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Abstract

Accelerating biodiversity loss under intensifying climate and anthropogenic pres-
sures underscores the urgent need for forest biodiversity indicators than can assess
ecosystem status, pressures, and management responses. We reviewed national
forest and biodiversity reports from countries of the UNECE region, identifying 106
forest biodiversity indicators, many absent in international and national reporting
systems. Classification using the OECD Pressure-State-Response (PSR) framework re-
veals a clear dominance of State indicators (72%), while Response (18%) and Pressure
indicators (10%) are underrepresented. This limits the ability to trace causal chains
and assess management effectiveness. We assessed data accessibility using a stan-
dardised typology (from reported to deficient), finding relatively better coverage for
fragmentation, tree species diversity, native and introduced species, protected areas,
deadwood, and natural regeneration, but gaps for old-growth forests, habitat trees,
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and forest birds. High climate sensitivity was identified for 16 indicators responsive
to temperature and precipitation shifts, disturbance regimes, and habitat change. To
translate findings into practice, we propose a concise workflow for revising indicator
sets: identification of priorities of current EU policies, displaying causal-chains with
the PSR indicator category assignment to strengthen the Pressure and Response co-
verage, prioritisation of climate-sensitive indicators, data-availability screening, and
stakeholder co-design. Our findings support the Forest Europe indicator revision
process and provided a pool of additional and novel indicators for revising Austria’s
national biodiversity indicators. in Austria, ten of the twelve forest biodiversity in-
dicators were amended to include climate-sensitive sub-indicators, and three new
indicators were added (Forest birds, Habitat trees, Structural diversity). Strengthening
the coverage of Pressure and Response indicators, prioritising climate-sensitive in-
dicators and feeding predictive modelling with additional State indicators can shift
biodiversity monitoring from retrospective reporting to anticipatory, decision-sup-
portive management under accelerating climate change.

Zusammenfassung

Angesichts des zunehmenden Verlusts der biologischen Vielfalt durch den Klima-
wandel und anthropogene Einfliisse, ist die Erarbeitung effektiver Indikatoren zur
Bewertung des Zustands der biologischen Vielfalt der Walder sowie der Belastungen,
denen sie ausgesetzt sind, sowie der Gegenmalinahmen, unerlasslich. Wir haben na-
tionale Wald- und Biodiversitatsberichte aus Landern der UNECE-Region ausgewer-
tet und dabei 106 Indikatoren mit Waldbiodiversitatsbezug identifiziert, von denen
viele in internationalen und nationalen Berichtssystemen fehlen. Eine Klassifizierung
anhand des OECD-Belastung-Zustand-Reaktions-Ansatzes zeigt eine Dominanz von
Zustandsindikatoren (72 %), wahrend Reaktions- (18 %) und Belastungsindikatoren
(10 %) weniger haufig vorkommen. Dies schrankt die Moglichkeit ein, Kausalketten
nachzuvollziehen und die Wirksamkeit von BewirtschaftungsmaBnahmen zu bewer-
ten. Anhand einer standardisierten Typologie (von 6ffentlich zuganglich bis nicht
verfligbar) bewerteten wir die Datenverfiigbarkeit und stellten eine relativ bessere
Abdeckung bei Fragmentierung, Baumartenvielfalt, heimischen und nicht-heimi-
schen Arten, Schutzgebieten, Totholz und Naturverjiingung fest. Liicken bestehen
bei Altbestanden, Habitatbdumen und Waldvégeln. Eine hohe Klimasensitivitat wur-
de fur 16 Indikatoren festgestellt, die auf Temperatur- und Niederschlagsveranderun-
gen, Schadereignisse und Lebensraumveranderungen reagieren. Zur Umsetzung der
Ergebnisse in die Praxis, schlagen wir folgenden Ablauf zur Uberarbeitung von In-
dikatorensystemen vor: Identifizierung von EU- oder nationalen Zielen, Darstellung
von Kausalzusammenhdngen, um insbesondere die Anteile von Belastungs- und
Reaktionsindikatoren zu erhéhen, Priorisierung klimawandelempfindlicher Indika-
toren, Uberpriifung der Datenverfiigbarkeit und partizipative Erarbeitung. Unsere
Ergebnisse flossen in den Prozess zur Uberarbeitung der Forest Europe Indikatoren
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ein und dienten als Grundlage fiir zusitzliche Indikatoren im Uberarbeitungsprozess
der &sterreichischen Waldbiodiversitatsindikatoren. In Osterreich wurden zehn der
zwolf Biodiversitatsindikatoren um klimawandelempfindliche Parameter erganzt
und es wurden drei neue Indikatoren hinzugefiigt (Waldvogel, Habitatbaume, Struk-
turvielfalt). Insgesamt kann die starkere Integration von Belastungs- und Reaktions-
indikatoren, sowie die Priorisierung klimawandelempfindlicher Indikatoren und die
Integration zusatzlicher, neuer Zustandsindikatoren in Modellen dazu beitragen, das
Biodiversitatsmonitoring von einer riickblickenden Berichterstattung hin zu einer
proaktiven Entscheidungshilfe zu entwickeln.

1 Introduction

Biodiversity in forest ecosystems is changing due to a variety of impacts, including
climate change, large-scale forest damages, deforestation, reforestation and land-
use change (Balvanera et al., 2014; Pilotto et al., 2020). Through shifts in precipitation
patterns and rising temperatures, climate change alters the distribution and abun-
dance of species in forest ecosystems. Some species move to higher elevations and
latitudes, while others face population declines or local extinction as they struggle
to survive in their current range (Clark et al., 2011; Moore & Lauenroth, 2017; Pear-
ce-Higgins et al,, 2015). Land use changes and habitat degradation often lead to a
decline in habitat quality by reducing and fragmenting habitats (IPBES, 2019). This
can disrupt ecosystems and limit the range of species that can succeed in these areas.
The introduction of non-native species also alters the composition of forest-dwelling
species, contributing to a decline in biodiversity. These impacts are all complex and
often interrelated, which impede their monitoring and assessment.

In response to these challenges, forest biodiversity indicators have gained renewed
attention in research and policy debates as essential tools for monitoring ecosystem
dynamics, assessing pressures, and informing sustainable forest management stra-
tegies (Lier et al., 2020, 2021; Linser, 2024; Oettel & Lapin, 2021; Paillet et al., 2024).
Political decision-makers are increasingly requesting improved forest biodiversity
indicators to support responses to new and emerging needs, including climate and
biodiversity emergencies (CBD, 2020; FAQO, 2022; Forest Europe, 2020; IPBES, 2019).
The necessity for biodiversity indicators to address the present biodiversity challen-
ges is a central part of global, regional or national biodiversity-related strategies such
as the Convention on Biological Diversity post-2020 global biodiversity framework
and the European Union Green Deal. The endeavours to develop appropriate biodi-
versity indicators and alignment to the above-mentioned and other international ins-
truments such as the Paris Agreement, and the UN Decade on Ecosystem Restoration,
are major reasons for the renewed interest in forest biodiversity indicators. Coheren-
ce with the main international goals, such as the Global Forest Goals, the Sustaina-
ble Development Goals, Aichi-Targets, Forest Europe Oslo Goals & Targets, the Global
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Core Set of Forest-related Indicators and the EU forest biodiversity-related Strategies
and Regulations is likewise needed. For instance, only about two-thirds of all the ob-
jectives and commitments identified in the New EU Forest Strategy for 2030 can be
monitored at least partially by the Forest Europe indicators. New indicators must be
developed for the remaining third. Several of the Forest Europe indicators are not
linked to the New EU Forest Strategy for 2030, and some are only weakly linked to
the policy issues that it addresses (Lier et al., 2021). A comparison of Lier et al. (2022)
shows significant differences between the vision of sustainable forest management
formulated in the Forest Europe indicator set and the scope of the objectives and
commitments in the New EU Forest Strategy for 2030. Particularly, the forest poli-
cy concerns reflected in the strategy address some biodiversity related issues, which
cannot be monitored or only partially by the Forest Europe indicators, for instance
protecting EU’s last remaining primary and old-growth forests or plant 3 billion ad-
ditional trees. In other forest-related indicator processes like the Montreal Process or
the International Tropical Timber Organization, and in other countries outside Europe
like Canada and USA, biodiversity assessment is likewise a major focus. By adapting
and amending forest biodiversity indicators, we can align our monitoring and assess-
ment frameworks with related global commitments, fostering accountability and fa-
cilitating the implementation of targeted conservation and management strategies.

Biodiversity monitoring in forests is complex and requires the selection of feasible, re-
liable, and replicable indicators based on the availability of data and the expected en-
vironmental changes (Gao et al., 2015; Hill et al., 2019). Common indicators of forest
biodiversity include deadwood, forest structure and tree diversity (Oettel & Lapin,
2021). Data for these indicators rely primarily on national forest inventories, desig-
ned to provide comprehensive information about the forest ecosystem, in order to
support forest management decisions and resources assessments (Chirici et al., 2011;
Winter et al., 2008). Less frequently applied in national biodiversity monitoring are in-
dicators, which describe the status or richness of taxonomic groups or species (Oettel
& Lapin, 2021). Species-driven indicators are used to measure and assess biodiversity,
as well as changes in species populations over time. Examples of indicators inclu-
de species richness, abundance, diversity, rarity, and vulnerability. These indicators
provide insights into the impacts of environmental changes on species populations
and can inform conservation strategies and management interventions. They also
capture responses to management actions (e.g., harvesting regimes, habitat restora-
tion, invasive species control, protected areas), allowing evaluation of management
effectiveness (Butchart et al., 2010; Leung & Gonzalez, 2024; Portaccio et al., 2026).

The selection of indicators for forest biodiversity monitoring depends on the objec-
tives of the monitoring program as well as the characteristics of the forest ecosystem
being monitored. Previous studies have emphasised the importance of considering
the various components of biodiversity and the range of available indicators with
which to measure them (Linser, 2024; Linser & Wolfslehner, 2015; Oettel & Lapin,
2021). Furthermore, the selection of indicators should be informed by the available
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data sources, human and financial resources, and the selection of indicators should
be tailored to the specific context of the monitoring program. However, data availabi-
lity, access to data, and technological know-how are limiting factors for its selection.
Forest biodiversity indicators are particularly weak regarding data availability and
quality (Lier et al., 2020; Linser, 2024).

In parallel, recent advances in scientific knowledge and geospatial technologies have
opened up novel opportunities for the assessment and monitoring of forest biodi-
versity (Pettorelli et al., 2024). High-resolution remote sensing and related geospatial
data provide more precise, scalable, and timely information on forest composition,
structure, and function, enabling improved indicator development, assessment, and
reporting (Calders et al., 2020; Latifi & Valbuena, 2019; Phiri et al., 2020; Stevenson et
al., 2024; Tariq et al., 2023). Prioritising indicators that can be feasibly assessed with
these technologies strengthens evidence-based decision-making and accelerates ef-
fective conservation and sustainable management.

With the increasing threat of climate change leading to increased forest damage, spe-
cies loss and habitat change, society is placing new and complex demands on forests
(Prins et al., 2023). Ambitions raised, also because of the Aichi Biodiversity Targets - part
of the Convention on Biological Diversity’s Strategic Plan for Biodiversity 2011-2020
(CBD, 2010) - which called for, among other goals, reducing habitat loss (Target 5),
ensuring sustainable management of all forests (Target 7), expanding effectively ma-
naged protected areas (Target 11), preventing extinctions (Target 12), and restoring
degraded ecosystems (Target 15). These commitments have sharpened the focus of
policy instruments on reversing biodiversity loss and protecting the remaining prima-
ry and old-growth forests. Building on this, the Kunming-Montreal Global Biodiversity
Framework (CBD, 2022) now succeeds the Aichi Targets and maintains - and in places
strengthens - these ambitions through 2030, underscoring the need to further deve-
lop forest biodiversity indicators to adequately address these challenges.

The aim of this study is to support high-level decision-making on forest biodiversity
in the UNECE region by systematically exploring the breadth of forest biodiversity
indicators used in national reporting and identifying those most sensitive to climate
change. This work addresses the need for indicators that can monitor biodiversity
during climate emergencies, capture rapid ecological responses, and inform time-
sensitive conservation decisions under accelerating environmental change.

Our focus aligns with international commitments - including Forest Europe’s Vienna
Resolution 5, Madrid Ministerial Resolution 2, Bratislava Ministerial Resolution, and
Bonn Ministerial Decision - which highlight the twin challenges of biodiversity loss
and climate change (Forest Europe, 2021).

The Montréal Process likewise emphasises integrating climate change into biodi-
versity conservation (Montréal Process Working Group, 2023), by providing strong
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justifications for prioritizing climate-sensitive biodiversity indicators. Specifically, we
address the following research questions:

(1) Can the observation of forest biodiversity status and trends be improved by incor-
porating novel, so far not widely used indicators identified across UNECE count-
ries?

(2) Which criteria should guide indicator selection to enhance forest biodiversity mo-
nitoring under emerging climate change?

2 Methods
2.1 Study area

The study covers the 56 Member States of the United Nations Economic Commission
for Europe (UNECE), which together comprise 1714 million hectares of forest, 42.5%
of the global forest area. Spanning the temperate and boreal biomes of North Ameri-
ca, Europe, the Caucasus, Central Asia, and the Russian Federation, the region exhibits
ecological, climatic, and socio-economic diversity (UNECE, 2025). Forest covers 39%
of the region’s land area, though forest cover ranges from 74% in Finland, to less than
one per cent in Malta, Kazakhstan and Iceland and no forest area in Monaco. Over the
past three decades, forest area in the UNECE region increased by 60 million hectares.
Boreal forests cover 65% of the region’s forest area. Temperate forests account for
28%. Sub-tropical forests account for the remaining 7%. The United States of Ameri-
ca, Canada and the Russian Federation together account for 86% of all forest area in
the UNECE region.

UNECE countries produce 55% of the world’s industrial roundwood and provide 60%
of the global export value of wood-based products. 8 % of forest area, or 317 million
hectares, are located within legally protected areas (UNECE, 2025).

2.2 Compilation of forest biodiversity indicators

We conducted a structured review to identify and document forest biodiversity-re-
lated indicators monitored and reported by countries in the UNECE region. Informa-
tion was compiled through two complementary approaches: we surveyed national
correspondents for Forest Europe and for the FAO/UNECE forest data reporting, as
well as members of the FAO/UNECE Team of Specialists on Monitoring Sustainable
Forest Management, ensuring that we approached at least one contact person in
each UNECE country. Monaco was excluded a priori because it has no forest area.
Although initiated to inform the revision of the Forest Europe and Austrian forest
biodiversity indicators, the scope was expanded to cover all UNECE countries to en-
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hance the comparability of countries with mainly temperate and boreal forest eco-
systems in the Northern Hemisphere. The aim was also to capture the recent revisions
in North American countries and to include new indicator sets developed in the Cau-
casus and in Central Asia (Linser & O’Hara, 2019; Otrakcier et al., 2023). This ensured
a comprehensive, region-wide evidence base. We included national-level documents
and data portals that report forest biodiversity indicators, specifically national forest
inventory reports, national reports on indicators for sustainable forest management,
national forest strategies with indicator sets, forestry statistics yearbooks and offi-
cial open-data portals, national biodiversity or state-of-environment reports where
forest indicators are reported, and internationally coordinated reports. 73% of the
national correspondents provided relevant reports and official links to databases.
For non-responding countries, we conducted a standardized web search of official
government or mandated agency sites (ministries, forest or environment agencies,

"

statistical offices) using English and national-language keywords combining “forest,
“biodiversity,”“indicator(s)," “sustainable forest management,’ and “national forest in-
ventory.” Because national reporting systems across the UNECE region vary substan-
tially, we applied specific rules to handle differences in language, reporting years, and

data completeness:

« Language: Sources in national languages were translated either by the national
correspondents themselves or via machine translation by the authors, which was
subsequently verified by correspondents where possible. All indicator names
were standardised into English.

« Reporting years: To address temporal discrepancies between national reporting
cycles, we prioritised the most recent edition whenever multiple editions existed.
Where multiple national sources reported overlapping indicators, we prioritized
the most authoritative documents (e.g., official NFl reports).

- Completeness: To manage varying levels of detail and gaps in national reporting,
we triangulated national data with regional reports, such as the State of Europe’s
Forests 2020. Data analysis involved a systematic investigation of national data-
bases and open-data portals using R programming. Indicators were then classified
into a six-tier data accessibility typology (from,reported’ to,deficient; see Figure 5)
to account for varying completeness and accessibility, ultimately identifying mo-
nitoring gaps and data needs for future climate scenarios.

We recorded the title, measurement unit and data source for each extracted indica-
tor. In total, we identified 110 indicators (including 4 indices) monitored and reported
by UNECE countries (see Supplementary Material A and B for the sources screened
and the list of indicators).
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Figure 1: Number of forest biodiversity indicators reported by each UNECE country. Countries outside the
UNECE or without forest cover are shown in grey.

Abbildung 1: Anzahl der von jedem UNECE-Land berichteten Waldbiodiversitats-Indikatoren. Lander
auflerhalb der UNECE oder ohne Waldflachen sind grau dargestellt.

Figure 1 displays the investigated 56 UNECE countries with a gradient from light to
dark green representing increasing numbers of biodiversity indicators used for natio-
nal reporting. The data highlight greater indicator reporting activity in European and
Central Asian countries.

2.3 Application of the PSR approach

To structure and group the indicators, we applied the OECD Pressure-State-Response
(PSR) framework which is suitable to depict the causal chains of forest biodiversity-
related issues, and is widely used in environmental policy and sustainability assess-
ments (Hagan & Whitman, 2006). According to Maxim et al. (2009) PSR is a relevant
tool for structuring communication between scientists and users of biodiversity-re-
lated data. We chose the PSR framework due to its simplicity, policy relevance, and
compatibility with the available information, though we acknowledge that the DPSIR
(Driving forces-Pressures-State-lmpacts-Responses) framework could offer addi-
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tional insights into underlying drivers (broader socio-economic factors that lead to
pressures) and impacts (the effects of environmental changes on ecosystems, human
health, and society) and may be preferable for exploring the root causes of environ-
mental issues and their broader consequences (Linser, 2002), though it would have
required the inclusion of forest indicators beyond the focus on biodiversity, like fo-
rest health indicators. PSR category assignment was based on pre-defined decision
rules based on the following clear description of the categories. Coding was double-
checked by both authors, and data accessibility was reviewed by a data analyst. In
more detail, Pressures refer to human activities that directly or indirectly impact the
composition, structure, and functioning of forest ecosystems, leading to biodiversi-
ty decline or loss (for example fragmentation, invasive species). The State indicators
emphasise the condition of forest ecosystems and their associated biodiversity. The-
se include various indicators such as deadwood, tree species diversity or threatened
species. However, measuring the state in isolation is of limited value as State indica-
tors only inform us about “how things are” but without Pressure and Response indi-
cators one can't tell “why”, “so what’, or “what to do next”. State indicator thus reflects
the outcomes of Pressures exerted on forests and provides a basis for judging the
effectiveness of Responses aimed at mitigating these Pressures. We also identified
four indices used by some countries (see Figure 4), namely, biodiversity index, stand
density index, forest structure index, and species diversity index. These unitless ag-
gregates combine several primarily State indicators. As our main interest is in easily
comprehensible single indicators, we classified indices separately to avoid conflating
aggregated indices with their constituent indicators. Note that species diversity can
be presented as a State indicator (number of species per hectare) or as an Index (e.g.
the Shannon diversity index capturing species richness and how evenly individuals
are distributed among species).

Response indicators comprise measures, management approaches, and policies
implemented to counteract Pressures and maintain or enhance State (for example
protected areas, invasive species control, close-to nature or integrative forest ma-
nagement, reforestation, restoration or forest areas managed to produce forest re-
productive material.
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Figure 2: Indicators used in countries of the UNECE region, clustered by Pressure, State and Response
categories: the example of regeneration-related indicators.

Abbildung 2: In den Landern der UNECE-Region verwendete Indikatoren, gruppiert nach den
Kategorien Belastung, Zustand und Reaktion am Beispiel von Indikatoren zu Verjiingung.

Figure 2 illustrates the causal chain linking insufficient regeneration (Pressures), re-
generation status (State) and management responses to ease pressures and improve
the state (Responses).

3 Results

Across all UNECE countries, we identified a total of 106 forest biodiversity indicators
and four multi-variable indices currently used in national monitoring and reporting
frameworks. These indicators cover a broad range of ecological themes and reflect
substantial heterogeneity in how countries monitor and report on forests.

Figure 3 shows that most indicators (24) relate to diversity of species (blue), including
abundance of species, endangered species, endemic species, or introduced species
among others. One or more of these indicators is used by 48 countries. 18 indica-
tors relate to regeneration (yellow) comprising natural regeneration, planted rege-
neration, seeded regeneration, natural expansion, site-adapted regeneration, diffi-
cult-to-stock areas, areas with competition of tree saplings and herbal plants, among
others. One or more of these indicators are used by 51 countries. 46 countries use
one or more of the 15 structural diversity indicators (purple), such as old trees, large
trees, horizontal layers, and canopy openness. Nearly all investigated countries (49)
also report one or more of the 17 different indicators on protected forest areas (dark
green). 45 countries report up to five different indicators on aspects of naturalness
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(light green). Only 12 countries report one or more of the six indicators on diversity of
ecosystems (light blue). One or more of the 15 forest management-related indicators
(brown) are part of the reporting of ten countries and include close-to-nature forest
management, integrative forest management, agroforestry, and forest biodiversity
management plans. Furthermore, five countries use one or more of the nine indica-
tors that do not fit into any of the above topics.
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Figure 3: Share of topics covered by the forest biodiversity-related indicators used in national monitoring
and reporting across the UNECE countries. Countries are displayed in descending order of their forest area.

Abbildung 3: Anteil der Themen, die von den Indikatoren Waldbiodiversitdt abgedeckt werden, die
in den UNECE-Landern fiir das nationale Monitoring und Berichterstattung verwendet werden. Die
Lander sind in absteigender Reihenfolge ihrer Waldflache aufgelistet.
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3.1 Indicator types covered in the PSR framework

The classification of the 106 forest-biodiversity indicators and four indices according
to the PSR framework revealed a high emphasis on State indicators (76; 72%), with
fewer Response (19; 18%) and Pressure indicators (11; 10%) and only occasional use
of aggregated indices (Figure 4).
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Figure 4: Share of indicator types (Pressure, State, Response and Indices) within the forest biodiversity-
related indicators of each UNECE country. Countries are sorted by decreasing forest area.

Abbildung 4: Anteil der Indikatortypen (Belastung, Zustand, Reaktion und Indizes) der Indikatoren zur
Waldbiodiversitét in den UNECE Landern. Die Lander sind nach absteigender Waldflache aufgelistet.
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Some countries reported no biodiversity-specific Pressure indicators such as invasive
species, while Response indicators were more common. The imbalance reflects prac-
tical realities. State indicators are more feasible to monitor and report on, but they
remain less valuable for forest policy and forest management decision-making. While
State indicators describe current conditions, without complementary Pressure and
Response indicators it is difficult to attribute changes to specific pressures, anticipa-
te future trends or evaluate the effectiveness of interventions. Consequently, forest
managers and decision-makers may overlook emerging risks (e.g. non-site-adapted
or invasive tree species) or overestimate success when State indicators lag underlying
dynamics. While maintaining a set of meaningful State indicators remains essential,
strengthening Pressure indicators (e.g., fragmentation, clear-cutting, invasive species)
and Response indicators (e.g., close-to-nature or integrative management practices,
protected areas, genetic resources management, forest area with site-adapted tree
species) would improve monitoring, assessment, and reporting. Rather than striving
for equal shares, monitoring should ensure sufficient Pressure and Response indica-
tors. Alongside the higher number of State indicators, these provide causal chains,
early warnings and evidence of prevention or countermeasures.

3.2 Data review

We conducted a data review and coded data accessibility using six categories (Figure 5).
The results revealed an abundance of data-centric indicators as most indicator data is
reported in a publicly accessible data source offering previously unexplored insights
into forest biodiversity reporting efforts. Almost all countries have some indicators
for which data can be derived by using publicly available data and an established
process such as the methods used by the European Environment Agency for frag-
mentation and/or a replicable approach from peer-reviewed data sources. Further-
more, there are a few indicators with potentially derivable data, meaning that alt-
hough there is publicly available data, no established process is yet in place. This was
particularly the case for Natura 2000-related indicators. About 80% of the countries
report some indicators for which data are not publicly available but for which there
are established processes to obtain the information, e.g. for the forest birds indicator.
Half of the countries report few indicators with no established data collection process
and no publicly available data. In most cases this is refers to old-growth-related indi-
cators. In some cases, we also identified data deficiencies mainly concerning natural-
ness indicators. This means that the available data is insufficient, incomplete, or lack
quality to support reliable analysis, conclusions, or decisions.
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Figure 5: Accessibility of national data for the forest-biodiversity indicators. Countries are sorted by
decreasing forest area (Reported: Data is reported on a publicly accessible data source; Derivable: Data
can be derived by using publicly accessible data and an established process; Potentially derivable: Data
is potentially derivable and publicly available but no established process exists; Not publicly available:
Data is not publicly available but established process exists, Not available: No established process and no
publicly available data; Deficient: Data is deficient).

Abbildung 5:Verfligbarkeit nationaler Daten fiir die Indikatoren zur Waldbiodiversitat. Die Lander sind
nach absteigender Waldflache aufgelistet (Reported: Die Daten sind 6ffentlich zuganglich; Derivable:
Die Daten lassen sich anhand offentlich zugédnglicher Daten und eines etablierten Verfahrens
ableiten; Potentially derivable: Die Daten sind potenziell ableitbar und &ffentlich verfligbar, es gibt
jedoch kein etabliertes Verfahren; Not publicly available: Die Daten sind nicht &ffentlich verfligbar,
es gibt jedoch ein etabliertes Verfahren; Not available: Es gibt weder ein etabliertes Verfahren noch
offentlich verfligbare Daten; Deficient: Ungentigende Datenlage).
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3.3 Climate change sensitivity of the indicators

Although one of several direct drivers of biodiversity loss, climate change serves in this
study as a demonstrative lens through which the sensitivity and responsiveness of indica-
tors can be assessed. Climate change-induced threats to forest ecosystems include rising
temperatures, shifts in precipitation patterns leading to more frequent droughts, floods
or pest outbreaks, and increased intensity of extreme events such as heat waves, severe
storms, and devastating forest fires (Seidl et al., 2017; Seidl & Turner, 2022). Some forest bio-
diversity indicators are particularly sensitive to climate change impacts. Based on scholarly
literature we categorised 16 of our investigated indicators as sensitive to climate change,
either through direct effects, such as drought-induced mortality, altered regeneration suc-
cess, or shifts in tree species composition, or as indirect effects, including changes in forest
structure, habitat availability, and species interactions (Table 1). State indicators like diver-
sity of tree species, abundance of habitat trees or structural attributes like deadwood and
vertical structure, were found to be highly sensitive to both temperature and precipitation
shifts (Allen et al., 2010; Coomes et al., 2014; Dyderski et al., 2018). Regeneration indicators
are vulnerable because climate change influences the success of natural regeneration and
site-adapted seeding or planting, particularly under increased drought frequencies. Natur-
alness indicators, such as native tree species, are sensitive to climatic changes that affect
habitat suitability and competitive dynamics, triggering the replacement of native tree
species by introduced tree species (Thom et al., 2023; Vacek et al., 2023; Walck et al., 2011).
Forest birds indicators show strong indirect climate sensitivity, as changes in forest com-
position and structure are expected to affect avian habitat availability and food resources
(Huntley et al., 2008; Labadie et al., 2025). Response indicators such as protected areas or
adoption of close-to-nature forestry practices are designed to mitigate risks, but their ef-
fectiveness may be challenged if conservation targets and management strategies do not
adapt to changes in species suitability and disturbance regimes (Araujo et al., 2011; Hove-
ka et al., 2022). Pressure indicators such as invasive species and forest fragmentation are
likewise climate sensitive, as changing environmental conditions can facilitate the spread
of non-native species and exacerbate habitat fragmentation (Ma et al., 2023; Puchatka et
al.,, 2023).Table 1 presents indicators that are already impacted by climate change and will
be affected further in the future. These indicators could therefore add value to forest bio-
diversity indicator sets that also address climate change issues. However, our findings re-
garding data accessibility for these indicators are less promising (Figure 5). Regarding data
that is reported or that can be derived with an established process, only a few indicators
stand out. A wealth of data is available for fragmentation. Further indicators with mixed
but rather promising data accessibility include Diversity of tree species, Forests with native
tree species, Introduced tree species, Protected forest areas, Deadwood, and Forest area by
natural regeneration. By contrast, data accessibility is poor for Abundance of habitat trees,
Naturally difficult-to-stock forest areas, Native tree species - of which site adapted, Forest
birds, Planting of native broadleaved tree species, Structure of forest stands by layers, Fo-
rest area deviating from potential natural vegetation, Area and share of close-to-nature
forestry, and Old growth forests (Table 1, Figure 5). However, such information is high on
the political agenda, for instance, of the European Commission (O'Brien et al., 2021).
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Table 1: Climate change sensitivity of selected indicators and their data accessibility in 55 UNECE countries
(except Monaco). Reported: Data is reported on a publicly accessible data source; Derivable: Data can
be derived by using publicly accessible data and an established process; Potentially derivable: Data
is potentially derivable and publicly available but no established process exists; Not publicly available:
Data is not publicly available but established process exists, Not available: No established process and no
publicly available data; Deficient: Data is deficient.

Tabelle 1: Klimasensitivitdt ausgewahlter Indikatoren und Verfligbarkeit der entsprechenden Daten
in 55 UNECE-Landern (auBer Monaco). Reported: Die Daten sind 6ffentlich zuganglich; Derivable: Die
Daten lassen sich anhand 6ffentlich zuganglicher Daten und eines etablierten Verfahrens ableiten;
Potentially derivable: Die Daten sind potenziell ableitbar und 6ffentlich verfligbar, es gibt jedoch kein
etabliertes Verfahren; Not publicly available: Die Daten sind nicht &ffentlich verfligbar, es gibt jedoch
ein etabliertes Verfahren; Not available: Es gibt weder ein etabliertes Verfahren noch o&ffentlich
verfligbare Daten; Deficient: Ungentigende Datenlage.

Indicator and Data accessibility
PSR measurement by number of Climate change sensitivity References
unit(s) countries
Pressure | Fragmentation 1 Reported Climate change can exacerbate forest | Corlett, 2014; Ma et
size of a continuous | 37 Derivable fragmentation through disturbances. | al.,, 2023; Opdam &
forest area (km?) 17 Deficient Larger continuous areas are more Wascher, 2004
resilient to the impacts of climate
change.
Pressure | Introduced tree 28 Reported Climate change can facilitate the Dale et al., 2001;
species (ha) 27 Deficient spread of introduced tree species, Langmaier & Lapin,
-of which invasive which may become invasive and 2020; Muys et al.,
outcompete native tree species. 2022; Puchatka et al.
2023; Simberloff,
2000; Vacek et al.,
2023
Pressure | Maturally difficult-to{ 1 Not publicly Climate change can make it more Domevscik, 2024;
stock forest areas available difficult to regenerate certain forest | Vacek et al., 2023
{ha, %) 54 Deficient areas, resulting in an increase in the
size of forest areas without forest
Cover.
State Abundance of 55 Deficient Habitat trees are sensitive to climate | Allen et al., 2010;
habitat trees change (rising temperatures, altered | Linser et al., 2026
(number per ha) precipitation patterns) which can
affect their growth and survival.
State Diversity of tree 29 Reported Climate change can influence the Allen et al., 2010;
species (Area with 1,| 1 Derivable number of tree species that can thrive| Dyderski et al., 2018;
2-3, 4-5, 6+ tree 2 Not publicly in an area. It can further alter tree Morin et al., 2018
species occurring) available species composition.
23 Deficient
State Forests with native | 28 Reported Changes in climate can alter the Dyderski et al., 2018;
tree species (ha, %) | 1 Not publicly suitability of forest habitats for native | Lexer et al., 2000;
available tree species, impacting the Linser et al., 2026
1 Mot available naturalness of forests.
25 Deficient
State Native tree species | 6 Not available Native tree species may be more Allen et al., 2010;
(ha, %) 449 Deficient vulnerable to climate change as they | Attorre et al., 2011;
-of which site often have specific habitat Dyderski et al., 2018;
adapted requirements. The promotion of Linser et al., 2026;
native site-adapted tree species is Millar et al., 2007;
becoming increasingly important to | Vacek et al., 2023
face climate change.
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Indicator and Data accessibility

PSR measurement by number of Climate change sensitivity References
unit(s) countries

State Forest bird species | 3 Reported Climate change induced changes in Huntley et al., 2008;
(number, %) 1 Potentially forest composition and structure can | Labadie et al., 2025;

derivable impact the availability of suitable Linser et al., 2026;
6 Not publicly habitats for forest birds. For example, | Virkkala, 2016
available there may be fewer coniferous stands
45 Deficient and food sources, which can influence

their populations.

State Forest area by 23 Reported The success of natural forest Langmaier & Lapin,
natural regeneration| 32 Deficient regeneration which is not site-adapted 2020; Linser et al.,
(ha) can be negatively influenced, in 2026; Splawinski et

particular by higher temperatures, al., 2019; Stevens-
reduced soil moisture, competition Rumann et al., 2022;
through invasive species or forest Thom et al., 2023;
fires. Walek et al., 2011

State Planting of 2 Not publicly Broadleaved tree species regeneration| Gétmark et al., 2005
broadleaved tree available in former conifer-dominated stands Harmer & Morgan,
species (ha) 53 Deficient can potentially counteract the 2009

negative effects of climate change,
particularly if they are site-adapted.

State Structure of forest | 4 Mot available Climate change can alter the vertical | Allen et al., 2010;
stands classified 51 Deficient and horizontal forest stand structure | Coomes et al., 2014;
according to number by altering species composition, Dobor et al., 2020
of layers (ha) slowing growth, and increasing

disturbances. Forest stands with rich
structural diversity are generally more
resilient, while single-layer stands are
more vulnerable to the impacts of
climate change.

State Area and share of 27 Not available | Large, old trees, which are typically Floyd et al., 2009;
old growth forests | 28 Deficient found for in old growth forests, often | Mueller et al., 2005;
by forest types (ha, appear to be more prone to drought- | Them et al., 2019
%) induced mortality, which can affect

their stability and their role for
biodiversity. As these forests have
specific microclimates, stand
structures and species compositions,
disruptions caused by climate change
can severely impact their health and
survival.

State Deadwood 24 Reported Increased storm intensities and severe| Allen et al., 2010;
-Standing and lying | 31 Deficient droughts, will raise tree mortality and | Augustynczik et al.,
deadwood (m?/ha) impact deadwood dynamics, altering | 2024; Chagnon et al. |

decomposition rates, deadwood 2022; Muys et al.,
accumulation, and saproxylic habitats.| 2022; Linser et al.,
2026

State Forest area deviating 3 Not publicly Climate change can cause shifts in Enriguez-de-
from the potential | available species composition towards other Salamanca, 2025;
natural vegetation | 52 Deficient provenances or more site-adapted Lexer et al., 2000;

(ha)

introduced species, impacting forest
naturalness.

Lindner et al., 1997;
Millar et al., 2007;
Simberloff, 2000
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Indicator and Data accessibility

PSR measurement by number of Climate change sensitivity References
unit(s) countries

Response | Protected forest 27 Reported Protected forest areas are at risk of Andrew et al., 2014;
areas (ha) 1 Not publicly losing those tree species and other Aradjo et al., 2011;

available species they were originally Hoffmann et al.,

27 Deficient established to protect. Climate change| 2019; Hoveka et al.,
may cause many species to shift their | 2022; Linser et al.,
ranges, which will often not be 2026
possible within the boundaries of
these protected areas.

Response | Area and share of | 2 Not publicly Close-to-nature forest management | Blattert et al., 2024;
close-to-nature available systems will be less affected by Dobor et al., 2020
forestry (ha, %) 53 Deficient climate change-induced extreme

weather events, pests and diseases.

3.4 Revision of existing indicator sets based on our investigations

This subsection demonstrates how the indicator pool and analyses (PSR typology,
data accessibility, climate sensitivity) were used to revise the existing sets of forest
biodiversity indicators of the Forest Europe process and that of Austria. In both cases
the focus was not on revising the entire set of indicators, but rather on revising the
forest biodiversity indicators that were weak with respect to feasible data collection
procedures. We applied the following workflow:

(i) identification of current EU policy priorities (e.g., halting biodiversity loss, increa-
sing resilience against climate change, and protecting old-growth forests),

(ii) displaying causal chains with the PSR indicator category assignment to streng-
then the Pressure and Response coverage,

(iii) prioritising climate-sensitive indicators,

(iv) screening for data accessibility and feasibility, and

(v) participatory stakeholder co-design to ensure ownership and uptake.

Our findings were used to initiate the revision of the forest biodiversity-related indicators
of the Forest Europe process. This resulted in a Forest Europe background paper on the
potential for revision of the biodiversity-related indicators of the pan-European set of in-
dicators for sustainable forest management (Linser, 2024). The indicator revision process
is ongoing. Our results also supported the recently completed revision of Austria’s natio-
nal forest biodiversity indicators within the sustainable forest management indicator set.
This revision was conducted as part of a broad participatory stakeholder process (Linser
etal., 2026).To facilitate the selection of indicators for improved forest biodiversity moni-
toring under future biodiversity scenarios, the following selection criteria were applied:

+ Climate change sensitivity: prioritise indicators with demonstrated responsive-
ness to temperature, precipitation, drought, disturbances.

+ Causal-chain coverage: ensure that the indicators cover Pressure, State, and Res-
ponse indicators.
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+ Sensitivity to forest management: select indicators that are directly actionable
(e.g., site-adapted species, genetic resource management).

« Policy relevance: select indicators that are aligned with current policy goals and
instruments (e.g. old-growth protection, restoration, secure genetic resources).

« Early-warning indicators: include indicators which allow to observe considerable
climate change impacts (e.g. invasive species expansion).

- Data accessibility and scalability: favour indicators with feasible, reproducible
methods and the potential to scale down from national to local or regional level.

- Spatial connectivity and landscape context: include indicators of habitat connecti-
vity or stepping stones to consider species migration possibilities.

In the case of Austria, ten of twelve already existing forest biodiversity indicators were
amended with climate-sensitive sub-indicators and three additional indicators (Table
1 and 2). Monitoring and reporting of the Austrian forest biodiversity indicators is
based on a combination of national forest inventory and remote sensing. Only indi-
cators and sub-indicators for which a feasible data collection procedure is already in
place or can be established in the near future, were amended. This approach demon-
strates how climate-sensitive and data-feasible revisions can translate scientific in-
sights into actionable monitoring under future biodiversity scenarios. Our workflow
can also be transferred to other UNECE countries or regional indicator processes like
Forest Europe or the Montréal Process.

Table 2: Austrian forest biodiversity-related indicators and sub-indicators and the complemented
indicators and sub-indicators.

Tabelle 2: Indikatoren und Sub-Indikatoren zur biologischen Vielfalt in Gsterreichischen Waldern
sowie die erganzten Indikatoren und Sub-Indikatoren.

Indicators Sub-indicators Complemented indicators and sub-indicators
Tree species Tree species {(ha, %) Mative tree species (ha, %)
composition Shrub species (ha, %) MNon-native tree species (ha, %)
Site-adapted tree species (ha, %)
Regeneration MNatural regeneration (ha, %) Coppice (ha, %)
Regeneration by seeding (ha, Afforestation (ha, %)
%) MNatural extension (ha, %)
Regeneration by planting (ha, Mumber of regenerated tree species
%) Regeneration with site-adapted tree species (ha, %)
MNaturalness Undisturbed by man (ha, %) Semi-natura forests (ha, %)
Plantations (ha, %) Primary forests (ha, %)
Old-growth forests (ha, %)
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Indicatars

Sub-indicators

Complemented indicators and sub-indicators

Intreduced tree
species

Invasive tree species (ha, %)
Invasive herb species (ha, %)
Uptake of funding to prevent
the spread of invasive species
(%)

Invasive species in protected forest areas (ha, %)

genetic resources (in situ and
ex situ) (ha)

Deadwood Standing deadwood (m?/ha) Standing or lying deadwood, broken down by:
Lying deadwood [(m?/ha) -in forests available for wood supply (m?/ha)

-in protective forests (m3/ha)

-by forest types (m3/ha)

-broadleaved deadwood (m3/ha)

-conifer deadwood (m?*/ha)
Genetic Area managed for conservation | Effective size of populations, broken down by:
resources and utilisation of forest tree -estimated total census population size (No adult

individuals)

-registered harvesting stands (No)

-populations protected in gene conservation farests (No)
- clones in seed orchards (Mo)

-sites for genetic monitoring (No)

Fragmentation/
Connectivity

Connected forest areas (ha)

Forest area density (%)
Stepping stone habitats (ha, %)

Threatened
forest species

Trees (No)

Wascular plants (including trees)
(No)

Cryptogams (Mo)

Protected forest
areas (PFA)

PFA broken down by:

-no active intervention (ha, %)
-Minimal intervention (ha, %)
-protection through active
management (ha, %)
-protection of landscapes/
natural features (ha, %)

Protection through active management (ha, %), broken
down by:

-protection through active management with specifically
defined measures that clearly enhance biodiversity
conservation

-protection through specific objectives, but without
specifically defined measures

Common forest birds (Index, %)

Matura 2000

Implementation of
conservation measures in
Matura 2000 sites

Uptake of the Matura 2000
funding (%)

Conservation status of forest
habitats (%)

Conservation status of forest species (%)

Contract-based
nature
conservation

Contract-based nature conservation, broken down by:
-Natural forest reserves (ha, %)

-Mature conservation areas (ha, %)

-Natural forest areas (only in Styria) (ha, %)
-Stepping-stone habitats (ha, %)

MNatural forest
reserves (No, ha)

Habitat trees (No/ha)

Structural complexity and tree species diversity (Index, %)

4 Discussion

This study provides the first comprehensive synthesis of forest biodiversity indicators
used across the UNECE region, revealing substantial thematic breadth but persistent
structural weaknesses in indicator portfolios. The large number of State indicators
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reported by most countries reflects the long-standing reliance on national forest in-
ventories and established monitoring traditions. While State indicators are essential
for tracking ecosystem conditions, their dominance limits the ability to interpret cau-
sality, detect emerging ecological risks, or evaluate management effectiveness. The
comparatively low representation of Pressure and Response indicators is particularly
concerning in the context of accelerating climate change and biodiversity loss, where
understanding the drivers of change and assessing the effectiveness of management
interventions are central to adaptive forest policy and practice. Current policy discus-
sions highlight the need for new, policy-relevant data on management approaches
and their measurable impacts on forest biodiversity, underscoring the importance of
expanding the coverage of management-related Response indicators. Strengthening
Pressure indicators (e.g., fragmentation, invasive species, failed regeneration) and
Response indicators (e.g., adoption of close-to-nature or integrated forest manage-
ment, genetic resources management) would move monitoring beyond description
towards measures to prevent or mitigate biodiversity risks and to better adapt fo-
rests to climate change. Also, within the framework of the UN Decade on Ecosystem
Restoration, the relevance of Response indicators has gained renewed importance.
Response indicators are essential for tracking conservation and restoration efforts,
including the designation of protected areas or the implementation of biodiversity-
friendly forestry practices. Moreover, when linked to ecological outcomes, such as
species recovery or habitat restoration, these indicators can serve not only to mea-
sure management actions but also to evaluate success. This dual role enhances their
value in designing, implementing, and assessing conservation or restoration policies
aligned with global biodiversity and climate commitments.

Data accessibility varies substantially. Several frequently occurring indicators - such
as diversity of tree species, forests with native species, introduced species, protected
areas, deadwood, and natural regeneration - have comparatively better publicly avai-
lable data or established data derivation methods. In contrast, indicators high on the
political agenda, particularly old-growth forests, habitat trees or forest birds often
lack publicly available data or standardised collection protocols, creating a critical
gap between policy demand and monitoring capacity.

The sensitivity of forest biodiversity indicators to climate change cuts across indicator
categories. State indicators related to tree species composition, structural attributes
(deadwood, vertical/horizontal structure), and regeneration are responsive to tem-
perature and precipitation shifts, disturbance regimes, and indirect habitat change.
Importantly, climate-driven changes can be positive or negative depending on lo-
cal context and ecosystem resilience: some species may expand or thrive under new
conditions while others may decline, and forest structure may become more complex
or simplified as disturbance regimes change. Species diversity and the composition
of tree species are expected to undergo significant shifts under climate change (Lei-
dinger et al., 2021; Mundra et al., 2022; Puchatka et al., 2023), as altered temperature
and precipitation regimes modify the climate envelopes suitable for different spe-
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cies. This may lead to local extinctions of less adaptable species and range shifts of
more resilient ones. As a result, forests may become less diverse, or the composition
of tree species may change. This challenges traditional conservation or management
strategies based on species that were favoured in the past. Currently, many indicators
derived from forest inventories offer only a coarse view of these dynamics. They are ty-
pically limited to structural or compositional features and often lack the taxonomic re-
solution needed to detect species-specific trends or climate-sensitive responses. One
potential improvement is the inclusion of multi-taxa indicators, which could better
capture the nuanced ecological shifts expected over the coming decades (Burrascano
etal., 2021). However, the practical application of such indicators is constrained by the
limitations of traditional forest inventory data, which are usually collected on multi-
year cycles and not timed to capture seasonally dependent taxa such as fungi, birds,
or herbaceous plants. Notably, deadwood illustrates the need to move beyond mo-
nitoring only its volume: climate-driven changes in decomposition and moisture re-
gimes can reduce saproxylic biodiversity even when volumes rise (Seibold et al., 2021),
underscoring the importance of deadwood quality and species-specific responses to
climate-driven changes (Oettel et al., 2020). Similarly, indicators linked to naturalness
(native species presence, site-adapted species) and species groups (forest birds) cap-
ture indirect climate impacts through altered habitat suitability and food webs.

To address feasibility constraints national monitoring systems should integrate cost-
efficient, scalable methods alongside traditional National Forest Inventories: remote
sensing for species diversity and forest structure, geospatial analytics for connecti-
vity, environmental DNA for multi-taxa detection, and automated bioacoustics for
birds and bats (Dyson et al., 2024; Ladin et al., 2021; Mutanu et al., 2022; Teixeira et
al., 2022). These emerging technologies hold significant promise for providing near-
real-time, species-specific data that are essential for understanding climate change
impacts and informing timely conservation and restoration strategies. By further de-
veloping indicators and integrating these novel technologies, monitoring can better
support evidence-based decision-making and catalyse effective conservation and
management for present and future generations. However, while these approaches
are promising, their widespread implementation faces challenges. Those include
technical validation, standardization, and integration into national forest monitoring
frameworks. Continued research and applied pilot studies are needed to bridge this
gap and facilitate their uptake into policy-relevant biodiversity assessments. Overall,
our study shows that novel, not yet widely used indicators can significantly improve
the monitoring of forest biodiversity status and change. Specifically, indicators deri-
ved from environmental DNA, automated bioacoustics, and advanced remote sen-
sing enhance taxonomic resolution, temporal sensitivity, and spatial coverage com-
pared to measures of traditional forest inventories. Early-warning indicators, such as
regeneration failure under drought, invasive species expansion or declines in sapro-
xylic biodiversity, provide signals of change. While validation and standardisation are
required, these indicators offer demonstrable advantages in detecting trends, attri-
buting pressures, and guiding timely management responses.
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Forest management indicators are pivotal across PSR categories as they provide cri-
tical insights on the interactions between human activities and forest ecosystems.
Their classification depends on context: clearcutting and afforestation with single
tree species or non-site adapted tree species serve Pressure indicators, highlight-
ing anthropogenic stressors that degrade habitat quality. Structural characteristics
of management (e.g., Mixed stands, Old or Habitat trees) describe the current state
of biodiversity linked to past management practices; biodiversity-oriented practices
(Close-to-nature forestry, Integrative forest management, Management plans) cons-
titute Response indicators tracking societal efforts to mitigate pressures and main-
tain or restore ecological functions. Through targeted, standardised data collection
the evidence base can be expanded on how specific management approaches in-
fluence biodiversity outcomes and thus support addressing identified policy need
for management-impact information. More systematic integration of management
indicators across PSR would better reflect socio-ecological dynamics and support the
evaluation of management effectiveness under climate change.

Finally, the abundant State indicators and accessible datasets present an untapped
opportunity for predictive modelling. Using State indicators as training information
for models simulating different future forest management or climate adaptation sce-
narios would support early warning systems and targeted decision-making. Coupling
such models with improved Pressure and Response coverage - and with climate-sen-
sitive prioritization - aligns monitoring with policy needs and enhances the utility of
indicators for adaptive management.

4.1 Limitations and future research needs

Although this study provides the most comprehensive synthesis of forest biodiver-
sity indicators across the UNECE region, several limitations must be noted. Natio-
nal reporting systems differ widely in scope, definitions, and data accessibility, with
gaps for indicators such as old-growth forests, habitat trees, naturalness, and species
groups. The PSR classification and climate-sensitivity assessment are likewise cons-
trained by uneven data accessibility, limiting causal inference and full comparability
across countries. Moreover, emerging indicators based on remote sensing (e.g. forest
structure, composition, connectivity), environmental DNA (e.g. forest species, genetic
material), or automated bioacoustics (forest birds) are not yet systematically integ-
rated into national monitoring systems and thus remain underrepresented. Future
work should therefore prioritise improving methodological comparability and vali-
dating novel data sources to support more coordinated and climate-sensitive bio-
diversity monitoring.
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5 Conclusions

Forest biodiversity monitoring in the UNECE region is based on a large pool of in-
dicators. State indicators dominate, while Pressure and Response indicators are less
applied, limiting causal interpretation and proactive management. Closing this gap,
particularly by using climate-sensitive Pressure and Response indicators will align
monitoring with policy needs and improve the capacity to anticipate and mitigate
climate change risks. Data accessibility remains a key bottleneck for indicators that
are high on the political agenda such as old-growth forests. Establishing standard-
ised monitoring protocols and publicly available reporting pathways are essential
to bridge the policy-monitoring divide. Prioritising climate-sensitive indicators and
refining measurement frameworks, for example, moving beyond deadwood volume
to include decomposition rates, will better capture ecological change. Integrating re-
mote sensing, environmental DNA, and automated bioacoustics in traditional Natio-
nal Forest Inventories can deliver scalable, timely insights. By harnessing the predicti-
ve potential of indicators through scenario modelling, forest biodiversity monitoring
can shift from retrospective reporting to proactive decision support, improving ad-
aptation outcomes under accelerating environmental change. Our study demonstra-
tes that the uptake of untapped treasures of forest biodiversity indicators which are
novel and have not yet been widely applied, can substantially improve reporting on
forest biodiversity in the face of accelerating climate change.
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