a transformation of major forest types (Hole et al. 2009). Climate change also 
causes shifts of species to higher latitudes and elevations, in their attempt to stay in the temperature range 
they are adapted to (which is often unsuccessful due to the low migration velocity of e.g. plants or soil fauna) 
(e.g. Rosenzweig et al. 2007, Vitasse et al. 2021). In this regard we should also consider, that species ranges 
and habitats cannot be freely moved across the landscape. For example, species found in the high elevations 
of low mountains cannot move to higher elevations as warming progresses (e.g. Barras et al. 
2021). Eventually, climate change will also cause changes in the composition and functional characteristics 
of communities (e.g. Blondeel et al. 2020). Therefore, there will inevitably be a recombination of species in 
emerging communities, with little predictability for the outcome of new interactions for individual species.  
 
Landscape fragmentation also interacts with the effects of climate change. While landscape fragmentation 
has always impacted species requiring large habitats, affected the viability of small, isolated populations (e.g. 
due to inbreeding) and can cause the extinction of populations (Fahrig 2001), range shifts driven by climate 
change (especially of low-mobility species) are hindered or even made impossible. Fragmentation has also 
been found to further reduce migration velocities (e.g. of forest floor plants) far below the migration rates 
that would be required to keep pace with the rate of climate change (Dullinger et al. 2015). 



 

 

 
Atmospheric deposition continues to have serious effects on European forest biodiversity. While acidifying 
emissions have decreased over recent decades, especially sulphur dioxide (SO2) emissions, ammonia (NH3) 
and nitrogen oxide (NOx) emissions related to intensive livestock farming and industry/traffic respectively 
continue to be too high over large parts of West and Central Europe. Eutrophication due to nitrogen 
deposition causes the loss of species specialised to nutrient-poor sites, in particular lichens and understorey 
plants (Dirnböck et al. 2018). With the loss of these species, other dependent species such as specialised 
insects lose their habitat (see e.g. Eichenberg et al. 2021; Neff et al. 2021). Forest soil acidification due to 
atmospheric inputs has affected complete forest food webs, e.g. linking decreasing snail populations with 
unsuccessful bird reproduction (Graveland et al. 1994).  
 
Long distance drift of pesticides from agriculture. A much-cited recent study showed that there is an 
alarming recent arthropod decline in forests, similar in magnitude to that observed in agriculture. This study 
showed that arthropod decline in forests was not related to forest management intensity but to the 
management in the surrounding landscape. It is not entirely clear what is causing this decline, but a likely 
explanation is the wide-spread use of agrochemicals (see e.g. Seibold et al. 2019).  
 
Wildlife damage. Ungulate populations (e.g. deer) have strongly increased in European forests over recent 
decades due to several factors. This causes heavy damage and often mortality through browsing and fraying 
(rubbing the antlers against the stem of young trees) to young trees, particularly of broadleaved and some 
native conifer tree species. This is a huge problem not only for dependent species, but also in the light of 
climate change adaptation, for which more of the currently rare tree species particularly susceptible to 
browsing are needed (e. g. Kunz et al. 2018).  
 
Biological invasions are seen as a major driver of biodiversity loss worldwide, including in forests (Liebhold 
et al. 2021) and cause damage through parasitism, competition with native species, physical changes of the 
environment, and pathogen transfer (Riccardi et al. 2013). The globalization of trade and travel continues to 
increase the spread of non-native species (Hulme 2021). In particular, invasive pests and pathogens such as 
those that cause Dutch Elm disease or Ash dieback can trigger extinction cascades for all the other species 
that depend on these tree species (e.g. Hultberg et al. 2020). Interactions with climate change are likely to 
worsen the impact of introduced pests and diseases on European forests (Seidl et al. 2018).  
 
Some herbal and woody invasive alien species such as Black locust (Robinia pseudoacacia), Boxelder maple 
(Acer negundo), Tree of heaven (Ailanthus altissima), or wattles (Acacia sp.) can also negatively impact native 
biodiversity, particularly since they may compete with native species, change the site (e.g. through nitrogen 
fixation) and alter food webs, transmit diseases or support the spread of native herbivores (e.g. Campagnaro 
et al. 2018; Krumm and Vitková 2016; Pötzelsberger et al. 2020). 
 
Forestry-related (internal) pressures 
Forest management practices influence forest structure and biodiversity in many ways, e.g., size of canopy 
openings, amount of deadwood left in the forest, tree species selection and mixture, rotation length and 
number of old habitat trees left, landscape pattern of different forest types/ patches, etc. (e.g. Pötzelsberger 
et al. 2021). Similar to agriculture, the biggest overall problem arises in areas of significant intensification of 
forest use and homogenisation of forest structure and composition. For example, some light-demanding 
species formerly thriving in traditional forest management systems such as coppice forests became rare as a 
result of transformation to high forests.  
 
Because of the differing demands, specialisations and connections of the myriad of forest dwelling species, 
no one-size-fits-all solution for optimising forest biodiversity exists, but forest heterogeneity across the 



 

 

landscape is key to host a high diversity of species. Therefore, depending on the circumstances and the forest 
management approach (e.g. coppice forest vs. whole tree harvesting) synergies and trade-offs between e.g. 
bioenergy production and biodiversity enhancement will vary. Some major forestry-related pressures 
internal factors influencing forest biodiversity include: 
 
Loss of old growth-forests, which harbour unique structures with their plentiful associated species. This is a 
process that is unfortunately ongoing in some eastern European countries and parts of Northern Europe. 
However, in the majority of Europe, forest structures are getting more mature, and thus offer opportunities 
to (actively) restore old-growth habitats (see e.g. Sabatini et al. 2020). 
 
Loss of ancient forests that are characterised by long-term forest continuity, with associated species that 
need this long forest continuity to colonize the area (Hermy et al. 1999; Janssen et al. 2019). Although these 
forests with unique biodiversity features are not well mapped in Europe, overall, the low deforestation rates 
in Europe keep them currently well conserved. However, intensive forestry methods including monoculture 
management, stump extraction and soil preparation pose a threat to these values. 
 
Loss of historical forest management systems such as coppice, coppice with standards (coppice forest with 
some trees allowed to grow large) and silvo-pastoral systems. Many forest dwelling species that are rare and 
red-listed today actually depend on more open and heterogeneous forest conditions, which were historically 
maintained through a diversity of forest and agroforestry management systems characterised by high 
anthropogenic disturbance levels. These transitional systems have been largely abandoned and replaced, 
either by more intensive and homogenous agricultural production systems or by closed high forests. 
Therefore, more open forests are today often the focus of nature protection (see e.g. Bengtsson et al. 2000). 
The current ongoing massive land abandonment in southern and eastern Europe is a big concern for these 
forest management-dependent conservation values. Utilising potential win-wins between circular 
bioeconomy development, fire prevention and biodiversity conservation has been proposed to reverse this 
trend (Varela et al. 2020).  
 
The increasing growing stocks in European forests do not necessarily lead to an increase in biodiversity. 
While some species benefit from older forests with more biomass, other species that require more open and 
light conditions are clearly disadvantaged. This shows that strict protection of forests is not helpful as a 
universal solution, and a more tailored legacy-based approach to biodiversity conservation in European 
forests is needed (Van Meerbeek et al. 2019). This also applies to strict forest reserves, where in the first 
decades following cessation of harvesting (and hence owing to the lack of disturbances) the habitat quality 
for species requiring more open conditions and high structural diversity can decline (e.g. Braunisch et al. 
2019; Neff et al. 2021). Also, the much praised close-to-nature forest management (continuous cover forest 
management) leads to denser forests where such light-demanding species decline in abundance (Bauhus et 
al. 2013). This may lead to potential negative consequences on dependent herbivores, which becomes a 
particular issue if continuous cover forestry is promoted across large landscapes as an optimal solution 
(compare e.g. Schall et al. 2018). 
 
Replacement of native forests by homogeneous (conifer) plantation forests has certainly led in the past to 
much habitat loss. However, this is in most parts no longer occurring and we actually see an opposite trend 
in most parts of Europe, where restoration and conversion of conifer plantations leads to more mixed species 
forests and natural habitats. This process is currently accelerating through the wide-spread drought damage 
in these plantations (Schuldt et al. 2020). 
 
Increased wood removals, often connected to bioenergy production. There are many European countries in 
which harvest levels are considerably lower than the current wood increment and where therefore more 



 

 

intensive forest use may be considered to provide more resources for a forest-based bioeconomy (Bauhus et 
al. 2017). If the additional biomass extraction includes the removal of residues (harvesting slash and stumps) 
or whole trees, not only nutrient depletion of these stands becomes an issue, but also deadwood-dependent 
species may be negatively affected (Bouget et al. 2012). 

What measures can we take? 
To ensure the conservation and restoration of forest biodiversity it will be crucial to deal with all the external 
and internal pressures mentioned above. Here, we restrict our discussion to those important forestry-related 
measures to support biodiversity that we regard as the most effective from a policymaker’s as well as forest 
practitioner’s perspective.  
 
Targeted forestry measures 
There is now a good body of evidence for a range of approaches to better integrate biodiversity conservation 
into forest management e.g. through adopting natural processes, diversifying forest structure and 
composition and integrating old-growth forest elements (Krumm et al. 2020) or through special treatment 
and conservation of genetic conservation units across Europe, following the pan-European strategy for 
genetic conservation of forest trees (De Vries et al. 2015). 
 
Emphasis should be given to ensure a diversity of forest conditions at stand and landscape level.  At stand 
level diversity of conditions and structure can be promoted through e.g. the tree species mixture, veteran 
trees, the shrub, tree and herbal understorey, and standing and lying deadwood and at landscape level 
through a variety of forest management and forest development stages (including the sapling/regeneration 
stage preferred by e.g. less shade-tolerant plants or free breeding birds) and no-intervention areas. 
Together, this maximises within-stand, across-stand and landscape diversity (alpha, beta, gamma diversity) 
benefiting a wide variety of species groups (Hilmers et al. 2018; Schall et al. 2018).  
 
It is imperative that restoration practice apply multidisciplinary approaches that consider important but 
previously neglected factors like the genetic composition (diversity and adaptedness) of tree populations to 
ensure both the short and the long-term success. 
 
So called ‘integrative forest management approaches’ that allow for the retention and active restoration of 
old-growth attributes, old-growth islands and rare forest types in sustainably managed forests should receive 
more attention in the current political debate as a complementary measure for biodiversity protection 
(Aggestam et al. 2020).  These forests will also provide important corridors among strictly protected areas. 
 
Due to the fundamental changes in site conditions that climate change is causing, it will also be important to 
connect biodiversity restoration with forest adaptation - applying ‘prestoration’ (Butterfield et al. 2017) – 
as a dynamic approach to ensure continued ecosystem functioning and habitat provision under changing 
climatic conditions. Furthermore, it is imperative that restoration practices consider genetic composition 
(diversity and adaptedness) of tree populations, which impacts on forests’ survival, adaptation and 
evolution under changing environmental conditions, ecosystem stability and forest resilience (Alfaro et al. 
2014; Bozzano et al. 2014). Future management options to adapt forests to climate change heavily rely on 
the availability of appropriate forest genetic resources, but in turn sustainable forest management also needs 
to consider genetic diversity at all levels. The use of forest reproductive material that is genetically suited for 
a specific site requires a sound knowledge about its identity, adaptive traits and adaptation potential. Work 
still needs to be done on the identification and characterization of forest reproductive material, and science-
based tools should be further developed and made available broadly to support end-users and the regulating 



 

 

framework in the decision making, e.g. with recommendations on suitable provenance, indicators for genetic 
diversity and results of genetic tests (Gömöry et al. 2021). 
 

 
Figure:  Idealised integratively managed forest landscape that integrates segregative elements such as special 
biotopes, strict reserves, old-growth/old forest islands, linear structures but also habitat trees and deadwood that are 
spatially embedded within a matrix of managed forests (taken from Krumm et al., 2013). The forest matrix may be 
managed by close-to-nature management principles, or by other forms of sustainable forest management that would 
allow for different forest development stages including the more open regeneration phase to co-exist next to each 
other at landscape level (development stages for simplicity not separately shown). 
 
Rethinking reserves 
There are different forest protection approaches with differing protection goals, ranging from the protection 
of single veteran trees up to large wilderness regions where natural processes can take place freely. Today, 
the remaining primary and old-growth forests in Europe receive particular attention, and deserve strict 
protection due to their very low remaining coverage and the rare habitat types they offer (Sabatini et al. 
2020). While the current value of other protected forest areas for the conservation of biodiversity, like the 
Natura 2000 network, is also largely undebated, to maintain biodiversity long-term, it is necessary to allow 
for potential shifts in species ranges, communities and habitats across the landscape as environmental 
conditions change, and to identify and protect species, habitats and regions most at risk (Thomas et al. 2004; 
Willis and Birks 2006).  
 
It is important to recognize that the habitat types we have designated to date are a construct and will not 
persist unchanged in the future. Protected areas mostly have not been designed to account for the long-term 
and large-scale dynamics of ecosystems as part of dynamic landscapes (Bengtsson et al. 2003), and the 
selection of reserve areas has not been made with climate change in mind (Haslet et al. 2010). Particularly in 
Europe’s distinct cultural landscape, strictly protected areas account for only a small proportion of land, and 
climate change limits protected areas’ ability even more to capture the dynamic development of ecosystems. 
It is estimated that in temperate deciduous and mixed forests globally, approximately 45% of all protected 
areas will experience unprecedented climatic conditions by 2070 (Hoffmann et al. 2019). In most cases, the 



 

 

expected range shifts of species due to climate change cannot occur within protected area boundaries 
(Araujo et al. 2011).  
 
It is therefore key to think and plan species and habitat conservation across the entire forested landscape 
and all types of forest tenures. Only a functioning ecological network will allow climate-induced distribution 
shifts to preserve biodiversity (Fuchs et al. 2007, 2010; Jongman et al. 2004). Key elements of the biotope 
network include appropriately sized high-quality core areas, stepping stones and corridors (climatically 
suitable habitats that provide migration options), but also the surrounding forest matrix should be developed 
to optimize permeability for migration (Fahrig 2013, 2019, Krosby et al. 2010). In Europe, such an ecological 
network can only be developed if forests of all tenure types can be included. Incentives for private, communal 
or municipal forest owners need to be provided to ensure the future development and adaptation of their 
forests occurs in support of such a biotope network. 
 

Landowner incentives  
Forest owners are key stakeholders for the restoration and conservation of forest biodiversity.  As well as the 
issue of capacity, a crucial question is what intrinsic motivation diverse European forest owners have to fully 
consider biodiversity conservation beyond the kind of biodiversity required for a healthy production forest. 
Satisfying additional biodiversity demands may lead to income losses, i.e. opportunity costs of foregoing 
profits in less diverse yet profitable systems through different choices of tree species, harvesting decisions, 
or the set-aside for conservation of old-growth. There may also be other provision costs, e.g. controlling 
access to the forestland for external agents potentially degrading biodiversity through signposting, fencing, 
or monitoring.   
 
Extrinsic incentives can cover these opportunity costs of biodiversity conservation measures. The classical 
tool is state subsidies for reforestation, which may require e.g. a certain level of tree species diversity. This 
has in recent decades been developed further into the concept of payments for environmental services (PES) 
to encourage forest owners to be proactive in enhancing forest biodiversity (Engel et al. 2008, Ferraro and 
Kiss 2002; Wunder and Wertz-Kanounnikoff 2009). PES has been applied in public PES schemes e.g. in China, 
Costa Rica, Ecuador, and Peru, and by private conservation NGOs and international organisations in North 
America and in the Global South (Barbier et al. 2018; Salzman et al. 2018). Impact evaluations have also 
shown that PES interventions globally seem to be successful (Wunder et al. 2020).  
 
In Europe, forest biodiversity PES schemes have been rare. We have seen more forest PES initiatives focused 
on watershed, landslide and avalanche protection (e.g. in Switzerland, Austria, Italy, Germany) (Viszlai et al. 
2016), whereas multiple experiences exist with the use of agri-environmental payments to safeguard 
biodiversity on private productive lands (Hanley and White 2014).  Good examples for PES for biodiversity, 
however, do exist, starting with smaller pilots like protecting ‘singular’ (old) forests in Catalonia, to larger 
programmes in Finland and Sweden, changing forest management towards greater provision of recreational 
and biodiversity-related benefits. For instance, the Forest Biodiversity Programme for Southern Finland 
(METSO)3 has paid compensations to voluntarily enrolled forest owners since 2008 to take concrete 
management measures to enhance biodiversity. METSO’s aim is to halt the ongoing decline in the biodiversity 
of forest habitats and species. By 2025, about 82,000 hectares of high-value forest habitats in private, 
commercially managed forests will be protected by fixed-term PES agreements.  
 
The way in which biodiversity PES contracts are allocated also matters for cost efficiency. A promising pilot 
has recently been carried out in Central Jutland, Denmark4, where PES contracts have been granted using 

 
3 https://www.metsonpolku.fi/en-US/METSO_Programme  
4https://sincereforests.eu/wp-content/uploads/2019/11/DenmarkCS_factsheet_SINCERE.pdf   

https://www.metsonpolku.fi/en-US/METSO_Programme


 

 

reverse auctions: landowners with the lowest bids offering their forests for specific conservation action will 
win the contract. In this way, more biodiversity benefits can be bought for each unit of taxpayer money. 
Similar voluntary competitive mechanisms to improve biodiversity protection outcomes through reverse 
auctions will be tested in Belgium5; both cases form part of the H2020 project SINCERE. 
 
At the EU level, dedicated funds for landowner incentives under Natura 2000, LIFE+, and Rural Development 
Programme have mostly been under-utilized, mainly due to landowner-perceived transaction costs and the 
bureaucratic difficulties of accessing them. A more extensive use of an EU-based forest PES scheme should 
be aimed for in the future, to encourage better forest management to control a range of threats to forest 
resilience, e.g. extreme forest wildfires, which in turn also threaten forest biodiversity.  
 
Beyond PES, other financing and incentive tools exist to enhance forest biodiversity. Forest certification, for 
example, aims to have final consumers pay price premiums to reward labelled producers undertaking 
biodiversity-friendly forest management. Another tool can be biodiversity offsets, which accept losses of 
biodiversity in a place of (high-value) economic development, but provide resources for compensatory 
biodiversity conservation and restoration in other sites (Vaissiere et al. 2020). Finally, green bonds are 
another tool for investors to pay for frontloaded forest management actions, which environmental service 
beneficiaries will pay back only later, but this tool has more been used for e.g. wildfire-preventing forest 
management, rather than directly focused on biodiversity actions (Ehlers and Packer 2017). 
  

 
5 https://sincereforests.eu/reverseauction/ 



 

 

Selected Literature 
Aggestam, F., Konczal, A., Sotirov, M. et al. 2020. Can nature conservation and wood production be reconciled 

in managed forests? A review of driving factors for integrated forest management in Europe. Journal of 
Environmental Management, 268, 110670. https://doi.org/10.1016/j.jenvman.2020.110670 

Alberdi, I., Nunes, L., Kovac, M. et al. 2019. The conservation status assessment of Natura 2000 forest habitats 
in Europe: capabilities, potentials and challenges of national forest inventories data. Annals of Forest 
Science 76, 34. https://doi.org/10.1007/s13595-019-0820-4  

Alfaro, R. I., Fady, B., Vendramin, G. G. et al. 2014. The role of forest genetic resources in responding to biotic 
and abiotic factors in the context of anthropogenic climate change. Forest Ecology and Management, 
333, 76–87. https://doi.org/10.1016/j.foreco.2014.04.006 

Araujo M.B., Alagador D., Cabeza M., Nogues-Bravo D., Thuiller W. 2011. Climate change threatens European 
conservation areas. Ecology Letters 14, 484–492. https://doi.org/10.1111/j.1461-0248.2011.01610.x 

Barbier, E. B., Burgess, J. C., Dean, T. J. 2018. How to pay for saving biodiversity. Science, 360(6388), 486–
488. https://doi.org/10.1126/science.aar3454  

Barras, AG, Braunisch, V, Arlettaz, R. 2021. Predictive models of distribution and abundance of a threatened 
mountain species show that impacts of climate change overrule those of land use change. Diversity and 
Distributions, 27: 989– 004. https://doi.org/10.1111/ddi.13247 

Barredo Cano, J.I., Brailescu, C., Teller, A., Sabatini, F.M., Mauri, A., Janouskova, K. 2021. Mapping and 
assessment of primary and old-growth forests in Europe. Publications Office of the European Union, 
Luxembourg. https://doi.org/10.2760/13239  

Bässler, C., Hothorn, T., Brandl, R., Müller, J. 2013. Insects overshoot the expected upslope shift caused by 
climate warming. Plos One, 8(6), e65842. https://doi.org/10.1371/journal.pone.0065842 

Bauhus J., Kouki, J., Paillet, Y., Asbeck, T., Marchetti, M. 2017. How does the forest-based bioeconomy impact 
forest biodiversity? In: Winkel, G. (ed.) Towards a sustainable European forest-based bioeconomy – 
assessment and the way forward. What Science Can Tell Us 8, European Forest Institute, Pp. 67–76. 

Bauhus, J., Puettmann, K.J., Kuehne, C. 2013. Close-to-nature forest management in Europe: does it support 
complexity and adaptability of forest ecosystems? In: Messier, C., Puettmann, K.J., Coates, K.D. (eds.). 
Managing Forests as Complex Adaptive Systems: building resilience to the challenge of global change. 
Routledge. Pp. 187–213. https://doi.org/10.4324/9780203122808 

Bengtsson, J., Angelstam, P., Elmqvist, T., Emanuelsson, U., Folke, C., Ihse, M., Moberg, F. Nyström, M. 2003. 
Reserves, resilience and dynamic landscapes. Ambio 32: 389–396. https://doi.org/10.1579/0044-7447-
32.6.389  

Bengtsson, J., Nilsson, S.G., Franc, A., Menozzi, P. 2000. Biodiversity, disturbances, ecosystem function and 
management of European forests. Forest Ecology and Management, 132(1), 39–50. 
https://doi.org/10.1016/S0378-1127(00)00378-9  

Blondeel, H., Perring, M. P., Depauw, L., De Lombaerde, E., Landuyt, D., De Frenne, P., Verheyen, K. 2020. 
Light and warming drive forest understorey community development in different environments. Global 
change biology, 26(3), 1681–1696. https://doi.org/10.1111/gcb.14955 

https://doi.org/10.1007/s13595-019-0820-4
https://doi.org/10.1016/j.foreco.2014.04.006
https://doi.org/10.1111/j.1461-0248.2011.01610.x
https://doi.org/10.1126/science.aar3454
https://doi.org/10.1111/ddi.13247
https://doi.org/10.2760/13239
https://doi.org/10.1371/journal.pone.0065842
https://doi.org/10.4324/9780203122808
https://doi.org/10.1579/0044-7447-32.6.389
https://doi.org/10.1579/0044-7447-32.6.389
https://doi.org/10.1016/S0378-1127(00)00378-9
https://doi.org/10.1111/gcb.14955


 

 

Bouget, C., Lassauce, A., Jonsell, M. 2012. Effects of fuelwood harvesting on biodiversity – a review focused 
on the situation in Europe. Canadian Journal of Forest Research 42: 1421–1432. doi:10.1139/X2012-078 

Bozzano, M., Jalonen, R., Thomas, E., Boshier, D., Gallo, L., Cavers, S., Bordács, S., Smith, P. Loo, J. (eds.) 2014. 
Genetic considerations in ecosystem restoration using native tree species. State of the World’s Forest 
Genetic Resources – Thematic Study. Rome, FAO and Bioversity International. 

Braunisch, V., Roder, S., Coppes, J., Froidevaux, J. S., Arlettaz, R., Bollmann, K. 2019. Structural complexity in 
managed and strictly protected mountain forests: Effects on the habitat suitability for indicator bird 
species. Forest Ecology and Management, 448, 139–149. https://doi.org/10.1016/j.foreco.2019.06.007   

Butterfield, B.J., Copeland, S.M., Munson, S.M., Roybal, C.M. and Wood, T.E. 2017. Prestoration: using species 
in restoration that will persist now and into the future. Restoration Ecology, 25: S155–S163. 
https://doi.org/10.1111/rec.12381 

Campagnaro, T., Brundu, G., Sitzia, T. 2018. Five major invasive alien tree species in European Union forest 
habitat types of the Alpine and Continental biogeographical regions. Journal for Nature Conservation, 
43, 227–238. https://doi.org/10.1016/j.jnc.2017.07.007 

de Groot, M., Eler, K., Flajšman, K., et al. 2016. Differential short-term response of functional groups to a 
change in forest management in a temperate forest. For. Ecol. Manage. 376, 256–264. 
https://doi.org/10.1016/j.foreco.2016.06.025 

De Vries, S., Alan, M., Bozzano, M., Burianek, V., Collin, E., Cottrell, J. Ivankovic, M., Kelleher, C., Koskela, J., 
Rotach, P., Vietto, L., Yrjänä, L. 2015. Pan-European strategy for genetic conservation of forest trees and 
establishment of a core network of dynamic conservation units. European Forest Genetic Resources 
Programme (EUFORGEN), Bioversity International, Italy. 

Dirnböck, T., Pröll, G., Austnes, K., et al. 2018. Currently legislated decreases in nitrogen deposition will yield 
only limited plant species recovery in European forests. Environmental research letters, 13(12), 125010. 
https://doi.org/10.1088/1748-9326/aaf26b  

Dullinger, S., Dendoncker, N., Gattringer, A., Leitner, M., Mang, T., Moser, D., Mücher, C.A., Plutzar, C., 
Rounsevell, M., Willner, W., Zimmermann, N.E., Hülber, K. 2015. Modelling the effect of habitat 
fragmentation on climate-driven migration of European forest understorey plants. Diversity and 
Distributions, 21: 1375–1387. https://doi.org/10.1111/ddi.12370 

Dvořák, D., Vašutová, M., Hofmeister, J., Beran, M., Hošek, J., Běťák, J., Burel, J., & Deckerová, H. 2017. 
Macrofungal diversity patterns in central European forests affirm the key importance of old-growth 
forests. Fungal Ecology, 27, 145–154. https://doi.org/10.1016/j.funeco.2016.12.003  

EEA 2018. Forest dynamics in Europe and their ecological consequences. Briefing no. 16/2018. 

EEA 2020. State of nature in the EU. Results from reporting under the nature directives 2013–2018.  

Ehlers, T. and Packer, F. 2017. Green Bond Finance and Certification, BIS Quarterly Review, September. 
https://ssrn.com/abstract=3042378  

Eichenberg, D., Bowler, D.E., Bonn, A., Bruelheide, H., Grescho, V., Harter, D., Jandt, U., May, R., Winter, M., 
Jansen, F. 2021. Widespread decline in Central European plant diversity across six decades. Global 
Change Biology, 27(5), 1097–1110. https://doi.org/10.1111/gcb.15447  

https://doi.org/10.1016/j.foreco.2019.06.007
https://doi.org/10.1111/rec.12381
https://doi.org/10.1111/rec.12381
https://doi.org/10.1016/j.jnc.2017.07.007
https://doi.org/10.1088/1748-9326/aaf26b
https://doi.org/10.1111/ddi.12370
https://doi.org/10.1016/j.funeco.2016.12.003
https://ssrn.com/abstract=3042378
https://doi.org/10.1111/gcb.15447


 

 

Eliades, N. G. H., Gailing, O., Leinemann, L., Fady, B., Finkeldey, R. 2011. High genetic diversity and significant 
population structure in Cedrus brevifolia Henry, a narrow endemic Mediterranean tree from Cyprus. 
Plant Systematics and Evolution, 294(3), 185–198. https://doi.org/10.1007/s00606-011-0453-z 

Ellis, EC., Gauthier, N., Goldewijk, KK., et al. 2021. People have shaped most of terrestrial nature for at least 
12,000 years. Proceedings of the National Academy of Sciences 118, no. 17. 
https://doi.org/10.1073/pnas.2023483118  

Engel, S., Pagiola, S., Wunder, S. 2008. Designing payments for environmental services in theory and practice: 
an overview of the issues. Ecological Economics, 65(4), 663–675. 
https://doi.org/10.1016/j.ecolecon.2008.03.011 

Erichsen, E. O., Budde, K. B., Sagheb-Talebi, K., Bagnoli, F., Vendramin, G. G., Hansen, O. K. 2018. Hyrcanian 
forests – Stable rear-edge populations harbouring high genetic diversity of Fraxinus excelsior, a common 
European tree species. Diversity and Distributions, 24(11), 1521–1533. 
https://doi.org/10.1111/ddi.12783 

Fahrig, L. (2001). How much habitat is enough? Biological conservation, 100(1), 65-74. 

Fahrig, L. 2013. Rethinking patch size and isolation effects: the habitat amount hypothesis. Journal of 
Biogeography 40, 1649–1663. https://doi.org/10.1111/jbi.12130 

Fahrig, L. 2019. Habitat fragmentation: A long and tangled tale. Global Ecology and Biogeography, 28, 33–41. 
https://doi.org/10.1111/geb.12839 

Ferraro, P. and Kiss, A. 2002. Direct payments to conserve biodiversity. Science, 298, 1718–1719. 
https://doi.org/10.1126/science.1078104 

FOREST EUROPE, 2020. State of Europe’s Forests 2020. 

Freer-Smith, P., Muys, B., Bozzano, M., Drössler, L., Farrelly, N., Jactel, H., Korhonen, J., Minotta, G., Nijnik, 
M. and Orazio, C. 2019. Plantation forests in Europe: challenges and opportunities. From Science to 
Policy 9. European Forest Institute. https://doi.org/10.36333/fs09 

Fuchs, D., Hänel, K., Jeßberger, J., Lipski, A., Reck, H., Reich, M., Sachtleben, J., Finck, P., Riecken, U. 2007. 
National bedeutsame Flächen für den Biotopverbund. Natur und Landschaft, 82 (8): 345–352. 

Fuchs, D., Hänel, K., Lipski, A., Reich, M., Finck, P., Riecken, U. 2010. Länderübergreifender Biotopverbund in 
Deutschland. Grundlagen und Fachkonzept. Ergebnisse aus den Forschungs- und Entwicklungsvorhaben 
”Länderübergreifende Achsen des Biotopverbunds“ (FKZ 804 85 005) und ”Biotopverbundachsen im 
europäischen Kontext“ (FKZ 08 85 0400) im Auftrag des Bundesamtes für Naturschutz, Naturschutz und 
Biologische Vielfalt 96. 

Gossner, M. M., Floren, A., Weisser, W. W., & Linsenmair, K. E. 2013. Effect of dead wood enrichment in the 
canopy and on the forest floor on beetle guild composition. Forest Ecology and Management, 302, 404–
413. https://doi.org/10.1016/j.foreco.2013.03.039 

Gömöry, G., Himanen, K., Tollefsrud, M. et al. 2021. Genetic aspects in production and use of forest 
reproductive material: Collecting scientific evidence to support the development of guidelines and 
decision support tools. European Forest Genetic Resources Programme (EUFORGEN), European Forest 
Institute. 216 p. 

https://doi.org/10.1007/s00606-011-0453-z
https://doi.org/10.1016/j.ecolecon.2008.03.011
https://doi.org/10.1016/j.ecolecon.2008.03.011
https://doi.org/10.1111/ddi.12783
https://doi.org/10.1111/ddi.12783
https://doi.org/10.1111/jbi.12130
https://doi.org/10.1111/geb.12839
https://doi.org/10.1111/geb.12839
https://doi.org/10.1126/science.1078104
https://doi.org/10.36333/fs09


 

 

Graveland, J., Van Der Wal, R., Van Balen, J. H., Van Noordwijk, A. J. 1994. Poor reproduction in forest 
passerines from decline of snail abundance on acidified soils. Nature, 368(6470), 446–448. 
https://doi.org/10.1038/368446a0  

Hanley, N., and White, B. 2014. Incentivizing the provision of ecosystem services. International Review of 
Environmental and Resource Economics, 7(3–4), 299–331. https://doi.org/10.1561/101.00000064 

Haslett, J. R., Berry, P. M., Bela, G., Jongman, R. H., Pataki, G., Samways, M. J., & Zobel, M. 2010. Changing 
conservation strategies in Europe: a framework integrating ecosystem services and dynamics. 
Biodiversity and Conservation, 19(10), 2963-2977. 

Hermy, M., Honnay, O., Firbank, L., Grashof-Bokdam, C., Lawesson, J.E. 1999. An ecological comparison 
between ancient and other forest plant species of Europe, and the implications for forest conservation. 
Biological Conservations 91: 9–22. https://doi.org/10.1016/S0006-3207(99)00045-2 

Hilmers, T, Friess, N, Bässler, C, et al. 2018. Biodiversity along temperate forest succession. Journal of Applied 
Ecology, 55: 2756–2766. https://doi.org/10.1111/1365-2664.13238 

Hoffmann, S., Irl, S.D.H., Beierkuhnlein, C. 2019. Predicted climate shifts within terrestrial protected areas 
worldwide. Nature Communications 10, 4787. https://doi.org/10.1038/s41467-019-12603-w 

Hole, D. G., Willis, S. G., Pain, D. J., et al. 2009. Projected impacts of climate change on a continent-wide 
protected area network. Ecology Letters, 12(5), 420–431. https://doi.org/10.1111/j.1461-
0248.2009.01297. 

Hulme, P. E. 2021. Unwelcome exchange: International trade as a direct and indirect driver of biological 
invasions worldwide. One Earth, 4(5), 666–679. https://doi.org/10.1016/j.oneear.2021.04.015 

Hultberg, T., Sandström, J., Felton, A., Öhman, K., Rönnberg, J., Witzell, J., Cleary, M. 2020. Ash dieback risks 
an extinction cascade. Biological Conservation, 244, 108516. 
https://doi.org/10.1016/j.biocon.2020.108516 

IPBES 2018. The IPBES regional assessment report on biodiversity and ecosystem services for Europe and 
Central Asia. Rounsevell, M., Fischer, M., Torre-Marin Rando, A., Mader, A. (eds.). Secretariat of the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, Germany.  

IPBES 2019. Summary for policymakers of the global assessment report on biodiversity and ecosystem 
services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. S. 
Díaz, J. Settele, E. S. Brondízio E.S., et al. (eds.). IPBES secretariat, Bonn, Germany.  

Janssen, P., Bergès, L., Fuhr, M., Paillet, Y. 2019. Do not drop OLD for NEW: conservation needs both forest 
continuity and stand maturity. Frontiers in Ecology and the Environment, 17(7), 370–371. 
https://doi.org/10.1002/fee.2086 

Jongman, R. H., Külvik, M., Kristiansen, I. 2004. European ecological networks and greenways. Landscape and 
urban planning, 68(2–3), 305–319. https://doi.org/10.1016/S0169-2046(03)00163-4  

Krosby M, Tewksbury J, Haddad NM, Hoekstra J. 2010. Ecological Connectivity for a Changing Climate: 
Ecological Connectivity. Conservation Biology. 24(6):1686–9x 

https://doi.org/10.1038/368446a0
https://doi.org/10.1561/101.00000064
https://doi.org/10.1016/S0006-3207(99)00045-2
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.1038/s41467-019-12603-w
https://doi.org/10.1016/j.oneear.2021.04.015
https://doi.org/10.1016/j.biocon.2020.108516
https://doi.org/10.1002/fee.2086
https://doi.org/10.1002/fee.2086
https://doi.org/10.1016/S0169-2046(03)00163-4


 

 

Krumm F. and Vitková L. (eds.). 2016. Introduced tree species in European forests: opportunities and 
challenges. European Forest Institute. 

Krumm, F., Schuck, A., Kraus, D. 2013. Integrative management approaches: a synthesis. In: IN FOCUS – 
Managing Forests in Europe: ‘Integrative approaches as an opportunity for the conservation of forest 
biodiversity’. Kraus, D. and Krumm, F.(eds.). European Forest Institute. Pp. 256–262.  

Krumm, F., Schuck, A., Rigling, A. (eds). 2020. How to balance forestry and biodiversity conservation – A view 
across Europe. European Forest Institute (EFI); Swiss Federal Institute for Forest, Snow and Landscape 
Research (WSL), Birmendorf.  

Kunz J., Löffler G., Bauhus J. 2018. Minor European broadleaved tree species are more drought-tolerant than 
Fagus sylvatica but not more tolerant than Quercus petraea. Forest Ecology and Management 414, 15–
27. https://doi.org/10.1016/j.foreco.2018.02.016  

Maes, J., Teller, A., Erhard, M., et al. 2020. Mapping and Assessment of Ecosystems and their Services: An EU 
ecosystem assessment, EUR 30161 EN, Publications Office of the European Union, Ispra. 

Mölder, A., Schmidt, M., Engel, F., Schönfelder, E., & Schulz, F. 2015. Bryophytes as indicators of ancient 
woodlands in Schleswig-Holstein (Northern Germany). Ecological Indicators, 54, 12–30. 
https://doi.org/10.1016/j.ecolind.2015.01.044 

Müller, J. and Bütler, R. 2010 ‘A review of habitat thresholds for dead wood: A baseline for management 
recommendations in European forests’, European Journal of Forest Research, 129(6), pp. 981–992. doi: 
10.1007/s10342-010-0400-5. 

Neff, F., Brändle, M., Ambarlı, D., Ammer, C., Bauhus, J., Boch, S., Hölzel, N., Klaus, V.H., Kleinebecker, T., 
Prati, D., Schall, P., Schäfer, D., Schulze, E., Seibold, S., Simons, N.K., Weisser, W.W., Pellissier, L., Gossner, 
M.M. 2021. Changes in plant-herbivore network structure and robustness along land-use intensity 
gradients in grasslands and forests. Science advances, 7(20), eabf3985. 
https://doi.org/10.1126/sciadv.abf3985  

Oettel, J. and Lapin, K. 2021. Linking forest management and biodiversity indicators to strengthen sustainable 
forest management in Europe. Ecological Indicators 122 (2021): 107275. 
https://doi.org/10.1016/j.ecolind.2020.107275 

Perhans, K., Gustafsson, L., Jonsson, F., Nordin, U., & Weibull, H. 2007. Bryophytes and lichens in different 
types of forest set-asides in boreal Sweden. Forest Ecology and Management, 242(2–3), 374–390. 
https://doi.org/10.1016/j.foreco.2007.01.055 

Petermann, J. S., Roberts, A. L., Hemmerling, C., Bajerski, F., Pascual, J., Overmann, J., Weisser, W. W., Ruess, 
L., & Gossner, M. M. 2020. Direct and indirect effects of forest management on tree-hole inhabiting 
aquatic organisms and their functional traits. Science of the Total Environment, 704, 135418. 
https://doi.org/10.1016/j.scitotenv.2019.135418 

Petermann, J. S., Rohland, A., Sichardt, N., Lade, P., Guidetti, B., Weisser, W. W., & Gossner, M. M. 2016. 
Forest management intensity affects aquatic communities in artificial tree holes. PLoS ONE, 11(5). 
https://doi.org/10.1371/journal.pone.0155549 

https://doi.org/10.1016/j.foreco.2018.02.016
https://doi.org/10.1126/sciadv.abf3985


 

 

Pötzelsberger, E., Schuck, A., den Herder, M. 2021. How does forest management affect biodiversity? In: 
Mauser, H (ed). 2021. Key questions on forests in the EU. Knowledge to Action 4, European Forest 
Institute. https://doi.org/10.36333/k2a04 

Pötzelsberger, E., Spiecker, H., Neophytou, C., Mohren, F., Gazda, A., Hasenauer, H. 2020. Growing Non-
native Trees in European Forests Brings Benefits and Opportunities but Also Has Its Risks and Limits. 
Current Forestry Reports, 6, 339–353. https://doi.org/10.1007/s40725-020-00129-0 

Ricotta, C., Carboni, M., & Acosta, A. T. R. 2015. Let the concept of indicator species be functional! Journal of 
Vegetation Science, 26(5), 839–847. https://doi.org/10.1111/jvs.12291 

Rivers, M.C., Beech, E., Bazos, I. et al. 2019 European Red List of Trees. Cambridge, UK and Brussels, Belgium: 
IUCN. 

Robledo-Arnuncio J.J., Alía R., Gil L. 2004. High levels of genetic diversity in a long-term European glacial 
refugium of Pinus sylvestris L. Forest Genetics 11(3): 239–248. 

Rosenzweig, C. et al. 2007.) Assessment of observed changes and responses in natural and managed systems. 
In: Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working GroupII to the 
Fourth Assessment Report of the Intergovernmental Panel onClimate Change. Parry, M.L. et al. (eds). 
Cambridge University Press. Pp. 79–131 

Sabatini, F.M., Burrascano, S., Keeton, W.S., Levers, C., Lindner, M., Pötzschner, F., et al. 2018. Where are 
Europe’s last primary forests? Diversity and Distributions 24(10), 1426–1439. 
https://doi.org/10.1111/ddi.12778 

Sabatini, F.M., de Andrade, R.B., Paillet, Y. et al. Trade-offs between carbon stocks and biodiversity in 
European temperate forests. Global Change Biology 25: 536–548. https://doi.org/10.1111/gcb.14503 

Sabatini, F.M., Keeton, W.S., Lindner, M. et al. Protection gaps and restoration opportunities for primary 
forests in Europe. Diversity and Distributions 26,1646–1662. https://doi.org/10.1111/ddi.13158 

Salzman, J., Bennett, G., Carroll, N., Goldstein, A., Jenkins, M. 2018. The global status and trends of Payments 
for Ecosystem Services. Nature Sustainability, 1(3), 136–144. https://doi.org/10.1038/s41893-018-0033-
0  

Schall, P., Gossner, M.M., Heinrichs, S., Fischer, M., Boch, S., Prati, D., Jung, K., Baumgartner, V., Blaser, S., 
Böhm, S., Buscot, F., Daniel, R., Goldmann, K., Kaiser, K., Kahl, T., Lange, M., Müller, J., Overmann, J., 
Renner, S.C., Schulze, E.D., Sikorski, J., Tschapka, M., Türke, M., Weisser, W.W., Wemheuer, B., Wubet, 
T., Ammer, C. 2018. The impact of even-aged and uneven-aged forest management on regional 
biodiversity of multiple taxa in European beech forests. Journal of Applied Ecology 55, 267–278. 
https://doi.org/10.1111/1365-2664.12950 

Schuldt, B., Buras, A., Arend, M. et al. 2020. A first assessment of the impact of the extreme 2018 summer 
drought on Central European forests. Basic and Applied Ecology, 45, 86–103. 
https://doi.org/10.1016/j.baae.2020.04.003  

Seibold, S., Gossner, M.M., Simons, N.K. et al. 2019. Arthropod decline in grasslands and forests is associated 
with landscape-level drivers. Nature 574, 671–674. https://doi.org/10.1038/s41586-019-1684-3  

https://doi.org/10.36333/k2a04
https://doi.org/10.1007/s40725-020-00129-0
https://doi.org/10.1111/ddi.12778
https://doi.org/10.1111/ddi.12778
https://doi.org/10.1111/gcb.14503
https://doi.org/10.1111/ddi.13158
https://doi.org/10.1038/s41893-018-0033-0
https://doi.org/10.1038/s41893-018-0033-0
https://doi.org/10.1111/1365-2664.12950
https://doi.org/10.1111/1365-2664.12950
https://doi.org/10.1016/j.baae.2020.04.003
https://doi.org/10.1038/s41586-019-1684-3


 

 

Seidl, R., Klonner, G., Rammer, W., Essl, F., Moreno, A., Neumann, M., Dullinger, S. 2018. Invasive alien pests 
threaten the carbon stored in Europe’s forests. Nature Communications, 9(1), 1–10. 
https://doi.org/10.1038/s41467-018-04096-w  

Stokland, J. N., J. Siitonen, B. G. Jonsson. 2012. Biodiversity in dead wood. Cambridge University Press, 
Cambridge. 

Storch, F., Dormann, C. F., Bauhus, J. 2018 Quantifying forest structural diversity based on large-scale 
inventory data: a new approach to support biodiversity monitoring. Forest Ecosystems 5: 34. 
https://doi.org/10.1186/s40663-018-0151-1 

Storch, F., Kändler, G., Bauhus, J. 2019. Assessing the influence of harvesting intensities on structural diversity 
of forests in south-west Germany. Forest Ecosystems 6, 40, https://doi.org/10.1186/s40663-019-0199-
6 

Thomas, C. D., Cameron, A., Green, R. E., et al. 2004. Extinction risk from climate change. Nature, 427(6970), 
145-148. https://doi.org/10.1038/nature02121  

Vaissière, A.-C., Quétier, F., Calvet, C., Levrel, H., Wunder, S. 2020. Biodiversity offsets and payments for 
environmental services: Clarifying the family ties. Ecological Economics, 169, 106428. 
https://doi.org/10.1016/j.ecolecon.2019.106428  

Vanderwel, M. C., Malcolm, J. R., Smith, S. M., & Islam, N. 2006. Insect community composition and trophic 
guild structure in decaying logs from eastern Canadian pine-dominated forests. Forest Ecology and 
Management, 225(1–3), 190–199. https://doi.org/10.1016/j.foreco.2005.12.051 

Van Meerbeek, K., Muys, B., Schowanek, S. D., Svenning, J. C. 2019. Reconciling Conflicting Paradigms of 
Biodiversity Conservation: Human Intervention and Rewilding. BioScience, 69(12), 997–1007. 
https://doi.org/10.1093/biosci/biz106 

Varela, E., Pulido, F., Moreno, G., Zavala, M. Á. 2020. Targeted policy proposals for managing spontaneous 
forest expansion in the Mediterranean. Journal of Applied Ecology, 57(12), 2373–2380. 
https://doi.org/10.1111/1365-2664.13779 

Viszlai, I., et al. 2016. Payments for Forest Ecosystem Services. SWOT Analysis and Possibilities for 
Implementation. JRC Technical Reports. European Commission, Joint Research Center. Ispra, Italy.  

Vitasse, Y., Ursenbacher, S., Klein, G., et al. 2021. Phenological and elevational shifts of plants, animals and 
fungi under climate change in the European Alps. Biological Reviews. 

Willis, K. J. and Birks, H. J. B. 2006. What is natural? The need for a long-term perspective in biodiversity 
conservation. Science, 314(5803), 1261–1265.ge. https://doi.org/10.1126/science.1122667     

Wunder, S., and Wertz-Kanounnikoff, S. 2009. Payments for ecosystem services: a new way of conserving 
biodiversity in forests. Journal of Sustainable Forestry, 28(3), 576–596. 
https://doi.org/10.1080/10549810902905669 

Wunder, S., Börner, J., Ezzine-de-Blas, D., Feder, S., & Pagiola, S. (2020). Payments for Environmental 
Services: Past Performance and Pending Potentials. Annual Review of Resource Economics, 12(1), 209–
234. https://doi.org/10.1146/annurev-resource-100518-094206  

https://doi.org/10.1038/s41467-018-04096-w
https://doi.org/10.1186/s40663-018-0151-1
https://doi.org/10.1186/s40663-018-0151-1
https://doi.org/10.1186/s40663-019-0199-6
https://doi.org/10.1186/s40663-019-0199-6
https://doi.org/10.1038/nature02121
https://doi.org/10.1016/j.ecolecon.2019.106428
https://doi.org/10.1016/j.ecolecon.2019.106428
https://doi.org/10.1093/biosci/biz106
https://doi.org/10.1093/biosci/biz106
https://doi.org/10.1111/1365-2664.13779
https://doi.org/10.1111/1365-2664.13779
https://doi.org/10.1126/science.1122667
https://doi.org/10.1080/10549810902905669
https://doi.org/10.1080/10549810902905669
https://doi.org/10.1146/annurev-resource-100518-094206


 

 

Zeuss, D., Brandl, R., Brändle, M., Rahbek, C., Brunzel, S. 2014. Global warming favours light-coloured insects 
in Europe. Nature Communications, 5(1), 1–9. https://doi.org/10.1038/ncomms4874  

 
 
 

https://doi.org/10.1038/ncomms4874

	Introduction
	What do we know about the status of forest biodiversity?
	Reflections on forest biodiversity indicators

	What are the key factors affecting forest biodiversity?
	External pressures
	Forestry-related (internal) pressures

	What measures can we take?
	Targeted forestry measures
	Rethinking reserves
	Landowner incentives

	Selected Literature

