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About OptFor-EU

OptFor-EU wants to co-develop a Decision Support System (DSS) with forest managers
and other forest stakeholders, that provides them with suitable climate adaptation and
mitigation options for science-based optimising forest ecosystem services (FES) (includ-
ing decarbonisation) and enhancing forest resilience and its capacities to mitigate climate
change across Europe.

The project ‘OPTimising FORest management decisions for a low-carbon, climate resilient
future in Europe (OptFor-EU)" will build a Decision Support System (DSS) to provide forest
managers and other relevant stakeholders with tailored options for optimising decarbon-
isation and other Forest Ecosystem Services (FES) across Europe.

Based on exploitation of existing data sources, use of novel Essential Forest Mitigation In-
dicators and relationships between climate drivers, forest responses and ecosystem ser-
vices, OptFor-EU has five specific objectives:

e Provide an improved characterisation of the Forest-Climate Nexus and FES;

o Utilise end-user focused process modelling;

o Empower forest end-users to make informed decisions to enhance forest resilience
and decarbonisation;

e Provide a novel DSS service; and

e Bridging different EU strategic priorities, robust science, and stakeholders in the
forest and forest-based sectors.

Based on a supply-demand approach, the methodology combines an iterative process of
data consolidation, modelling, and co-development of solutions alongside forest manag-
ers and other practice stakeholders in all European Forest Types. The DSS will be designed
and tested at 8 case study areas, to provide a ready-to-use service, near to operational
(TRL7) at European level, while a user adoption and up-take plan will maximise the societal
and business impact.
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EXECUTIVE SUMMARY

The OptFor-EU project aims to co-develop a Decision Support System (DSS) that provides
tailored, science-based information for optimizing Forest Ecosystem Services (FES), in-
cluding decarbonization and resilience, in response to climate challenges across Europe.
Central to this effort was the development of Essential Forest Mitigation Indicators (EFMI),
designed to guide forest managers in assessing and enhancing the carbon mitigation po-
tential of forests through informed management practices.

To address the gap between top-down scientific frameworks and the practical needs of
forest managers, EFMI development followed a bottom-up participatory approach, ensur-
ing the indicators were feasible, relevant, and applicable for stakeholders. These indicators
build upon the Common International Classification of Ecosystem Services (CICES) frame-
work, focusing on decarbonization through carbon storage and sequestration.

We initially identified 130 potential indicators through an extensive review of existing for-
est and climate indicator sets and scientific literature. These were consolidated to a final
set of 21 essential indicators through a two-stage process involving internal evaluation by
project partners and external surveys with forest managers, stakeholders, and indicator
experts. The resulting set of EFMI is supported by publicly accessible data from local to
regional level resulting from advanced forest and climate modelling and extensive data
mining from additional sources including satellite data. The EFMI set can provide insights
into how forest management practices (FMPs) may impact decarbonization but also for-
est resilience and it may also provide information on aspects of old-growthiness. As an-
other novel part, we address the impacts of FMPs on regional climate regulation. The se-
lected indicators for regional climate regulation can quantify the effects of forest cover
changes on the local to regional climate conditions. By conducting experiments with re-
gional climate models including FMPs enabled the calculation of FMP effects and corre-
sponding indicators. In the second half of the project time, the EFMI set will be integrated
into the DSS, tested at across case study areas (CSAs), and scaled regionally and nationally.
This approach ensures relevance, accessibility, and alignment with European climate and
forest policy goals while maintaining and enhancing the forest ecosystem services.
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1. Introduction

In the past ten years, the concept of essential indicators, also called essential variables or
key indicators, has been increasingly applied in science and related environmental policy
as a tool to support the assessment of the status of, and changes in, the environment. By
providing quantitative measures to observe changes in the environment, essential indica-
tors can support decision-making in environmental policy, spatial planning and ecosys-
tem management. In addition, essential indicators support strategic guidance on where
to invest resources when deciding which indicators are to be measured within different
frameworks. Examples are the Essential Climate Variables, Essential Agricultural Variables,
Essential Biodiversity Variables, Essential Variables for Invasion Monitoring, Essential Ma-
rine Ecosystem Indicators, Essential Geodiversity Variables, Essential Sustainable Develop-
ment Goals (SDQG) Variables, Essential Ocean Variables or the Core Set of Forest-related
Indicators (Pereira et al., 2013; Bojinski et al., 2014, Hayes et al., 2015; Latombe et al., 2017,
Reyers et al,, 2017; Kissling et al., 2018; Muller-Karger et al., 2018; Jetz et al.,, 2019; Schrodt et
al., 2019; Whitcraft et al,, 2019; Zilioli et al., 2019; FAO and CPF 2022). More recently, efforts
have been made to develop essential variables that describe socio-ecological systems
(Lehman et al,, 2020; Pacheco-Romero et al,, 2020), and harmonised indicators of ecosys-
tem services to support decision-making (Van Oudenhoven et al., 2018).

These indicator sets, however, are often developed through top-down processes led by
scientists, which can limit their practical uptake among practitioners, such as forest man-
agers. An active participation of stakeholders and practitioners or managers is expected
to select and implement the essential indicators as a tool in their daily work to assess the
current status and track the changes in the systems they manage (Fisher & Brown, 2014,
Haase et al, 2018; Cuerra et al,, 2019; Hummel et al., 2019). Effective implementation de-
pends on a bottom-up approach that actively engages practitioners and managers in de-
veloping the essential indicators, ensuring that the indicators are feasible, relevant, and
applicable in practice (Linser & O'Hara, 2019; Linser & Wolfslehner, 2022; Morkune et al,,
2021; Otrakcier et al., 2023; West et al., 2006).

In the project "OPTimising FORest management decisions for a low-carbon, climate resil-
ient future in Europe (OptFor-EU)", which aims to support forest managers in optimizing
resilience and decarbonization potential of European forests, a new set of Essential Forest
Mitigation Indicators (EFMI) has been developed as a management tool in WP 1 (Harmo-
nised Data Base). A selection of EFMIs will also be fed into the OptFor-EU Decision Support
System (DSS), which will quantify the impacts of various forest management practices
(FMP) and nature-based solutions (NBS) on ecosystem services. Recognizing the potential
ambiguity around the term “mitigation” in forest contexts, EFMI here refers broadly to re-
ducing carbon through measures like carbon storage and sequestration, rather than only
focusing on reducing emissions. In addition to the carbon effect, we address local and re-
gional climate impacts of FMP-induced forest cover changes based on the indicators for
regional climate regulation (which are part of the EFMI set).

15
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The EFMI framework builds on the Common International Classification of Ecosystem Ser-
vices (CICES, https://cices.eu/), a system widely used in the EU MAES Process to map eco-
system services at the European Scale, in order to meet the commitments made under
Action 5 of the EU’s Biodiversity Strategy to 2020 (EC DG Env., 2014). The CICES framework,
hyped by scientists and applied by most of the above-mentioned sets of essential varia-
bles, is however slowly adopted by practitioners and managers and not yet commonly
addressed in forest management or equivalent plans (Atmis and Gunsen, 2022, Pamukcu-
Albers et al,, 2020; Palomo et al,, 2014; Sing et al,, 2015). To bridge this gap, the EFMIs have
been developed with active input from forest managers and local stakeholders in a bot-
tom-up approach and in a way that is easily understandable, feasible and suitable for their
purposes (West et al., 2006; Guerra et al., 2019; Hummel et al,, 2019; Morklné et al., 2021).

This novel approach will allow forest managers to evaluate the decarbonization potential
of forest management practices at local, CSA or enterprise level while considering envi-
ronmental stressors such as pests, diseases, and nutrient limitations. By combining the
indicators with publicly accessible data sources, OptFor-EU's EFMI framework provides
forest stakeholders with data-driven insights that help them to address evolving climate
challenges and contribute to Europe’s climate adaptation and mitigation goals. Through
user-friendly factsheets, leveraging of existing data sources, output data from advanced
process modelling, and stakeholder collaboration, the EFMI framework will offer robust,
science-based evidence to make informed choices that contribute to Europe's climate
mitigation and adaptation goals while also strengthening the ecological integrity of for-
ests in Europe.

16
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2. EFMI development process

OptFor-EU Task 1.2 (Develop a set of novel EFMI) focused on developing a new set of EFMI
through a literature review and a bottom-up participatory approach involving consortium
members and end-users. This process aimed to identify and select innovative EFMI to
characterize FES, including decarbonisation and regional climate regulation, while di-
rectly addressing the specific needs of OptFor-EU end-users.

Fig.1displays a flowchart diagram of the indicator development process. The various steps
are described in more detail in the following chapters.

Compilation
Prepara- Analysis Conduction = Analysis of the
Start tion of Conduction of  Preparation of the of Factsheets,
Start of Literature review and desk workto  internal of internal internal of external external @ external Writing of
of Task collate a pool of potential indicators, ' indicator indicator indicator indicator indicator indicator the Final
Project 1.2 | with input from consortium colleagues | survey survey survey survey survey survey Report
M1 | M2 M3 M4 M5M6 M7 M8 M9 M10 M11M12 M13 M14  M15 M16  M17 M18 M19 M20 | M21 M22 M23 | M24
01/2023 03/2023-02/2024 03-06/2024 07-10/2024 11-12/2024

Figure 1. Flowchart diagram of the indicator development process.

2.1.Pool of potential EFMIs

A pool of 130 potentially suitable indicators were collated, described in more detail in the
following steps.

Task 1.2 started in month 3 with a literature search to explore potentially suitable forest-
related indicators. The following existing indicator sets, and related databases were inves-
tigated:

e Forest Europe C&l for SFM (https://foresteurope.org/workstreams/sustainable-for-
est-management/)

e FAO Forest Resources Assessment (https://fra-data.fac.orqg)
¢ FAO Global Core Set of forest-related indicators (FAO and CPF, 2022; Linser & Prins,
2022)

» Key indicators for the UNECE region (https://forest-data.unece.org/Indicators)

o EEA forest information system for Europe (FISE) (https://forest.eea.europa.eu)

e Eurostat forestry database: (https://ec.europa.eu/eurostat/databrowser/view/)
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Joint Research Centre Data Catalogue (https://data.jrc.ec.europa.eu/collection/da-
tam)

SDG 13 and SDG 15 indicators (https://unstats.un.org/sdgs/indicators/indicators-
list/)

Indicators for the Kunming — Montreal Global Biodiversity Framework
(https://www.gbf-indicators.org/)

UNEP nature indicators (https://www.unep-wcmc.org/en/indicators)

Essential climate variables (https://gcos.wmo.int/en/essential-climate-varia-

bles/table).

We further investigated 51 national sets of indicators for sustainable forest management
(SFM) for potentially suitable indicators in countries of the Northern hemisphere. All the

publicly online available sets are listed below with the links to the sets (partly in national

languages):

Austria indicators for SFM (https://info.oml.gv.at/themen/wald/walddialog/doku-
mente/indikatorenbericht-2020.html)

Bulgarian forest report (https://www.iag.bg/docs/lang/1/cat/13/index)

Indicators of SFM in Canada (https://www.ccfm.org/releases/framework-of-crite-
ria-and-indicators-of-sustainable-forest-management-in-canada/)

Criteria and Indicators for SFM in Cyprus
(http://www.moa.gov.cy/moa/fd/fd.nsf/All/C6778230A38A7472C2257E4D0O0325A6
2/$FILE/LO79.pdf)

State and development of forests and forestry in Czechia (https://eagri.cz/pub-
lic/web/mze/lesy/lesnictvi/zprava-o-stavu-lesa-a-lesniho),

Indicators for each criterion of SFM of Moldova (http://lex.justice.md/in-
dex.php?action=view&view=doc&lang=1&id=324607),

SFM in Norway (https://www.skogbruk.nibio.no/),

Indicators for SFM in Spanish Forests (https://www.miteco.gob.es/es/biodiver-
sidad/temas/politica-forestal/informe_ingles_criterios_indicadores_gestion_for-
estal_sostenible_bosques_2012_tcm30-101192.pdf),

Swiss NFI indicators (https://www.Ifi.ch/publikationen/publ/kriterien_indi-
katoren.pdf)

The UK Forestry Standard (https://assets.publishing.service.gov.uk/govern-
ment/uploads/system/uploads/attachment_data/file/687147/The_UK_For-

estry Standard.pdf)

US forest sustainability reporting (https://www.fs.usda.gov/research/inven-
tory/sustainability)

The investigation resulted in 102 potentially suitable forest-related indicators.
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In addition to the carbon effect, we addressed local and regional climate impacts of FMP-
induced forest cover changes by selecting additionally indicators derived from Essential
Climate Variables (ECVs). FMP induced forest cover changes affect carbon fluxes and stor-
age. At the same time, they have direct effects on the regional and local climate conditions
through biophysical processes, influencing the exchange of momentum, energy, water
and other substances between land and atmosphere. For example, the roughness length
of forests affects turbulent heat fluxes and atmospheric mixing, and thus the distribution
of heat and moisture in the atmosphere, and precipitation patterns. Forest modifications
can change the surface radiation budget by changing the land surface albedo or affecting
the cloud cover. Forests can cause local cooling through evapotranspiration. These effects
depend on background climate conditions, on local soil and vegetation properties, and
they interact in complex way. The regional climate impacts can also feedback to the car-
bon effect. The quantification of climate impacts of FMPs will allow us to assess climate-
related co-benefits and unintended consequences. The investigation resulted in 28 po-
tentially suitable climate-related indicators.

With the above mentioned 102 potentially suitable forest-related indicators, it added up
to a pool of 130 indicators. The explanations of decarbonisation benefit or loss, which were
provided for each proposed indicator, are backed up by scientific literature.

2.2. Internal indicator consolidation process

To best serve the explorer component of the DSS developed in WP4, it was essential to
condense the initial pool of 130 indicators into a streamlined set of manageable and feasi-
ble indicators with data availability both in the CSAs and at broader regional levels.

The explorer component acts as an interactive module within the DSS, enabling users to
explore and analyse the impacts of various forest management practices across all the
CSAs and at broader regional levels. By focusing on indicators with robust data availability,
the explorer ensures that forest managers and stakeholders can make informed decisions
based on accessible and relevant insights tailored to local and regional contexts.

While the project has a strong participatory approach for the consolidation process with
CSA stakeholders, the large number of indicators proved too extensive, for inclusion in a
stakeholder survey targeted at forest managers.

To address this, we agreed to first conduct an internal evaluation to reduce the number of
indicators, ensuring that the remaining indicators would be sensitive to forest manage-
ment to serve the needs of the DSS, without placing undue burden on the forest manag-
ers and other external stakeholders.
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The internal selection process was conducted in collaboration with the OptFor-EU consor-
tium partners. They were asked to evaluate each of the listed indicators based on the fol-
lowing equally weighted criteria:

« Suitability = Is the indicator suitable to assess the carbon or climate mitigation
potential?

» Sensitivity to forest management = Can the indicator be influenced by forest
management practices?

» Feasibility = Is it practical to gather precise data for this indicator within reason-
able time and financial resources? Can we simulate the climate related indicators
in our OptFor-EU modelling experiments?

The consortium members participated in the survey assessing each indicator by ticking
boxes corresponding to the above three criteria.

The above-described structured approach facilitated internal consolidation of the indica-
tor set, ensuring its relevance, accuracy, and applicability within the DSS framework.

The internal survey was conducted between April and May 2024, receiving responses from
22 consortium members with expertise in forest and climate-related indicators as well as
expertise in the associated data. The internal consolidation process resulted in 41 indica-
tors which are suitable to assess carbon mitigation aspects or regional climate impacts
and are sensitive to variations in forest management practices.

2.3. External indicator consolidation process

To further consolidate and prioritize the indicators for the DSS, in summer 2024, a second
survey was prepared, together with colleagues of WP3 (Engaging Stakeholders in Case
Study Areas), to co-select the final set of indicators with indicator experts and end-users
(forest managers and stakeholders of the CSA), to document their information needs and
interests concerning enhancing forest decarbonisation through active forest manage-
ment activities in the face of global change.

In the online survey we had clustered the 41 indicators thematically under:

e Forest area and primary production-related indicators
e Carbon storage-related indicators

e Forest health-related indicators

e Indicators related to climate change adaptability

e Biodiversity-supporting indicators
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e Stewardship-related indicators and
e Indicators important for regional climate regulation

Each category contained between 3 and 9 indicators, designed to support mitigation
measures, while providing evidence on how FMP impact the forest decarbonization po-
tential. Forest managers were asked to evaluate and rank the indicators according to their
perceived relevance in enhancing forest decarbonization within their own forest manage-
ment practices.

Initial discussions regarding the external survey distribution focused on identifying an ap-
propriate sample size from each CSA. While an initial proposal recommended gathering
feedback from 2-3 forest managers per CSA, further consideration led to a consensus on
the need for a larger response pool to meet potential expectations for broader survey rep-
resentation. Suggestions included aiming for at least 10 managers per CSA, although there
was also agreement that feedback should prioritize key DSS end-users to tailor the tool
directly to their needs. Thus, the project partners decided to work with identified forest
managers within each CSA, ensuring the survey would be non-anonymous and according
to what is stipulated in D3.1 the Stakeholder Engagement Plan and Mapping.

To enhance the DSS's scalability and validate the indicators beyond the CSAs, additional
input was sought from national and European-level forest stakeholders. Recommenda-
tions included distributing the survey to national representatives involved in FOREST EU-
ROPE, the FAO's Forest Resource Assessment (FRA), and the UNECE/FAO team of special-
ists on monitoring SFM. These experts, well-versed in forest-related indicators, could pro-
vide valuable insights that support both local application and potential replication of the
DSS at national and European levels, thus, enhancing its utility for policymakers and
broadening its relevance.

A key consideration was the accessibility of the survey across diverse linguistic back-
grounds. After discussions on whether to translate the survey into the languages of each
CSA, concerns over translation accuracy of indicator terminology led to the decision to
conduct the survey in English, with optional support for non-native speakers. To facilitate
comprehension, each indicator was presented with its measurement units and a rationale
describing its relevance for forest decarbonization. Project partners also provided assis-
tance to managers, either through teleconferences or in-person meetings, to ensure clar-
ity and support during the ranking process.
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The external indicator surveys were online from 20 August to 30 September 2024.

Survey A was addressed to CSA managers and local stakeholders. They were identified
and approached by representatives of WP3 responsible for the contacts in the CSAs. The
project partners actively supported the CSA forest managers and stakeholders, fostering
an environment for informed, relevant responses.

Survey B was addressed to 29 international indicator experts who were approached by the
WP1 coordinator.

We requested the addressees to rank the indicators in each category according to their
information needs. Respondents were requested to put the most promising or interesting
indicator higher up.

Survey A was replied by 65 forest managers and CSA stakeholders. Survey B was replied
by 21 international indicator experts.

WP3 partners facilitated the analysis of the surveys.

The survey findings determined the selection of the highest-ranked indicators from each
thematic category, with at least two top indicators chosen per category. This will yield a
set of key indicators for integration into the DSS at the CSA level as well as for regional
upscales. These indicators, co-selected with end-users, stakeholders and experts will ad-
dress information needs and priorities related to decarbonizing forest management prac-
tices in response to climate change, and potential co-benefits or unintended conse-
guences through regional climate impacts.

The final set of indicators, condensed from 130 to 41 to 21 indicators are documented in
detailed factsheets in the following chapters. These factsheets reference publicly available
data from online databases and open-access tools (e.g., EU Copernicus Climate Change
Service), as well as OptFor-EU’s modelling outputs and respective data in the OptFor-EU
database which will be fully operational in project month 48. This indicator selection will
support the DSS'’s relevance and accessibility for forest managers, aligning with broader
forest policy and decarbonization goals across Europe.
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2.4. Classification of the indicators in
internationally recognised reference
frameworks

The Common International Classification of Ecosystem Services (CICES) is a standard
framework established by the European Environment Agency to support consistent nam-
ing, description, and classification of ecosystem services (ES) for measurement, account-
ing, and assessment purposes (EEA, 2016). While originally developed in the contexts of
the United Nations System of Environmental-Economic Accounting for Ecosystem Ac-
counting (SEEA-EA), CICES has been widely adopted in ES research as a reference for in-
dicator development and as a common analytical framework (Haines-Young, 2023).

ES are understood as the benefits that people obtain from ecosystems (Haines-Young &
Potschin-Young, 2018; Reid et al., 2005). When applied to forest systems, these are referred
to as forest ecosystem services (FES) - the benefits that both people and nature derive
from forests (Muys, 2020). FES are essential for human well-being, economic activity, and
environmental quality. They are commmonly grouped as (Kramer et al., 2022; Muys, 2020):

e Provisioning FES: products obtained from forest ecosystems such as wood prod-
ucts, non-wood products, clean water, genetic resources or financial returns.

e Regulation and Maintenance FES: benefits obtained from the forest ecosystem’s
vital role in regulating the earth's climate, storing carbon, filtering air and water.
Also hazard mitigation services are included, i.e., forests provide important protec-
tion against natural disasters such as extreme heat, floods, landslides, and erosion
but also disease control.

e Cultural services: non-material benefits people obtain from forest ecosystems
through spiritual enrichment, cognitive development, reflection, recreation, and
aesthetic values. Forests provide recreational opportunities such as hiking, camp-
ing, and birdwatching. In the course of the OptFor-EU project, cultural FES are of
minor importance and therefore not covered by indicators.

To align the EFMIs with CICES we apply CICES V5.2 at the Section and Division levels, fo-
cusing on FES associated with carbon storage, forest health, climate change adaptation,
regional climate regulation, biodiversity support, and biomass production (Thorsen et al,,
2014; Winkel et al., 2022). Reflecting the project’'s decarbonisation emphasis, the EFMIs pri-
marily addresses Regulation and Maintenance ES (19 of 21 indicators) and Provisioning ES
(2 of 21).

At the CICES V5.2 Division level, the EFMIs are allocated as follows:

¢ Regulation of physical, chemical and biological conditions: 16 EFMIs

e Regulation of baseline flows and extreme events: 2 EFMIs
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e Biomass: 2 EFMIs

Othe types of regulation and maintenance services by living processes: 1 EFMI

A detailed mapping of EFMIs to the relevant CICES v5.2 Divisions is provided in Table 1.

EES: Climate change adaptability
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Figure 2. Overview of EFMIs, ecosystem services (ES) and forest ecosystem services (FES) and
their relationship to each other. Source: Own figure.
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Table 1. Overview on ES, indicators, sub-indicators and data availability from various sources.

Smart decisions for sustainable forest management

OptFor-EU Code for Code for External
CICES Division Indicators Sub-indicators Forfast and Code ff)r h.armf)nlsed harmonised| Datain data
V5.2 including m T T including m rement unit Climate harmonised| historic data future OptFor-EU| sources
: cluding measurement units cluding measurement units Model EO data (CERRA climate Database from
output reanalysis) | projections IDP
Forest area and primary production-related indicators
Regulation of 1.1 Forest area [ha] X X X
physicgl, chgmi- 1 Forest area [ha] 1.2 Forest area available for wood X
cal, biological supply [ha]
conditions 1.3 Forest area by forest types [ha] X X
i g
Biomass 2 Growing stock [m3/ha or or X X X X
tons/ha]
Biomass 3 Wood removals [m3/ha] X X X
Carbon storage-related indicators
4.1 Carbon stored in living biomass
Regulation of [tons C/ha] X X X
physical, . .
: . 4 Carbon stored in forests 4.2 Carbon stored in deadwood
chemical, bio- X X X
. . [tons C/ha, tons C/m?] [tons C/ha]
logical condi- > T I
; 4.3 Carbon stored in forest soils
tions
[tons C/m?] X X X X
Forest health-related indicators
5.1 Forest area with damage caused by
i ) . X X X X
Regullatlon of . L. insects and diseases [ha, %]
baseline flows 5 Forest area with biotic hd 15
1) BT damage [ha, %] 5.2 Fore.st‘area wit . amggg caused by
events othe.r biotic agents like wildlife and X
grazing [ha, %]
Regulation of 6.1 Forest area with damage caused by X . .
baseline flows | 6 Forest area with abiotic severe weather events [ha, %]
and extreme damage [ha, %] 6.2 Forest area with damage caused by X

events

other abiotic agents (not fire) [ha, %]
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OptFor-EU Code for Code for External
CICES Division Indicators Sub-indicators Forest and Code for harmonised | harmonised| Datain data
. . ) . ) . Climate harmonised | historic data future OptFor-EU| sources
V5.2 including measurement units including measurement units Model EO data (CERRA climate Database from
output reanalysis) | projections IDP
Regulation of
baseline flows 7 Forest area damaged by fire X X X
and extreme [ha, %]
events
Regulation of
baseline flows 8 Changes in tree cover density X X
and extreme [%]
events
Indicators related to climate change adaptability
Other types of 9.1 Forest regeneration by natural re- X X
regulation generation [%
d mainte- .
and main .e 9 Forest regeneration [ha, %] ) )
nance service 9.2 Forest regeneration by planting and/ X X
by living pro- or seeding of site-adapted species [%]
cesses
Regulation of
physical,
chemical, bio- 10 Leaf area index (LAl) [m2/m?] X X X
logical condi-
tion
Biodiversity-supporting indicators
lati £ 11.1 Standing deadwood [m3/ha] X X X
Regulation of | 11 peadwood [m3/ha] :
physical, chemi- 11.2 Lying deadwood [m3/ha] X X X
cal, biological | 12 Multi-layer stands [ha, %] X X
el 13 Stand age [years/age class, %] X X X
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OptFor-EU Code for Code for External
CICES Division Indicators Sub-indicators Forfest and Code ff)r h.armf)nlsed harmonised| Datain data
V5.2 includi — includi — Climate harmonised | historic data future OptFor-EU| sources
o including measurement units including measurement units Model EO data (CERRA climate Database from
output reanalysis) | projections IDP
14 Stand density [no of trees/ha] X X
15.1 Forest area with one tree species
. X X X
Regulation of occurring [ha, %]
hysical, chemi- S 15.2 Forest ith 2-5 t i
P ysmg N .eml 15 Tree species diversity [ha, %] Qres area wi ree species X X X
cal, biological occurring [ha, %]
condition 15.3 Forest area with 6+ tree species oc-
. X X X
curring [ha, %]
Indicators for regional climate regulation
16.1 Near surface air (2m) temperature X X X X
and temperature range [°C]
16 Temperature 16.2 Frost days [days] X X X
[°C, days] 16.3 Hot days [days]' X X X
Regulation of 164 H q ion [davsT? . -
physical, .4 Heat wave duration [days]
chemical, bio- 1765 Land surface temperature [°C] X X X X X
logical condi- | 17 Precipitation [mm] X X X X X
tion 18.1 Surface soil moisture [m¥/m?] X X X X X
. . 18.2 Root-zone soil moisture [m3/m?3] X X X X
18 Soil moisture [m3/m3] - -
18.3 Water holding capacity [%] X X
18.4 Soil moisture variability [m3/m?3] X X

1 Daily maximum air temperature >30°C. Source: https://climate-adapt.eea.europa.eu/en/metadata/indicators/hot-days
2 The climate models use several thresholds for heat/hot: RegCM >25°C, REMO-IMOVE >30°C and CERRA >35°C.
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OptFor-EU Code for Code for External
CICES Division Indicators Sub-indicators Forfast and Code ff)r h.armf)nlsed harmonised| Datain data
V5.2 includi — includi — Climate harmonised | historic data future OptFor-EU| sources
. including measurement units including measurement units Model EO data (CERRA climate Database from
output reanalysis) | projections IDP
19 Evapotranspiration X X X X X
[mm/m?, kg/m2, mm/day]
Regulati f
egu at.lon (o] 20 Water vapour X X X X X
physical, [mm, kg/kg, kg/mz2, ppmv, %]
che‘mlcal, b'c_" 21.1 Total runoff [mm] X
logical condi- 21 Runoff [mm]
tion 21.2 Surface runoff [mm] X X X
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2.5. Short introduction into the models which
produce indicator-based outcomes to
evaluate the performance of different
FMPs

The “Three Dimensional- Coupled Model for Carbon Cycle - Forest Ecosystem Module”
(3D-CMCC-FEM; Collalti et al., 2016, 2018; Dalmonech et al,, 2022, 2024) is a dynamic pro-
cess-based model which simulates forest growth, carbon allocation and other dynamics
in heterogeneous populations (mixed, multilayered and uneven-aged). The model is
based on the reproduction of the main eco-physiological processes on a daily time scale
and according to climate, soil and stand characteristics. It can provide outputs at differ-
ent temporal scales (daily to multidecadal) and under different management options
of the carbon, nitrogen and water cycles in terms of also carbon, nitrogen and water
fluxes and carbon stocks at single tree or aggregated at stand level.

The PICUS model (Lexer and Honninger, 2001; Irauschek et al,, 2017) simulates forest
succession over long periods under changing climates and projects equilibrium tree
species composition under various climate change scenarios. It simulates complex for-
est management scenarios in multi-species forests under current and future environ-
mental conditions. Additionally, the model simulates carbon, water, and nitrogen cy-
cling in forest ecosystems and biotic disturbances, such as bark beetle outbreaks, under
current and changing climate conditions. For the OptFor-EU DSS output on stand level
will be simulated to quantify stocks and fluxes and output on single trees to quantify
certain forest-climate indicators of interest.

The above-mentioned forest models 3D-CMCC-FEM and PICUS simulate various man-
agement options for each CSA. In the factsheets of chapter 3, figures are displayed
which show model output for the CSA Romania where forest type 6 (beech forests)
(Clannetti and Zorzi, 2023) is prevailing. The forest management options simulated are
shortly described in the following table.
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Table 2. Overview on forest management options simulated for the CSA6 Romania in EFT 6

(beech forests). Source: Neumann et al., 2023, D2.1 and Neumann et al., 2024, D2.2.

Forest management options for CSA6 Romania

EFT

FMO

FM2

FM3

FM4

FM7

FM8

None

Final harvesting at age
125 years.

Six thinnings at stand
age of 25, 35, 45, 55,
65 and 75 years, thin-
ning intensity in the
same order as the
years 13%, 14%, 13%,
12%, 10% and 9%.

A pre-harvest with an
intensity of 40% is car-
ried out 10 years be-
fore the final harvest.

After 5 years of natu-
ral regeneration trees
are planted up to the
target stem density of
2000/ha.

Continuous har-
vesting every
tenth year with an
intensity of 25%,
starting at a stand
age of 70 years.

Younger stands

are thinned at a

stand age of 30,

40 and 50 years

with an intensity
of 20%.

Continuous har-
vesting at low in-
tensity (5
m3/ha/year), lim-
ited by increment.

Final harvesting at
age 125 years.

Six thinnings at stand
age of 25, 35, 45, 55,
65 and 75 years, thin-
ning intensity in the
same order as the
years 16%, 17%, 16%,
14%, 12% and 11%.

A pre-harvest with an
intensity of 40% is
carried out 10 years
before the final har-
vest.

After 5 years of natu-
ral regeneration trees
are planted up to the
target stem density of|

Final harvesting at
age 125 years.

Six thinnings at stand
age of 25, 35, 45, 55,
65 and 75 years, thin-
ning intensity in the
same order as the
years 10%, 11%, 10%,
10%, 8% and 7%.

A pre-harvest with an
intensity of 40% is
carried out 10 years
before the final har-
vest.

After 5 years of natu-
ral regeneration trees
are planted up to the
target stem density

2000/ha. of 2000/ha.

The regional climate model REMO is a 3-dimensional atmosphere circulation model. It
is interactivley coupled to a land surface module including MOsaic based VEgetation
(IMOVE) (Wilhelm et al. 2014). REMO-IMOVE explicitly models key processes of vegeta-
tion: photosynthesis, stomatal conductance, phenology (incl. crop phenology) - fully
coupled to atmospheric processes. REMO is maintained and operated at GERICS /
Hereon. A non-hydrostatic version of REMO has been developed by the REMO devel-
oper team at GERICS (Pietikaeinen et al., 2025). The non-hydrostatic version of REMO
allows simulations on convection-permitting scales up to the km-scale (< 4 km). The
model output provides 3-dimensional atmospheric variables at 6-hourly time steps and
a range of climate variables on 2-dimensional spatial grids at hourly time steps. In Opt-
For-EU, simulations at continental scale are conducted for the Euro-CORDEX domain
at 12.5 km horizontal resolution including forest cover changes, and simulations at 3 km
resolution for specific CSA user requirements.
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The RegCM model is a non-hydrostatic model with various options for physical param-
eterisation schemes (Elguindi et al,, 2014). It can be coupled to two land models, the
Biosphere-Atmosphere Transfer Scheme (BATS) and the Common Land Model (CLM)
which are used to provide prognostic soil temperature and water content in addition to
canopy layer and atmospheric variables. In addition to continent-wide simulations for
the Euro-CORDEX domain at 12.5 km horizontal resolution, simulations for CSAs will be
realised at about 3 km using a mosaic approach for land-cover that allows an even
higher resolution for land cover types and surface exchange, with 1 hourly frequency of
model output (Pop et al,, 2024).

JULES (the Joint UK Land Environment Simulator) is a commmunity land surface model.
By allowing different land surface processes (surface energy balance, hydrological cycle,
carbon cycle, dynamic vegetation, etc.) to interact with each other, JULES provides a
framework to assess the impact of modifying a particular process on the ecosystem as
a whole, e.g. the impact of climate change on hydrology, and to study potential feed-
back (Best et al., 2011).

In the DSS indicators will be needed to evaluate the performance of different forest
management options according to the outcomes from the simulations. In the DSS us-
ers will be able to select relevant indicators and express their preferences for them using
a weighing procedure. For instance, users will be able to express a high importance for
in-situ carbon storage and a low importance for the provisioning of timber. The prefer-
ences for the indicators will be expressed by the users through the graphical user inter-
face of the OptFor-EU evaluator tool, allowing them to analyse synergies and trade-offs
between different forest management practices (Vacik et al., 2023).

2.6. Open-source code for the indicators

For each forest-related indicator, sources of data from local (CSA), national, and pan-
European levels were investigated. If data required harmonization, it was accessed and
processed in Python to ensure common standards among the EFMIs.

The regional forest-climate modeling experiments in the OptFor-EU project are de-
signed to incorporate changes in forest characteristics induced by different FMPs, sim-
ulate the required climate variables, and calculate corresponding indicators. Addition-
ally, some indicators have been harmonized using satellite data. In terms of remote
sensing, data were successfully obtained for the following indicators or sub-indicators,
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leading to code development: 4.1 Carbon stored in living biomass, 4.3 Carbon stored in
forest soils, 5.1 Forest area with damage caused by insects and diseases, 6.1 Forest area
with damage caused by severe weather events, 7 Forest area damaged by fire, 8
Changes in tree cover density, 11 Leaf area index, and 17.5 Land surface temperature.

Original satellite data, cited as sources in the EFMI Python code, were either down-
loaded onto the local server of the University of Leicester or accessed directly via the
EFMI Python code through platforms like the Centre for Environmental Data Analysis
(CEDA) Archive. The EFMI Python code processes these datasets by resampling tem-
poral/spatial resolution, subsetting to the European domain, converting units, repro-
jecting, and ultimately generating output data down scalable to CSA level. These pro-
cessed datasets (in NetCDF or shapefile format) are stored in the OptFor-EU database
for use in the decision support system.

The final code has been uploaded to GitHub and officially published on Zenodo available
at https://doi.org/10.5281/zenodo.14789833. The code is structured into three main fold-
ers 1. historic data, 2. projection data, and 3. satellite data, each with a README file de-
tailing its contents and functionality. Header information and comments across all files
are consistent.

For future projections, a Download_Instructions.md file provides guidance on obtaining
relevant model data, RCP scenarios, and variables from the Copernicus Data Store. The
projection code includes scripts to process these datasets by reading, concatenating
(for five-year chunked data), and reprojecting them from the EURO-CORDEX rotated
coordinate system to a standard lat/long format, allowing comparison with historic and
satellite data. While many historic variables have corresponding future projections,
some are unavailable in the model outputs, for instance surface runoff as only total run-
off data is available in projections.

All code to download and process various datasets, from historic climate datasets and
satellite data to future climate projections, including the code for calculating the EFMIs
from the CSA up to European level is accessible in an openly available repository and
made available via the above mentioned Zenodo DOI link. Full details on input datasets
and processing steps are documented in Deliverable D1.3 (Documented Open Access
Code in Open Repository).

Making this data accessible via Zenodo ensures transparency and ease of use for re-
searchers, stakeholders, forest managers and other potential users, fostering collabora-
tion and knowledge sharing within the forest and climate science community.
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3. Indicator fact sheets

The indicator fact sheets are all structured as following:
¢ Indicator name
¢ Indicator full text
o Measurement unit(s)
* Rationale
¢ Definitions
e Categorisation into CICES
¢ Reference to indicators in international indicator sets
* Explanation of decarbonisation benefit or loss
o Graphical presentation or map

* Explanation of the direction of the indicator value for a positive effect on carbon
mitigation

» Explanation of decarbonisation benefit or loss
« Significance of this indicator for assessing old-growthiness (if relevant)

» Data sources for various levels from European-wide down to CSA level including
open-source link. The data sources comprise information on national level, Eu-
ropean and pan-European-level data accessible at international data providers
(IDP)® or derived from Earth observation systems, CSA-level forest data collected
and CSA level as well as upscalable data based on modelling.

3 The FAO database can present the data not only for EUROPE but also globally, for Africa, Asia, Europe, North and Central America, Oceania, South America,
ASEAN, COMIFAC region, EU-27, ITTO, Montreal Process, UNECE.
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3.1. Forest area and primary production-
related indicators

ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Forest area OptFor-EU

Indicator full text: Forest area

Sub-indicators:

1.1 For rea (h . . .
orestarea (ha) Rationale: Forest area is a basic measure of

1.2 Forest area available for wood supply (ha) how much forest is available in a country, in a
1.3 Forest area by forest types (14 European Forest Types) (ha) region or locally. Many other indicators are pre-
sented as figures on a per hectare reference or

. in area related proportions.
Measurement units:

e ha
« share of total land area (%)

Definitions:

Forest: Land spanning more than 0.5 hectares with trees higher than 5 meters and a canopy cover of more than 10
percent, or trees able to reach these thresholds in situ. It does not include land that is predominantly under agricul-
tural or urban land use (FRA, 2025%).

Forest available for wood supply: Forests where there are no environmental, social or economic restrictions that
could have a significant impact on the current or potential supply of wood. These restrictions could be based on legal
acts, managerial owners' decisions or other reasons (FRA, 2025).

European Forest Types (EFT): Nomenclature, enabling comparison throughout Europe of forests growing in similar
ecological conditions and levels of anthropogenic modification, independent of national borders; it provides a harmo-
nised classification for pan-European-level assessments of sustainable forest management (SFM), by offering ecologi-
cally meaningful units to reference and report national data on SFM indicators (EEA®).

Common International Classification of Ecosystem Services Reference to indicators in international indi-
(CICES): cator sets:
* SDG 15.1.1

The indicator ‘forest area’ can be assigned ‘to the regulation of * Global Core Set of forest-related indicators 1

physical, chemical or biological conditions and linked to the  Forest Europe 1.1
Forest Ecosystem Service ‘carbon sequestration’ because the size

% FRA (2025). FAO Forest Resource Assessment Definitions for the pan-European reporting. https:/fra-data.fao.ora/definitions/panEuropean/2020/en/tad#1.1a
5: https://www.eea.europa.eu/en/datahub
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of the forest area directly influences its capacity to absorb and
store carbon, playing a key role in mitigating climate change.

Explanation of decarbonisation benefit:

It is crucial to monitor changes in forest area from local to regional up to global level to assess the effects of
deforestation and the impact of forest restoration and afforestation efforts on carbon sequestration and on other
ecosystem services. Expanding the forest area enhances the potential for carbon mitigation by sequestering carbon in
woody biomass and forest soils (Barcena et al., 20145; Fahey et al., 20107; Matthews et al., 20208; Padilla et al., 2010%;
Vilen et al., 20169).
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2000000 1000000 0 1000000 2000000 2 ries. Source: Giannetti et al., (2023), Del. 1.1.

Direction of indicator value for a positive effect on carbon mitigation: Increase A

Data for CSA level National up to pan-European data from: o
from: o Global Forest Resources Assessment
e European Forest Types database of FAO
EFT) Ma o Pan-European database of Forest Eu-
» LANDMATE PFT Maps rope
(2 km) » INForest Database of UNECE

e  European Forest Types (EFT) Map

6 Barcena, T. et al. (2014). Soil carbon stock change following afforestation in Northern Europe: a meta-analysis. https://doi.org/10.1111/gcb.12576

7 Fahey, T. et al. (2010). Forest carbon storage: ecology, management, and policy. https://doi.org/10.1890/080169

8 Matthews, K. et al. (2020). Not seeing the carbon for the trees? Why area-based targets for establishing new woodlands can limit or underplay their climate change
mitigation benefits. https://doi.org/10.1016/J.LANDUSEPOL.2020.104690

9 Padilla, F. et al. (2010). Land-use changes and carbon sequestration through the twentieth century in a Mediterranean mountain ecosystem: implications for land
management. https://doi.org/10.1016/j.jenvman.2010.07.031

10Vilén, T. et al. (2016). Increasing carbon sinks in European forests: effects of afforestation and changes in mean growing stock volume.
https://doi.org/10.1093/FORESTRY/CPV034
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e Land use and land cover datasets from

LUCAS LUC for historical period

e Land use and land cover datasets
from LUCAS LUC for future scenarios
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

GROWING STOCK OptFor-EU

Indicator full text: Growing stock

Rationale:

Measurement unit: This indicator presents how much living standing wood is available
in forests. The volumes vary widely between regions, depending
on tree species, climate, soil fertility, large-scale damaging events
and management approaches.

m3/ha of the standing stems of living trees above
a minimum size (for international reporting: 10 cm
diameter at 1.3 m above ground level)

Definition: Growing stock is the sum, by number, basal area or volume, of all living trees, generally over a minimum
diameter, in a forest or a specified part of it, indexed in various way but usually in terms of total stem volume or mass
(IUFRO, n.d.").

Common International Classification of Ecosystem Services (CICES): Reference to indicators in international
indicator sets:

The indicator growing stock can be assigned to the provision of biomass * ForestEurope 1.2
and linked to the Forest Ecosystem Service ‘biomass production’
because growing stock directly reflects the forest's capacity to produce
biomass, which supports forest ecosystem outputs.

"UFRO (0.D.). Silvaterm datatabase. https://www.iufro.org/science/special/silvavoc/silvaterm/
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Figure 5. Growing stock (m3/ha/ year). Simulation of beech forests (EFT6) in the CSA Romania from 2006-2100 for
age class 1 (0-20) and six different management options. Source: 3D-CMCC-FEM model.

Direction of indicator value for a positive effect on carbon mitigation: Increase A

Explanation of decarbonisation benefit:
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Information about growing stock in forests is essential for assessing their role in carbon storage and decarbonisation.
The carbon sequestered in growing stock helps gauge the impact of harvesting, preserving or restoring forests on at-
mospheric CO; levels. Greater accumulation of growing stock indicates increased carbon storage in the living standing
wood, highlighting the value of old-growth forests for carbon mitigation (Kenina et al., 2022'2). Conversely, disturb-
ances in growing stock-rich forests release large amounts of CO,, contributing to emissions. Monitoring growing stock
levels helps set baselines for carbon storage, supports the setting of decarbonisation targets, and informs policies and
management to maximize decarbonisation. Additionally, accurate data supports carbon accounting, enabling forests to
generate carbon credits and funding for old-growth conservation efforts (Keith et al., 2014'3; Stephenson et al., 20144
Vilen et al., 2016%).

Model output data | National up to pan-European data from:

for CSA level from: |, Global Forest Resources Assessment database of FAO
¢ PICUS e Pan-European database of Forest Europe

¢ 3D-CMCC-FEM o INForest Database of UNECE

» Sentinel-1/ASAR/ALQOS ESA-CCl living Biomass, 100 m
resolution, annual data, 2010, 2015-2021, re-gridded
to 1 km resolution

Significance of this indicator for assessing old-growthiness:

This indicator is expressive for presenting aspects of old-growthiness because it directly reflects size of trees, a key at-
tribute of old-growth forests. As forests age, trees accumulate more growing stock, even if growth rates slow down. Old-
growth forests often have large trees, which store significant carbon. This indicator on growing stock captures this by
accounting for living standing woody biomass volumes, while also reflecting on the structural complexity of old-growth
systems with large trees (Franklin and Pelt, 2004').

2Kénina, L. et al. (2022). Sustaining Carbon Storage: Lessons from Hemiboreal Old-Growth Coniferous and Deciduous Forest Stands. https://doi.org/10.1093/for-
sci/fxac055

13 Keith, H. et al. (2014). Managing temperate forests for carbon storage: impacts of logging versus forest protection on carbon stocks. https:/doi.org/10.1890/ES14-
00051.1

14 Stephenson, N. et al. (2014). Rate of tree carbon accumulation increases continuously with tree size. https:/doi.org/10.1038/nature 12914

15 Vilén, T. et al. (2016). Increasing carbon sinks in European forests: effects of afforestation and changes in mean growing stock volume.
https://doi.org/10.1093/FORESTRY/CPV034

'8 Franklin, J., & Pelt, R. (2004). Spatial aspects of structural complexity in old-growth forests. https://doi.org/10.1093/JOF/102.3.22
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ESSENTIAL FOREST MITIGATION IN-
DICATORS (EFMIs)

Wood removals OptFor-EU

Indicator full text: Wood removals Rationale: The indicator wood removal informs harvest
and regeneration planning and is essential because it re-
. flects the sustainability and intensity of forest resource use
Measurement unit: m¥ha to supply the timber market.

Definition: Wood removals comprise the average annual standing volume of all trees, living or dead, measured over-
bark to a minimum diameter of 0 cm (d.b.h.) that are felled during the given reference period, including the volume of
trees or parts of trees that are not removed from the forest, other wooded land or other felling site. Includes: silvicul-
tural and pre-commercial thinnings and cleanings left in the forest; and natural losses that are recovered (harvested)
(TBFRA, 2000'7).

Common International Classification of Ecosystem Services (CICES): Reference to indicators in international
indicator sets:

» Global Core Set of forest-related indi-

The indicator wood removal can be assigned to the provision of bio- cators 9

mass and linked to the Forest Ecosystem Service ‘biomass production’
because wood removals are a key component of provisioning services
that supply wood products for human use.

o Forest Europe 3.1

7 TBFRA (2000). Forest Resources of Europe, CIS, North America, Australia, Japan and New Zealand. Main Report. United Nations. New York and Geneva.
https://digitallibrary.un.org/record/416675/files/sp-17.pdf
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Direction of indicator value for a positive effect on carbon mitigation: The direction should reflect sustainable
FMPs, where removals align with the forest's growth and regeneration rates. This ensures that the carbon lost through
wood removals is compensated by regeneration or carbon storage in long-lived wood products.

Explanation of decarbonisation benefit:

When trees are harvested for wood products, the amount of stored carbon in the forest is reduced. However, as long
as timber is not burned, carbon remains stored in long-lived wood products like furniture or construction timber, con-
tributing to carbon mitigation (Bozzolan et al., 2023'8; Hartl et al., 2017'%; lordan et al., 20182°; Zhao et al., 2022%").

Model output data for CSA level from:
* PICUS
e 3D-CMCC-FEM

= The models cannot distinguish how much of the
removals will be used energetically (no carbon
storage) and how much timber will be used for long-
lived wood products with a long-lasting C storage.
This requires a separate investigation in the CSA or
forest enterprise manager.

National up to pan-European data
from:

Pan-European database of Forest
Europe (distinguishes between
industrial round wood removals and
woodfuel removals)

INForest database (data on volume of
wood removals and share of wood
fuel in the volume of wood removals)

18 Bozzolan, N. et al. (2023). Options to improve the carbon balance of the harvested wood products sector in four EU countries. https:/doi.org/10.1111/gcbb.13104
9 Hartl, F. et al. (2017). A new way of carbon accounting emphasises the crucial role of sustainable timber use for successful carbon mitigation strategies.

https://doi.org/10.1007/s11027-016-9720-1

2 |ordan, C. et al. (2018). Contribution of forest wood products to negative emissions: historical comparative analysis from 1960 to 2015 in Norway, Sweden and

Finland. https://doi.org/10.1186/s13021-018-0101-9

21 Zhao, J. et al. (2022). The potential for storing carbon by harvested wood products. https://doi.org/10.3389/ffgc.2022.1055410
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3.2. Carbon storage-related indicators

ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Carbon stored in forests OptFor-EU

Indicator full text: Carbon stored in forest

biomass and in soils Rationale: Carbon accumulates in forest ecosystems through ab-

Sub-indicators: sorption of atmospheric CO2 and its assimilation into biomass. Alt-
hough the main goal of the Kyoto Protocol is to secure agreement
on reducing emissions of greenhouse gases at source, it also recog-
4.2 Carbon stored in deadwood nises that carbon sequestration in forest ecosystems contributes to
4.3 Carbon stored in forest soils a reduction in the concentration of greenhouse gases in the atmos-
phere. Carbon is retained for long periods in forest biomass and
soils. Soil organic carbon is important for several soil functions and
related processes.

4.1 Carbon stored in living biomass

Measurement units:

e Tons C/ha for living biomass and deadwood
e Tons C/m2 for forest soils

Definitions:

Carbon sequestration: The uptake (withdrawal from the atmosphere) and storage of carbon from the atmosphere in a
carbon pool. Trees and plants, for example, absorb and release carbon dioxide and oxygen in the atmosphere and store
the carbon (IUFRO, n.d.%?)

Carbon stock: The quantity of carbon in a carbon pool (IPCC, 202223).

Carbon sink: Carbon sink is any process, activity, or mechanism that results in the net removal of greenhouse gas from
the atmosphere (Carbon finance lexicon, n.d.?%)

Common International Classification of Ecosystem Reference to indicators in international indicator sets:

Services (CICES): o Forest Europe 1.4
o Sub-indicator of SDG 15.2.1 (biomass stock)

» Global Core Set of forest-related indicators 8 (biomass
stock)

» EU Nature Restoration Regulation

The indicator carbon stored in forest biomass and in soils
can be assigned to the regulation of physical, chemical
or biological conditions and linked to the Forest Ecosys-
tem Service ‘carbon storage’ because the indicator directly =~ © Essential Climate Variable

2|UFRO (0.D.). Silvaterm datatabase. https://www.iufro.org/science/special/silvavoc/silvaterm/

2 |PCC (2022). Annex lI: Glossary [Mdller, V., R. van Diemen, J.B.R. Matthews, C. Méndez, S. Semenov, J.S. Fuglestvedt, A. Reisinger (eds.)]. In: Climate Change
2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
[H.-O. Portner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Ldschke, V. Méller, A. Okem, B. Rama (eds.)].
Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 2897-2930, https://doi.org/10.1017/9781009325844.029

2 Carbon finance lexicon (0.D.). https:/worldrainforests.com/carbon-lexicon/Carbon-Stock.html
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quantifies the forest's ability to store carbon, a critical reg-
ulating service that mitigates climate change.

Explanation of decarbonisation benefit:

Increasing carbon storage in deadwood, whether standing or lying, is an important factor for climate change mitigation.
In the early decomposition stages, deadwood serves as a carbon sink. Retention of deadwood during forest
management operations thus contributes to climate change mitigation (Btorska et al., 2017 ). Increasing carbon stocks
in forest living biomass, both above- and below-ground, through sustainable forest management practices, contribute to
climate change mitigation (Eggers et al., 20082°). Soil carbon levels are impacted by reforestation and afforestation
activities and by different exploitation techniques. In continuous-cover forests soil carbon levels are rather "static".
Increasing carbon stocks in forest soils through sustainable forest management practices and soil-friendly logging
contribute to climate change mitigation (Mayer et al., 2020%7).
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Figure 7. Annual values of mean carbon stored in living biomass (tC ha~"). Simulations from 2006 to 2100 under the
HIRHAMS climate model scenario of extreme climate change for the CSAs in Austria (AT), Germany (GE), Italy (IT), and Ro-
mania (RO). Lines

25 Blonska, E. et al. (2017). Effect of deadwood of different tree species in various stages of decomposition on biochemical soil properties and carbon storage.
https://doi.org/10.1007/s11284-016-1430-3

% Eggers, J. et al. (2008). Impact of changing wood demand, climate and land use on European forest resources and carbon stocks during the 21st century.
https://doi.org/10.1111/}.1365-2486.2008.01653 .x

27 Mayer, M. et al. (2020). Tamm Review: Influence of forest management activities on soil organic carbon stocks: A knowledge synthesis.
https://doi.org/10.1016/}.foreco.2020.118127
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Simulation for beech for-
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nian CSA from 2006-2100
for six different forest
management options un-
der the scenario of low
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Source: PICUS model.

2021

Figure 9. Above-ground carbon stock in forest (tons/ha). Data calculated from ESA-CCl biomass map v5 for 2021,
resampled to 1km spatial resolution. Left: EURO-CORDEX region. Right: Zoom into the Romanian CSA (red polygon).
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Figure 10. Soil organic carbon (tons C).Data from SMAP L4 Global Daily 9 km EASE-Grid Carbon Net Ecosystem Ex-
change, v7, June 2022, at a 9km spatial resolution, averaged from daily to monthly temporal resolution. Left: Subset to

EURO-CORDEX region. Right: zoomed into CSA Romania region (red polygon).

Direction of indicator value for a positive effect on carbon mitigation: Increase A

Model output data
for CSA level from:

» PICUS
* 3D-CMCC-FEM

National up to pan-Eu-
ropean data from:

o FRA database
e Forest Europe database

o |CP Forest soil survey

» SMAP L4 Soil organic
carbon (gC m-2 day-1),
2015-2024, re-gridded
to 10 km monthly reso-
lution

o Sentinel-1/ASAR/ALQOS
ESA-CCl living Biomass,
100 m resolution, an-
nual data, 2010, 2015-
2021, re-gridded to 1
km resolution and mul-
tiplied by 0,5 to obtain
carbon stock of living
biomass?®

» Data code accessibile
via Zenodo

28 Neumann, M. et al. (2016). Comparison of carbon estimation methods for European forests. https://doi.org/10.1016/J.FORECO.2015.11.016
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3.3. Forest health-related indicators

ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Forest area with biotic damage OptFor-EU

Indicator full text: Forest area with biotic damage Rationale: Monitoring forest area with biotic damages
reveal which agents affect forest area, enabling early
detection and targeted response. It supports

5.1 Forest area with damage caused by insects and diseases | integrated pest and wildlife management (e.g.,
sanitation, species/site selection, deer control), and
planning of salvage logging and restoration measures.
Monitoring the extent of damaged informs also timber
Measurement units: supply, carbon accounting, and biodiversity risk,
guides adaptation planning and budgeting for forest
owners and authorities, and evaluation of
effectiveness of adaptation policies and measures.

Sub-indicators:

5.2 Forest area with damage caused by other biotic agents
like wildlife and grazing

» ha
o share of forest area (%)

Definition: Biotic damages comprise forest damages caused by insects, diseases, wildlife and grazing leading to a de-
crease in timber quality, rot, decay, destruction of natural regeneration, or soil degradation, resulting in a losses of timber
yield, landscape quality, forest ecosystems and wildlife habitat (based on FAO, 2020%°).

Common International Classification of Ecosystem Services (CICES): o L
Reference to indicators in inter-

national indicator sets:

The indicator ‘forest area with biotic damage’ can be assigned to the regulation of | |obal Core Set of forest-re-
physical, chemical or biological conditions and linked to the Forest Ecosystem lated indicators 6
Service ‘forest health control’ as it quantifies biotic pressures and reflects the

. . Forest Europe 2.4
forest's capacity to regulate biotic agents. ‘ P

Explanation of decarbonisation benefit:

Damage caused by insects, diseases, wildlife, and grazing can lead to significant losses in forest biomass, reducing the
forest's ability to sequester carbon. These disturbances can also disrupt the ecosystem balance, making forests more
vulnerable to further, secondary damage (Seidl et al, 201439),

2 https://openknowledge.fao.org/server/api/core/bitstreams/531a9e 1b-596d-4b07-b9fd-3103fb4d0e72/content
30 Seidl, R. et al. (2014). Increasing forest disturbances in Europe and their impact on carbon storage. https://doi.org/10.1038/NCLIMATE2318
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Figure 11. Forest area with damage caused by insects and disease. Data from Landsat Database of European For-
est Insect and Disease Disturbances (DEFID2) v 1.0. Left: Outbreak events from 01/08/1963 to 30/09/2021 in European
forests shown in red. Right: Zoom into the CSA Romania (green polygon).
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Figure 12. Timber volume damaged by bark beetles in m3/ha. Simulation for the Romanian CSA from 2006-2100 for
six different forest management options under the RACMO22E climate model. On top: Trees in age class 2 (21-40
years) under the scenario of extreme climate change. Below: Trees in age class 6 (101-120 years) under the scenario of
low future CO2 emissions. Source: PICUS model.

Direction of indicator value for a positive effect on carbon mitigation: Decrease ¥

Model output data National up to pan-European
for CSA level: data from:
* PICUS » FRA database of FAO

e Forest Europe database

o DFDE data service

e Landsat Database of European
Forest Insect and Disease Dis-
turbances (DEFID2), 1963-2021
(Lack of ground-based observa-
tion data e.g. in UK)

» Data code accessible via Zenodo
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Forest area with abiotic damage OptFor-EU

Indicator full text: Forest area with abiotic damage g ¢jonale: Monitoring forest area with abiotic dam-

ages reveal where and how frequently such damaging
events affect forest area. Monitoring supports cli-

6.1 Forest area with damage caused by severe weather mate-change attribution, prioritises prevention (e.g.,
events site/species selection, stand structure, protective
measures), and guides timely salvage and restoration
to limit cascading impacts (biotic pests, pathogens,
market disruptions). It enables spatial planning, emer-
gency preparedness, and cost estimation for owners
and authorities, and evaluation of effectiveness of ad-

¢ ha aptation policies and measures.
» share of forest area (%)

Sub-indicators:

6.2 Forest area with damage caused by other abiotic agents
(not fire)

Measurement units:

Definition: Abiotic damages are caused by severe weather events like storm, wind, drought, snow as well as avalanches
or mudflows, resulting in a loss of timber yield, landscape quality, forest ecosystems and wildlife habitat (based on FAOQ,
2020%").

Common International Classification of Ecosystem Services (CICES):

Reference to indicators in in-

ternational indicator sets:
The indicator ‘forest area with abiotic damage’ can be assigned to the regulation of
baseline flows and extreme events and linked to the Forest Ecosystem Service
‘forest health control’ because it quantifies the extent of damage from abiotic
agents and reflects the forest’s capacity to regulate disturbance pressures and sus- = © Forest Europe 2.4
tain resilient ecosystem functions.

» Global Core Set of forest-re-
lated indicators 6

31 https://openknowledge.fao.org/server/apilcore/bitstreams/531a9e 1b-596d-4b07-b9fd-3103fb4d0e72/content
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Figure 13. Forest area with damage caused by wind. Data from Landsat Database on Wind Disturbances in Eu-
rope (FORWIND). Left: Wind events from 25/07/2000 to 28/10/2018 in European forests shown in blue. Right: Zoom
into the CSA Romania (green polygon). The arrows point to the forest area damaged by wind.

Direction of indicator value for a positive effect on carbon mitigation: Decrease V¥

Explanation of decarbonisation benefit:

Severe weather events can cause significant damage to forests, resulting in large amounts of deadwood and carbon
release into the atmosphere. Increased forest area damaged by such events decreases the carbon mitigation potential
of living forest biomass and soils, thus contributing to climate change.

Model output data | National up to pan-European data
for CSA level: from:

- o FRA database of FAO

o Forest Europe database

e DFDE data service

e Landsat Database on Wind Dis-
turbances in Europe (FORWIND),
2000-2018 (Lack of ground-based
observation data e.g. in UK)

» Data code accessible via Zenodo
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Forest area damaged by fire OptFor-EU

Indicator full text: Forest area damaged by fire Rationale: Monitoring forest area damaged by forest fires

) quantifies where and how often, forest fires occur, enabling
Measurement units: clearing, afforestation activities and prevention measures,
« ha supporting climate-risk assessment and carbon accounting,

« share of forest area (%) and may inform adaptation investments.

Definition: Forest fire comprises any uncontrolled and non-prescribed combustion or burning of plants in a forest,
which consumes the natural fuels and spreads based on environmental conditions (e.g., wind, topography) (UN, n.d.3?)

Common International Classification of Ecosystem Services (CICES): | Reference to indicators in international
indicator sets:

» Global Core Set of forest-related indica-

The indicator ‘forest area damaged by fire’ can be assigned to the regu- tors 6

lation of baseline flows and extreme events and linked to the Forest
Ecosystem Service ‘forest health control’ because it reflects the impact
of fire on the forest's ability to regulate ecological processes such as o Essential Climate Variable
carbon storage, soil degradation, and water cycles, which are essential

for maintaining overall ecosystem functionality and resilience.

o Forest Europe 2.4

Explanation of decarbonisation benefit:

Forest fires result in huge amounts of deadwood and the immediate release of significant quantities of carbon into the
atmosphere, thereby reducing the forest's capacity to store carbon. The expansion of forest areas affected by fire de-
creases the carbon mitigation potential of living forest biomass and soils, exacerbating climate change (Seidl et al.,
201433),

32 https://www.un-spider.org/category/disaster-type/forest-fire
3 Seidl, R. et al. (2014). Increasing forest disturbances in Europe and their impact on carbon storage. https://doi.org/10.1038/NCLIMATE2318
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Figure 14. Forest area damaged by fire. Data from C3S Copernicus burnt area dataset
from OLCI, for August 2021, resampled to 1km spatial resolution. Subset to EURO-CORDEX
region zoomed into the CSA Romania (green polygon). Red arrows are pointing to some of

the fires monitored in August 2021.

Model output National up to pan-European data from:
data for CSA o FRA database of FAO
level:
» Forest Europe database
o DFDE dataservice
o INForest database of UNECE

o« MODIS/Sentinel-3 C3S/Burned Area, ~250-300

m resolution, daily 2001-2022, re-gridded to 1
km monthly resolution

» Data code accessible via Zenodo
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Tree cover density OptFor-EU

Indicator full text:
Changes in tree

cover density Rationale: Tree cover density changes reflect unplanned changes in forest ecosystems like

disturbances as well as those resulting from planned forest management practices.

Measurement unit:
Change in %

Definition: Tree cover density represents the vertical projection of tree crowns onto the horizontal surface of the
Earth and provides information on the proportional crown coverage per pixel (EEA34).

Common International Classification of Ecosystem Services (CICES): Reference to indicators
in international indica-
tor sets:

The indicator ‘changes in tree cover density’ can be assigned to the regulation of

physical, chemical or biological conditions and linked to the Forest Ecosystem Service

‘forest health control’ because it reflects alterations in forest structure that impact the

ecosystem's ability to regulate processes like carbon sequestration, water cycles, and

habitat provision, which are critical for maintaining ecological balance and resilience.

34 EEA website: https://www.eea.europa.eu/en/datahub?q=Tree%20cover%20density&size=n_10_n&filters%5B0%5D%5Bfield%5D=issued.date&fil-
ters%5B0%5D %5Btype %5D=any&filters%5B0%5D %5Bvalues%5D %5B0%5D=All%20time
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Direction of indicator value for a positive effect on carbon mitigation: No negative changes

Explanation of decarbonisation benefit:
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Figure 15. Changes
in tree cover den-
sity (%). Data from
Sentinel-2 Coperni-
cus High-Resolution
Layer Tree Cover
Density, for 2015 in
relation to 2012,
resampled to Tkm
spatial resolution
and subset to EURO-
CORDEX region.

Negative changes in tree cover density caused by logging or by disturbances directly reduce the forest's carbon
mitigation potential. As tree cover density decreases, the forest's stand resilience and capacity to sequester carbon
diminishes (Pilli et al., 20163%).

Model output data
for CSA level from:

National up to pan-Euro-
pean data from:

e Sentinel-2 Copernicus

High-Resolution Layer

Tree Cover Density 100
m resolution, % change
relative to 2012 (2015,
2018 only), re-gridded
to 1 km annual resolu-
tion

35 Pilii, R. et al. (2016). Modelling forest carbon stock changes as affected by harvest and natural disturbances. https://doi.org/10.1186/513021-016-0059-4
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3.4. Indicators related to climate change
adaptability

ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Forest regeneration OptFor-EU

Indicator full text: Rationale: Forest regeneration is essential for maintaining biodiversity,
ensuring ecosystem resilience, and preserving the genetic diversity of
forest species. Natural regeneration (9.1) plays a crucial role in
sustaining forest ecosystems by allowing species to regenerate
naturally, enhancing adaptability and stability. However, climate change
9.1 Forest regeneration by natural regenera- = affects regeneration by altering temperature and precipitation patterns,

tion which can hinder natural processes. When natural regeneration is
insufficient, planting or seeding site-adapted species (9.2) supports
forest resilience and adaptation to changing environmental conditions.
Assisted migration through carefully selected, locally defined as site-
adapted species, can help forests thrive in future climates.

Forest regeneration

Sub-indicators:

9.2 Forest regeneration by planting and/or
seeding of site-adapted species

Measurement units: ha, %

Definitions:

Regeneration: Establishment of forest through natural regeneration, coppice, planting and/or deliberate seeding
(based on TBFRA, 20003%; FRA 2025). 37

Site-adapted species: Site-adapted tree species are trees whose ecological requirements, physiological traits, and ge-
netic characteristics align with the specific environmental conditions of a particular location, allowing them to survive,
thrive, and fulfil forest functions (ClimateADAPT, n.d.38)

Common International Classification of Ecosystem Services (CICES): Reference to indica-
tors in international
indicator sets:

The indicator ‘forest regeneration’ can be assigned to other types of regulation and

maintenance service by living processes and linked to the Forest Ecosystem Service

‘climate change adaptation’ because it reflects the forest's ability to regulate and

maintain its regeneration processes, enhancing resilience and adaptability to changing

climatic conditions and it also reflects active forest management interventions that sup-
port the regulation and maintenance of forest ecosystems by enhancing their ability to
adapt to changing climatic conditions through planting or seeding of site-adapted tree
species.

e Forest Europe 4.2

3 TBFRA (2000). Forest Resources of Europe, CIS, North America, Australia, Japan and New Zealand. Main Report. United Nations. New York and Geneva.
37 FRA (2025). FAO Forest Resource Assessment Definitions for the pan-European reporting. https://fra-data.fao.org/definitions/panEuropean/2020/en/tad#1.1a
38 https://climate-adapt.eea.europa.eu/en/metadata/case-studies/how-to-choose-climate-adapted-tree-species-decision-support-for-forest-owners-in-hesse-germany

55


https://fra-data.fao.org/definitions/panEuropean/2020/en/tad#1.1a
https://climate-adapt.eea.europa.eu/en/metadata/case-studies/how-to-choose-climate-adapted-tree-species-decision-support-for-forest-owners-in-hesse-germany

OptFor-EU

Direction of indicator value for a positive effect on carbon mitigation: Increase A
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Explanation of decarbonisation benefit:

Figure 16. Forest regenera-
tion. Simulation (2006-2100)
of forest regeneration by
planting of beech trees for
three different forest man-
agement options in the CSA
Romania where beech is
considered site-adapted.
Trees are planted up to a
density of 2000/ha. Source:
3D-CMCC-FEM model.

Forest regeneration plays a crucial role in securing carbon sequestration. Utilizing site-adapted natural regeneration
enhances forest resilience, biodiversity, and carbon mitigation potential (Crouzeilles et al., 20203°). However, climate
change can hinder natural regeneration, reducing carbon sequestration capacity. In such cases, actively planting or
seeding native or non-native species selected for their ability to thrive under current and anticipated climatic
conditions strengthens forests' carbon sequestration potential and resilience while mitigating degradation risks.
(Gustafson et al., 20234% Ray et al., 20224"; Hof et al., 20174?). Both natural and assisted regeneration contribute to

decarbonisation, ensuring forests remain effective carbon sinks in a changing climate.

Model output data for CSA level from: National up to pan-European data
« 3D-CMCC-FEM from:
« PICUS » FRA database of FAO

e Forest Europe database

3 Crouzeilles, R. et al. (2020). Achieving cost-effective landscape-scale forest restoration through targeted natural regeneration. https://doi.org/10.1111/conl.12709

40 Gustafson, E.J. et al. (2023). Can assisted tree migration today sustain forest ecosystem goods and services for the future?
https://doi.org/10.1016/}.foreco.2022.120723

4 Ray, D. et al. (2022). Transformative changes in tree breeding for resilient forest restoration. https://doi.org/10.3389/ffgc.2022.1005761

42 Hof, A. et al. (2017). Climate change mitigation through adaptation: the effectiveness of forest diversification by novel tree planting regimes.

https://doi.org/10.1002/ECS2.1981
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Leaf Area Index OptFor-EU

Indicator full text: Leaf Area Index (LAI) Rationale: Monitoring LAl quantifies canopy structure and
function, linking vegetation condition to carbon and water cycles.

LAl controls light interception and photosynthesis, transpiration
and evapotranspiration, rainfall interception and soil-moisture
Measurement unit: m2/m2 (one-sided leaf areain = dynamics, surface roughness and albedo. Monitoring LAl trends,
the canopy per ground unit) and seasonal dynamics enable early detection of stress and
damages (e.g. drought, pests, disease), and assessment of
recovery or restoration.

Definition: LAlis a key vegetation structural variable measuring leaf surface area relative to ground area, reflecting
canopy density and foliage extent (based on ECV43).

Common International Classification of Ecosystem Services (CICES):

Reference to indicators in in-

ternational indicator sets:
The indicator LAl can be assigned to the regulation of physical, chemical or

biological conditions and linked to the Forest Ecosystem Service ‘climate change
adaptation’ because it reflects the forest's capacity to regulate and maintain
processes like photosynthesis and evapotranspiration, which support carbon o Essential Climate Variable
sequestration and forest ecosystem resilience under changing climatic conditions

» CBD Essential Biodiversity
Variable

Figure 17. Leaf Area Index. Data from Copernicus Global Land Service LAI, for May 2023, resampled to 1km spatial
resolution, averaged from 10-daily to monthly temporal resolution. Left: EURO-CORDEX region. Right: Zoom into the
CSA Romania region (red polygon).

Direction of indicator value for a positive effect on carbon mitigation: Increase A

43 ECV (Essential Climate Variables) website: https://sdgs-amerigeoss.opendata.arcgis.com/pages/727bb4a832ea46d4aff54cba682bc338
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Italy - Leaf Area Index (1981-2020)

REMO-iMOVE: Mean 1.9m? m-2, Trend 0.002m? m~3/yr

3.00F

275} Figure 18. LAl [m?/m?]. Annual mean
_ values and linear trend 1981-2020
E 2.50f area-averaged for CSA Italy for ERAS5-
E driven REMO-iMOVE simulations with

and without land use land cover
changes (LULCC). The differences
between the two simulations show the
effect of LULCC on the regional
climate.
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Explanation of decarbonisation benefit:

A high LAl increases evapotranspiration, which cools the local climate by raising moisture fluxes. Conversely, a low LAI
reduces evapotranspiration, resulting in warmer and drier conditions. LAl also affects albedo, impacting the surface
energy balance and climate feedback mechanisms. Managing forests to maintain an optimal LAl can improve their
ability to regulate climate (lio et al., 2014%; Urrego et al., 202143).

Model output data | National up to pan-European data
for CSA level from: | from:

o 3D-CMCC-FEM o REMO-iMOVE
e PICUS o Copernicus Global Land Service for
« REMO-iMOVE Europe: 2016 - present, 10-daily data

at 300 m resolution, re-gridded to 1
km monthly resolution

e MODIS Leaf Area Index/FPAR Prod-
ucts (mean, max, min) monthly at
500 m, 2021-2022 for mean, 2002-
2022 for min and max

» Data code accessible via Zenodo

# lio, A. et al. (2014). Global dependence of field-observed leaf area index in woody species on climate: a systematic review. https://doi.org/10.1111/GEB.12133
45 Urrego, J. et al. (2021). Meta-analysis of leaf area index, canopy height and root depth of three bioenergy crops and their effects on land surface modeling.
https://doi.org/10.1016/J AGRFORMET.2021.108444
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3.5. Biodiversity-supporting indicators

ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Deadwood OptFor-EU

Indicator full text: Deadwood
sub-indicators: Rationale: Standing and lying deadwood is a habitat for a
11.1 Standing deadwood wide array of organisms and after humification an

important component of forest soil.
11.2 Lying deadwood P P

Measurement unit: m3/ha

Definition: Deadwood comprises non-living woody biomass either standing or lying on the ground. Excludes woody
biomass contained in the litter, stumps or dead roots (FRA, 20254).

Common International Classification of Ecosystem Services (CICES): | Reference to indicators in international
indicator sets:

o Forest Europe 4.5

The indicator ‘deadwood’ can be assigned to the regulation of . .
» EU Nature Restoration Regulation

physical, chemical or biological conditions and linked to the Forest
Ecosystem Service ‘biodiversity support’ as it indicates the availability
of key habitat structures for a wide range of species, thereby
supporting ecosystem stability.

Explanation of decarbonisation benefit:

Deadwood is a crucial component of the carbon cycle, storing carbon until it decays (Tavankar et al., 202247; Oettel et
al, 202348; Btonska et al, 20174%). Deadwood, both standing and lying, enhances the carbon stored in forest stands,
complementing the carbon stored in living biomass and in forest soils.

4% FRA (2025). FAO Forest Resource Assessment Definitions for the pan-European reporting. Available online: https://fra-data.fao.org/definitions/panEuro-
pean/2020/en/tad#1.1a

47 Tavankar, F. et al. (2022). Evaluation of Deadwood Characteristics and Carbon Storage under Different Silvicultural Treatments in a Mixed Broadleaves Mountain
Forest. https://doi.org/10.3390/f13020259

48 Oettel, J. et al. (2023). Dynamics of standing deadwood in Austrian forests under varying forest management and climatic conditions. https://doi.org/10.1111/1365-
2664.14359

49 Blonska, E. et al. (2017). Effect of deadwood of different tree species in various stages of decomposition on biochemical soil properties and carbon storage.
https://doi.org/10.1007/s11284-016-1430-3
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Fm8

FM7

raowomihay  Figure 19. Standing and lying
200 deadwood (m3/ha). Simula-
tion for the CSA Romania. Val-
ues represent the cumulative
100 total from 2006 to 2100 across
different forest management
strategies and age classes.
Source: 3D-CMCC-FEM model.
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Figure 20. Standing and lying deadwood (m3/ha). Simulation for four CSAs from 2006-2100 under three scenarios
(RCP2.6/low future CO2 emissions scenario - green, RCP4.5/intermediate scenario - orange, RCP8.5/extreme climate
change scenario - red), and two regional climate model forcings (HIRHAMS, solid lines; RACMO22E, dashed lines). Val-
ues represent the mean across all simulated forest types, age classes, and management options. Source: 3D-CMCC-
FEM model.
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Direction of indicator value for a positive effect on carbon mitigation:

Increasing deadwood volumes A, however only in areas not prone to forest fires (Vitkova et al., 20189).

Model output data for CSA level from: | National up to pan-European data from:

« PICUS o FRA database of FAO

o 3D-CMCC-FEM e Forest Europe database

Significance of this indicator for assessing old-growthiness:

Information on standing and lying deadwood volumes and their diversity, including additional information on forest
types or tree species diversity as well as forest age and on large diameters of the standing or lying deadwood are
significant pointers of old-growth forest conditions (Bauhus et al., 2009>'; Lombardi et al., 2012?).

50 \/itkova, L. et al. (2018). Deadwood management in Central European forests: Key considerations for practical implementation. Forest Ecology and Management.
https://doi.org/10.1016/J.FOREC0.2018.07.034

51 Bauhus, J. et al. (2009). Silviculture for old-growth attributes. Forest Ecology and Management. https://doi.org/10.1016/J.FORECO.2009.01.053

52| ombardi, F. et al. (2012). Deadwood Occurrence and Forest Structure as Indicators of Old-Growth Forest Conditions in Mediterranean Mountainous Ecosystems.
https://doi.org/10.2980/19-4-3506
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Multi-layer stands OptFor-EU

Indicator full text: Rationale: By supporting diverse tree species and age classes, multi-layer stands
provide varied habitats for wildlife. Their structural complexity increases
resilience to disturbances, and climate change effects. They also support water
retention and long-term timber yields through selective harvesting.

Multi-layer stands

Measurement unit: ha, %

Definition: Multi-layer stands are forest stands characterized by a complex vertical structure with three or more dis-
tinct canopy layers. This type of stand structure often indicates a high degree of vertical structural diversity, typically
featuring an overstory, midstory, and shrub/understory layers (Pretzsch, 200953).

Common International Classification of Ecosystem Services (CICES):

Reference to indica-

The indicator ‘multi-layer stands’ can be assigned to the regulation of physical, chemical or  (0s In international
biological conditions and linked to the Forest Ecosystem Service ‘biodiversity support’ indicator sets:
because it reflects the structural complexity of forests that regulates microclimate and
habitat heterogeneity, supporting diverse habitats, enhances carbon uptake through efficient
use of vertical space, and fosters stand resilience.

Kk

Figure 21. Forest layers.

’ ’ ’ Simulation from 2006-
2100 for six different

2 2 2 forest management
options and under the
scenario of low future CO2

emissions in beech forests
(EFT6) in the CSA Romania.
From 0 to 2, the indicator
always shows the effective
number of layers in the
forest. 3 means multi-
layered, as it is no longer
possible to distinguish be-
tween the different layers
! ! ) with certainty above three
layers and they all merge
0 6 . into one another. It is usu-
2025 2050 2075 2100 2025 2050 2075 2100 2025 2050 2075 2100 ally done like this in NFlIs.
i Source: PICUS model

Forest layers
w (=]
w o
w o

53 Pretzsch, H. (2009): Forest Dynamics, Growth and Yield: From measurement to Model. Springer. https://doi.org/10.1007/978-3-540-88307-4
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Direction of indicator value for a positive effect on carbon mitigation: Increase of share of multi-layer stands A

Explanation of decarbonisation benefit:

Multi-layer stands, which have a diverse structure with trees of varying heights and ages, are highly effective in carbon
sequestration. These stands accumulate more organic matter, capture solar radiation and carbon dioxide more
efficiently, and retain carbon for longer periods. Their structural complexity enhances soil carbon storage and
minimizes carbon loss during disturbances such as storms due to their higher resilience. Increasing the area of multi-
layer stands can significantly enhance the forest's carbon mitigation potential (Hoover and Stout, 2007>4, Jonard et al.
201753).

Model output data for CSA level from: | National up to pan-European data

« PICUS from:

% Hoover, C.; Stout, S. (2007). The carbon consequences of thinning techniques: stand structure makes a difference. https:/doi.org/10.1093/JOF/105.5.266.
% Jonard, M. et al. (2017). Forest soils in France are sequestering substantial amounts of carbon. https://doi.org/10.1016/j.scitotenv.2016.09.028
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ESSENTIAL FOREST MITIGATION IN-
DICATORS (EFMIs)

Stand age OptFor-EU

Rationale: Forest age structure provides information about forest
history, harvesting potentials, carbon storage, and recreational values.
Information about stand age is particularly important for understanding
carbon mitigation dynamics resulting from different forest management
practices.

Indicator full text: Stand age

Measurement units: Years/age classes, %

Definitions:

Stand age: The time elapsed since establishment of the stand’s current main canopy cohort, expressed in years at a
stated reference date; operationally, usually the mean age of dominant trees, measured as total age from origin (seed,
sprout, or planting) (Smith et al., 2024°9),

Even-aged stand: A stand, in which no or relatively small age differences exist among individual trees within it (usually
less than 20% of rotation length), and defining average stand age is meaningful (IUFRO, n.d.57).

Uneven-aged stand: A stand or forest type, consisting of trees of a range of age classes, with age differences which are
significant in relation to the stand structure management and rotation length. Defining average stand age is not mean-
ingful. Practised or expected stand management, if any, is continuous forest cover management - selective cuttings,
shelter tree cutting, regeneration with small openings etc. (FRA, 2025%%8).

Common International Classification of Ecosystem Services (CICES): - -
Reference to indicators in in-

ternational indicator sets:

The indicator ‘stand density’ can be assigned to the regulation of physical, chemical o Forest Europe 1.3
or biological conditions and linked to the Forest Ecosystem Service ‘biodiversity sup-
port’, as it regulates canopy structure, light and nutrient availability, and competitive
dynamics, thereby supporting carbon uptake, habitat provision and resilience.

EU Nature Restoration
Regulation

Explanation of decarbonisation benefit:

As trees age, they sequester more carbon. Older stands store more carbon due to increased biomass accumulation,
significantly contributing to the forest's overall carbon mitigation potential (Alexandrov, 2007°°; Stephenson et al.,
201459),

% Smith, A.; Granhus, A.; Astrup, R. (2024): An investigation into the age structure of Norway spruce and Scots pinestands in Norway. Ecological Indicators 167,
https://doi.org/10.1016/j.ecolind.2024.112627

57 UFRO (0.D.). Silvaterm datatabase. Available online at: https:/www.iufro.org/science/specialisilvavoc/silvaterm/

% FRA (2025). FAO Forest Resource Assessment Definitions for the pan-European reporting. https://fra-data.fao.org/definitions/panEuropean/2020/en/tad#1.1a

% Alexandrov, G. (2007). Carbon stock growth in a forest stand: the power of age. https://doi.org/10.1186/1750-0680-2-4

6 Stephenson, N. et al. (2014). Rate of tree carbon accumulation increases continuously with tree size. https:/doi.org/10.1038/nature12914
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Direction of indicator value for a positive effect on carbon mitigation: Increase A
Model output data | National up to pan-European data from:

for CSA level from:

* 3D-CMCC-FEM

» PICUS

Forest Europe database

Significance of this indicator for assessing old-growthiness:

Information on high stand age, which correlates with large stem diameters, large amounts of standing and lying
deadwood, and large deadwood diameters, is suitable for assessing old growthiness (Kucbel, 2012%'; Lombardi et al.,
2012%2, Luyssaert et al., 200863).

61 Kucbel, S. et al. (2012). Stand structure and temporal variability in old-growth beech-dominated forests of the northwestern Carpathians: A 40-years perspective.
https://doi.org/10.1016/J.FOREC0.2011.10.011

62 | ombardi, F. et al. (2012). Deadwood Occurrence and Forest Structure as Indicators of Old-Growth Forest Conditions in Mediterranean Mountainous Ecosystems.
https://doi.org/10.2980/19-4-3506

83 L uyssaert, S. et al. (2008). Old-growth forests as global carbon sinks. https://doi.org/10.1038/nature07276
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Stand density OptFor-EU

Indicator full text:
Rationale: Stand density indicates competition levels, influences tree

Stand density growth rates, and serves as important information for forest manage-

ment and silvicultural treatments like thinning.
Measurement unit: No of trees/ha

Definition: Stand density refers to the number of trees per unit area in a forest and emphasises tree crowding and site
occupancy within a forest (Curtis, 1970%4).

Common International Classification of Ecosystem Services (CICES): Reference to indicators
in international indica-
tor sets:

The indicator ‘stand density’ can be assigned to the regulation of physical, chemical or
biological conditions and linked to the Forest Ecosystem Service ‘biodiversity support’, as
it regulates canopy structure, light and nutrient availability, and competitive dynamics,
thereby supporting carbon uptake, habitat provision and resilience.

15000 Figure 23. Stand
Management density (trees/ha).

g — FMO Simulation from
g — FM2 2006-2100 for trees
= — FM3 in age class 1 (0-20
= 10000 H
2 FM4 years) in beech for-
E — EM7 ests (EFT6) in the
s FMe CSA Romania, apply-

ing a scenario with
low future CO2 emis-
sions, and for six
different forest
management op-

S— tions. Source: PICUS
model.

5000

2025 2050 2075 2100
Year

Direction of indicator value for a positive effect on carbon mitigation:

Stand density alone does not fully determine the carbon sequestration potential. Instead, a combination of stand density
and basal stem area or biomass accumulation is needed for a more accurate assessment (see below).

84 Curtis, R.0. (1970): Stand Density Measures: An Interpretation. Forest Science 16. Springer. https://doi.org/10.1093/forestscience/16.4.403
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Explanation of decarbonisation benefit:

Higher stand density generally leads to increased carbon sequestration due to the higher biomass volumes present.
However, the optimal levels of stand density for maximizing carbon sequestration can vary significantly depending on
the specific forest type and environmental conditions. Very high stand densities can lead to competition among trees
for light and resources, potentially reducing growth rates and carbon uptake over time. Thinning practices can mitigate
these effects by improving resource availability, thereby enhancing growth and resilience, and contributing to greater
long-term carbon sequestration (Cachinero-Vivar et al., 2021%%; Hoover and Stout, 2007°¢; Sullivan et al., 2020%7)

Model output data for CSA level from: | National up to pan-European data

« PICUS from:

* 3D-CMCC-FEM

8 Cachinero-Vivar, A. et al. (2021). Thinning Effect of C Sequestration along an Elevation Gradient of Mediterranean Pinus spp. Plantations.
https://doi.org/10.3390/f12111583

% Hoover, C., & Stout, S. (2007). The carbon consequences of thinning techniques: stand structure makes a difference. https://doi.org/10.1093/JOF/105.5.266

67 Sullivan, T. et al. (2020). Twenty-Five Years after Stand Thinning and Repeated Fertilization in Lodgepole Pine Forest: Implications for Tree Growth, Stand Structure,
and Carbon Sequestration. https://doi.org/10.3390/f11030337
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Tree species diversity OptFor-EU

Indicator full text: Tree species diversity
Sub-indicators: ) . . . o

Rationale: High tree species diversity is generally
15.1 Forest area with one tree species occurring associated with positive effects on forest productivity
15.2 Forest area with 2-5 tree species occurring structural complexity, and on ecosystem services
such as carbon sequestration. However, it must be
considered that some natural forest ecosystems
have only one or two tree species, e.g. natural
subalpine spruce stands.

15.3 Forest area with 6+ tree species occurring

Measurement units:

» ha
« Share of forest area with certain diversity of species (%)

Definition: Tree species diversity refers to the number and abundance of different tree species within a defined area,
representing a critical component of forest ecosystem health and resilience®8.

Common International Classification of Ecosystem Services (CICES): Reference to indicators in in-
ternational indicator sets:
The indicator ‘tree species diversity’ can be assigned to the regulation of physical, Part of Forest Europe 4.1
chemical or biological conditions and linked to the Forest Ecosystem Service e Shannon index
‘biodiversity support’ because a variety of tree species supports ecosystem e Gini index
stability, carbon uptake and resilience, providing the foundation for diverse

habitats that enhance biodiversity.

88 https://lifestyle.sustainability-directory.com/arealtree-species-diversity/
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diversity (No of tree
species). Simulation in
beech forests (EFT6) in
the Romanian CSA from
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Figure 26. Tree species di-
versity (Gini index). Simula-
tion in beech forests (EFT6) in
the Italian CSA from 2006-
2100 for trees in age class 5
(81-100 years), applying a
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Source: PICUS model (The
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Figure 27. Tree species
diversity (Shannon index).
Simulation in beech forests
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Direction of indicator value for a positive effect on carbon mitigation:
Decrease ¥ forest area with one tree species (if not naturally occurring).

Increase Aforest area with many tree species occurring

Explanation of decarbonisation benefit:

A decrease of forest area with a single tree species occurring in forests where a greater diversity of species would
typically be expected, increases the carbon mitigation potential of the forest area. Conversely, an increase of forest
area, with a greater diversity of species, has the effect of enhancing the forest's resilience and its capacity to sequester
carbon (Pedro et al., 2015)°.

Model output data for CSA level National up to pan-European data
from: from:
« PICUS e Forest Europe database

* 3D-CMCC-FEM

8 Pedro, M. et al. (2015). Tree species diversity mitigates disturbance impacts on the forest carbon cycle. https://doi.org/10.1007/s00442-014-3150-0
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3.6.Indicators for regional climate regulation

ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Temperature OptFor-EU

Indicator full text: Temperature
Rationale: Temperature is influenced by meteorological

conditions such as wind speed and humidity as well as by

16.1 Near surface air (2m) temperature geographical location, climate, soil, vegetation and by forest

16.2 Frost days management practices. Forests help regulate temperature by

16.3 Hot days influencing the fluxes of heat, momentum or water vapour. Forest
. management can help moderate local temperatures and

16.4 Heat wave duration contribute to regional climate regulation (Luyssaert et al., 2018)7°.

16.5 Land surface temperature Temperature changes in turn affect forest ecosystem services,

particularly water availability (Samaniego et al. 20187").

Sub-indicators:

Measurement units: °C, days

Definitions:
Temperature is the measure of the average heat or thermal energy in a substance’?.

Heat wave duration: Any period of three or more days when daily maximum temperature (TX) exceeds the 90th per-
centile for the corresponding calendar days”?

Frost days: Annual count of days when TN (daily minimum temperature) < 0°C 74

Hot days: The count of days when daily maximum temperature remains above 30°C (days)”>

Common International Classification of Ecosystem Services (CICES):

Reference to indicators in
The indicator ‘temperature’ can be assigned to the regulation of physical, chemical international indicator sets:
or biological conditions and linked to the Forest Ecosystem Service ‘regional
climate regulation’ because it reflects the forest's role in regulating local and
regional temperatures through processes like shading, evapotranspiration, and
carbon sequestration.

e Essential Climate Variable
e Climate Change Indices

0 Luyssaert, S. et al. (2018). Tradeoffs in using European forests to meet climate objectives. https:/doi.org/10.1038/s41586-018-0577-1

7 Samaniego, L. (2018). Anthropogenic warming exacerbates European soil moisture droughts. https://doi.org/10.1038/s41558-018-0138-5
72 https://ugc.berkeley.edu/background-content/temperature/

73 https://github.com/ARCCSS-extremes/climpact/blob/master/www/user_guide/Climpact user_guide.md

74 https://climpact-sci.org/indices

75 https://climate-adapt.eea.europa.eu/en/metadata/indicators/hot-days
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Figure 29. Daily mean near surface air
temperature [°C]: Annual mean values and linear
trend 1981-2020 area-averaged for the CSA East
Lower Saxony for ERA5-driven REMO-iMOVE
simulations with and without land use land cover
changes (LULCC). The differences between the two
simulations show the effect of LULCC on the regional
climate.

Figure 30. Number of frost days [days per year]
(tasmin < 0°C): Annual mean values and linear trend
1981-2020 area-averaged for the CSA Austria for for
ERA5-driven REMO-iMOVE simulations with and without
land use land cover changes (LULCC). The differences
between the two simulations show the effect of LULCC
on the regional climate.
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REMO-iMOVE: Mean 29.5days, Trend 0.087days/yr

Figure 31. Number of hot days [days per year]
(tasmax > 30°C): Annual mean values and linear trend
1981-2020 area-averaged for the CSA lItaly for for ERA5-
driven REMO-iMOVE simulations with and without land

use land cover changes (LULCC). The differences
between the two simulations show the effect of LULCC

on the regional climate.
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Figure 32. Hot spell maximum length [days per
year]: Annual mean values and linear trend 1981-
2020 area-averaged for the CSAs Romania for ERA5-
driven REMO-iMOVE simulations with and without
land use land cover changes (LULCC). The differences
between the two simulations show the effect of LULCC
on the regional climate.
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Direction of indicator value for a positive effect on carbon mitigation:

Increase of temperature A but heat extremes have negative effects

Explanation of decarbonisation benefit:

Temperature affects carbon fluxes in forests. Increasing temperatures could reduce the carbon sequestration potential
(Gong and Zhang, 202079). If forest management practices lead e.g. to a reduction of heat extremes, this could lead to
an increase in carbon sequestration (Ontl et al., 201977).

Model output data for National up to pan-European data from:
CSA level from: « REMO-iMOVE

* RegCM + RegCM

e REMO-iIMOVE o CERRA reanalysis on 2 m air temperature

e MODIS v4 Land Surface Temperature
o EURO-CORDEX Regional Climate Model future projection data
» Data code accessible via Zenodo

% Gong, Y., & Zhang, Y. (2020). Effect of temperature change on CO2 Flux in temperate mixed forest ecosystem. https:/doi.org/10.24294/sf.v3i2.1596
70ntl, T. etal. (2019). Forest Management for Carbon Sequestration and Climate Adaptation. Journal of Forestry. https://doi.org/10.1093/jofore/fvz062
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Precipitation OptFor-EU

Indicator full text: Rationale: Forests influence regional precipitation patterns, including rain and snow,
which can affect areas far from the forest. Climate change induced changes in
precipitation can impact the site resilience of the forest tree species (Meier et al.,
202178, Stolz et al., 20217°). Managing forests to enhance their resilience to
precipitation variability is crucial to maintaining their ecosystem functions®.

Precipitation

Measurement unit: mm

Definition: Precipitation is water condensing from the clouds and falling as rain, hail, snow, sleet. This precipitation
does not necessarily reach the Earth's surface as a certain amount evaporates into the atmosphere as it falls (ESA,
2024b®").

Common International Classification of Ecosystem Services (CICES): Reference to indicators in international
indicator sets:

o Standardized Precipitation Evapotran-
spiration Index (SPEI)

The indicator ‘precipitation’ can be assigned to the regulation of
physical, chemical or biological conditions and linked to the Forest
Ecosystem Service ‘regional climate regulation’ because it reflects the
forest's influence on local and regional hydrological cycles, where forests
can affect rainfall patterns through processes like evapotranspiration,
thereby helping regulate climate.

o Essential Climate Variable
Climate ADAPT

8 Meier, R. et al. (2021). Empirical estimate of forestation-induced precipitation changes in Europe. https:/doi.org/10.1038/s41561-021-00773-6

 Stolz, J. et al. (2021). Increasing climate sensitivity of beech and pine is not mediated by adaptation and soil characteristics along a precipitation gradient in north-
eastern Germany. https:/doi.org/10.1016/J.DENDRO.2021.125834

8 Nabuurs, G. etal. (2017). By 2050 the Mitigation Effects of EU Forests Could Nearly Double through Climate Smart Forestry. https://doi.org/10.3390/F8120484

81 ESA (2024b). The European Space Agency. MetOp Glossary. Online available at https:/www.esa.int/Applications/Observing_the Earth/Meteorological mis-
sions/MetOp/Glossary. Accessed at 21.11.2024
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https://climatedataguide.ucar.edu/climate-data/standardized-precipitation-evapotranspiration-index-spei#:~:text=The%20SPEI%20is%20designed%20to,timescales%20from%201%2D48%20months.
https://climatedataguide.ucar.edu/climate-data/standardized-precipitation-evapotranspiration-index-spei#:~:text=The%20SPEI%20is%20designed%20to,timescales%20from%201%2D48%20months.
https://gcos.wmo.int/en/essential-climate-variables/precipitation
https://climate-adapt.eea.europa.eu/en/metadata/indicators/total-precipitation
https://doi.org/10.1038/s41561-021-00773-6
https://doi.org/10.1016/J.DENDRO.2021.125834
https://doi.org/10.3390/F8120484
https://www.esa.int/Applications/Observing_the_Earth/Meteorological_missions/MetOp/Glossary.%20Accessed%20at%2021.11.2024
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Italy - Mean Daily Precipitation {(1281-2020)

351 REMO-IMOVE: Mean 2.6mm day-?, Trend 0.008mm day-%/yr

Figure 33. Daily precipitation [mm/day]: Annual
mean values and linear trend 1981-2020 area-averaged
for CSA Romania for for ERA5-driven REMO-iMOVE
simulations with and without land use land cover
changes (LULCC). The differences between the two
simulations show the effect of LULCC on the regional
climate.
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Direction of indicator value for a positive effect on carbon mitigation: Increase A

Explanation of decarbonisation benefit:

Precipitation affects key processes in the forest carbon cycle, including photosynthesis and decomposition. Sufficient
precipitation promotes carbon uptake by supporting tree growth, while extreme variability, such as droughts, can lead
to reduced carbon storage or even net carbon release due to stress-induced tree mortality (Lin et al., 201582).

Model output data for National up to pan-European-wide EO data:
CSA level from: o REMO-iMOVE
+ RegCM * RegCM

o CERRA reanalysis monthly data on precipitation
o EURO-CORDEX Regional Climate Model future projection data
» Data code accessible via Zenodo

» REMO-iIMOVE

8 Lin, X. et al.(2015). Precipitation Mediates the Response of Carbon Cycle to Rising Temperature in the Mid-to-High Latitudes of the Northern Hemisphere.
https://doi.org/10.1371/journal.pone.0132663
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Soil moisture OptFor-EU

Indicator full text: Soil moisture Rationale: Forests have a significant
impact on soil moisture levels due to the
roots of the trees, transpiration rates, and
18.1 Surface soil moisture ability to intercept rainfall. Soil moisture
18.2 Root-zone soil moisture plays a crucial role in the local and regional
water cycle and has a strong effect on tree
health and growing stock, water availability,

Sub-indicators:

18.3 Water holding capacity

18.4 Soil moisture variability and overall ecosystem resilience (Proietti et
al., 201983), It is essential to manage forests
Measurement units: in a way that ensures adequate soil

moisture levels, as this is key to maintaining
their ecosystem services (George et al.,
202184,

o m3/m3 (volume of water/total volume),

o %

Definition: Soil moisture is water stored in the soil in liquid or frozen form. Root-zone soil moisture is of most rele-
vance for plant activity (IPCC, 2022%5).

Common International Classification of Ecosystem Services (CICES):

Reference to indicators in in-
The indicator ‘soil moisture’ can be assigned to the regulation of physical, chemical (., 5tional indicator sets:

or biological conditions and linked to the Forest Ecosystem Service ‘regional

climate regulation’ because it reflects the forest's role in regulating soil water levels, * Essential Climate Variable
which influences evapotranspiration and moisture recycling, helping to regulate local

and regional climate patterns.

Explanation of decarbonisation benefit:

Maintaining balanced soil moisture levels that support healthy forest ecosystems can contribute to carbon
sequestration and mitigation efforts. However, extreme shifts in soil moisture, whether too wet or too dry, can have
adverse consequences for carbon sequestration and ecosystem health (Granier et al., 200786).

8 Proietti, C. et al. (2019). A New Wetness Index to Evaluate the Soil Water Availability Influence on Gross Primary Production of European Forests.
https://doi.org/10.3390/CLI7030042

8 George, J., et al. (2021). Long-term forest monitoring unravels constant mortality rise in European forests. https://doi.org/10.1101/2021.11.01.466723

8 |PCC (2022). Annex II: Glossary [Mdller, V., R. van Diemen, J.B.R. Matthews, C. Méndez, S. Semenov, J.S. Fuglestvedt, A. Reisinger (eds.)]. In: Climate Change
2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [H.-
O. Pértner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Ldschke, V. Méller, A. Okem, B. Rama (eds.)]. Cambridge
University Press, Cambridge, UK and New York, NY, USA, pp. 2897-2930, https:/doi.org/10.1017/9781009325844.029

8 Granier, A. et al. (2007). Evidence for soil water control on carbon and water dynamics in European forests during the extremely dry year 2003.
https://doi.org/10.1016/J. AGRFORMET.2006.12.004
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Romania - Relative Soil Moisture (1981-2020)

REMO-iMOVE: Mean €6.5%, Trend 0.200%/yr
20 REMO-iMOVE-LUC: Mean 67.9%, Trend 0.068%/yr

Figure 34. Relative soil moisture [%]: Annual mean
values and linear trend 1981-2020 area-averaged for
CSA Romania for for ERA5-driven REMO-iMOVE with
and without land use land cover changes (LULCC).
The differences between the two simulations show
the effect of LULCC on the regional climate.
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Direction of indicator value for a positive effect on carbon mitigation:

Increase A in case of ‘balanced’ soil moisture
Decrease V¥ in case of extremes (flood, drought)

Model output data for CSA level from: National up to pan-European-wide data
+ 3D-CMCC_FEM from:

¢ RegCM * RegCM

e REMO-iMOVE ¢ REMO-iMOVE

o CERRA reanalysis data (monthly)

o Data code accessible via Zenodo
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

[ [
Evapotranspiration OptFor-EU
Indicator full text: Evapotranspiration Rationale: Evapotranspiration processes affect heat and moisture
fluxes, near-surface air humidity, temperature, and fog formation.
Measurement units: In the upper atmosphere, it can influence cloud formation. Forest

management practices supporting optimal evapotranspiration

‘ mm/rznz rates can help regulate local and regional climates (Teuling et al.,
* kg/m 201997).
» mm/day

Definition: Evapotranspiration is the combined processes through which water is transferred to the atmosphere
from open water and ice surfaces, bare soil and vegetation (as evaporation or transpiration) that make up the Earth’s
surface (based on IPCC, 202288).

Common International Classification of Ecosystem Services (CICES):

Reference to indicators in

The indicator ‘evapotranspiration’ can be assigned to the regulation of physical, international indicator sets:

chemical or biological conditions and linked to the Forest Ecosystem Service ‘re-

gional climate regulation’ because it reflects the process by which forests release = © Essential Climate Variable
water into the atmosphere, influencing local humidity, cloud formation, and precipita-

tion patterns, which helps regulate regional climate.

Austria - Evapotranspiration (1981-2020)

REMO-iMOVE: Mean 1.5mm day-!, Trend 0.003mm day-'/yr

N
N

Figure 35. Evapotranspiration [mm/day]: Annual
18k mean values and linear trend 1981-2020 area-averaged
for CSA Austria for ERA5-driven REMO-iMOVE
simulations with and without land use land cover
changes (LULCC). The differences between the two
simulations show the effect of LULCC on the regional
climate.

Evapotranspiration {inverted, mm day?)
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8 Teuling, A. et al. (2019). Climate change, reforestation/afforestation, and urbanization impacts on evapotranspiration and streamflow in Europe.
https://doi.org/10.5194/hess-23-3631-2019

8 |PCC (2022). Annex II: Glossary [Mdller, V., R. van Diemen, J.B.R. Matthews, C. Méndez, S. Semenov, J.S. Fuglestvedt, A. Reisinger (eds.)]. In: Climate Change
2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [H.-
O. Pértner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Ldschke, V. Méller, A. Okem, B. Rama (eds.)]. Cambridge
University Press, Cambridge, UK and New York, NY, USA, pp. 2897-2930, https:/doi.org/10.1017/9781009325844.029
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Direction of indicator value for a positive effect on carbon mitigation: Increase A

Explanation of decarbonisation benefit:

Evapotranspiration plays a critical role in the carbon cycle by influencing water availability to plants, which directly
affects photosynthesis and plant respiration. By regulating water availability, evapotranspiration affects both
ecosystem productivity and carbon dynamics (Frank et al., 2015%). As a key link between ecosystem functioning,
carbon-climate feedbacks and water resources, changes in evapotranspiration can significantly alter carbon uptake
and release, thereby shaping the broader carbon cycle (Katul, 2012%; Teuling et al., 2019°").

Model output data for National up to pan-European-wide data from:

CSA level from: « RegCM

* RegtM «  REMO-IMOVE

* REMO-IMOVE o CERRA reanalysis data on evapotranspiration and potential
* 3D-CMCC-FEM evapotranspiration, monthly at 500 m, 1984-2021

o EURO-CORDEX Regional Climate Model future projection data on
Evaporation

« Data code accessible via Zenodo

8 Frank, D. et al. (2015): Water-use efficiency and transpiration across European forests during the Anthropocene. https:/doi.org/10.1038/nclimate2614
9 Katul, G. et al. (2012). Evapotranspiration: A process driving mass transport and energy exchange in the soil-plant-atmosphere-climate system.
https://doi.org/10.1029/2011RG000366

9 Teuling, A. et al. (2019). Climate change, reforestation/afforestation, and urbanization impacts on evapotranspiration and streamflow in Europe.
https://doi.org/10.5194/hess-23-3631-2019
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

Water vapour OptFor-EU

Rationale: Forests affect near-surface water vapour by processes such
Indicator full text: Water vapour as evapotranspiration and their structural characteristics, such as
roughness length. These interactions with forest effects on wind and
temperature influence local humidity levels and can affect phenomena
Measurement units: such as fog formation. Near-surface humidity has significant
implications for the prevalence of plant diseases. Forest management
practices that support and optimize water vapour fluxes can help
¢ Surface air specific humidity (mm, kg/kg,  regylate local climate and improve ecosystem health (Oksanen et al.,
kg/mz2, ppmv) 2018%2),

« Surface air relative humidity (%)

Definition: Water vapour is the gaseous phase of water resulting from evaporation and transpiration, influenced by
temperature and evapotranspiration. It is one state of water within the hydrosphere (based on the GCOS website®3).

Common International Classification of Ecosystem Services (CICES):

The indicator ‘water vapour’ can be assigned to the regulation of physical, chemical Reference to indicators in
or biological conditions and linked to the Forest Ecosystem Service ‘regional internationalindicator sets:
climate regulation’ because it reflects the role of forests in releasing water in form
of vapour, which not only contributes to cloud formation and regional precipitation
patterns but also helps regulate the internal microclimate of the forest, influencing
temperature and humidity levels.

o Essential Climate Variable

Explanation of decarbonisation benefit:

Water vapor affects the forest carbon cycle by influencing plant transpiration rates and soil moisture levels. Increased
water vapor can enhance transpiration, promoting plant growth and carbon uptake, while also affecting microbial
activity and decomposition rates in the soil. Vertically integrated water vapor influences the forest carbon cycle by
regulating atmospheric moisture availability. Higher levels of vertically integrated water vapor can enhance plant
transpiration rates, affecting water stress levels, plant growth, and ultimately carbon uptake in forest ecosystems
(Greco et al., 1996°4 Law et al., 2002%3).

92 Oksanen, E. et al. (2018). Northern Forest Trees Under Increasing Atmospheric Humidity. https:/doi.org/10.1007/124 2017 15

93 GCOS website: https:/gcos.wmo.int/site/global-climate-observing-system-gcos

9% Greco, S., & Baldocchi, D. (1996). Seasonal variations of CO2 and water vapour exchange rates over a temperate deciduous forest. https://doi.org/10.1111/J.1365-
2486.1996.7TB00071.X

9% Law, B. et al. (2002). Environmental controls over carbon dioxide and water vapor exchange of terrestrial vegetation. https://doi.org/10.1016/S0168-1923(02)00104-1
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East Lower Saxony - Relative Humidity {1981-2020}

90

851

Figure 36. Near surface air relative humidity [%] (2
m above ground): Annual mean values and linear trend
1981-2020 area-averaged for CSA East Lower Saxony for
ol ERAS5-driven REMO-iIMOVE simulations with and without
land use land cover changes (LULCC). The differences
between the two simulations show the effect of LULCC
ool on the regional climate.
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REMO-iMOVE-LUC: Mean 84.2%, Trend -0.041%/yr
55 REMO-iMOVE: Mean 84.2%, Trend -0.055%/yr
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Direction of indicator value for a positive effect on carbon mitigation: Increase A

Model output data National up to pan-European-wide data from:
for CSA level from: « RegCM

* RegCM « REMO-IMOVE

» REMO-iMOVE

« CERRA reanalysis surface air (2m) data on specific humidity
+ 3D-CMCC-FEM (monthly)
» EURO-CORDEX Regional Climate Model future projection data

» Data code accessible via Zenodo
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ESSENTIAL FOREST MITIGATION
INDICATORS (EFMIs)

OptFor-EU

Indicator full text: Runoff
Rationale: Forests have a significant impact on runoff through their forest

Sub-indicators: cover, forest types, soil structure, and interception capacity. Forest management

21.1 Total runoff practices that enhance a denser canopy cover and improve the soil structure
can reduce runoff, improving water infiltration and storage in the soil. This has

21.2 Surface runoff significant impacts on the local and regional water cycle, preventing soil erosion

and maintaining water quality (Bonnesoeur et al., 2019%).
Measurement unit: mm

Definition: Runoff is the flow of water over the land surface and through the subsurface that returns to water bodies,
generated from the portion of precipitation and snow/ice melt that does not evaporate, transpire, refreeze, or infil-
trate; it occurs when soils are saturated or when impervious surfaces limit infiltration, and is influenced by precipita-
tion intensity and soil moisture conditions (based on IPCC, 2022%).

Common International Classification of Ecosystem Services (CICES):

Reference to indicators in
international indicator
sets:

The indicator ‘runoff can be assigned to the regulation of physical, chemical or
biological conditions and linked to the Forest Ecosystem Service ‘regional climate
regulation’ because it reflects the forest's role in influencing water movement across
the landscape, where forests help regulate runoff through soil infiltration and vegetation | -
cover, which can affect local hydrological cycles and contribute to regional climate

stability.

% Bonnesoeur, V. et al. (2019). Impacts of forests and forestation on hydrological services in the Andes: A systematic review. Forest Ecology and Management.
https://doi.org/10.1016/J.FOREC0.2018.11.033

97 |PCC (2022). Annex II: Glossary [Mdller, V., R. van Diemen, J.B.R. Matthews, C. Méndez, S. Semenov, J.S. Fuglestvedt, A. Reisinger (eds.)]. In: Climate Change
2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [H.-
O. Pértner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Ldschke, V. Méller, A. Okem, B. Rama (eds.)]. Cambridge
University Press, Cambridge, UK and New York, NY, USA, pp. 2897-2930, https:/doi.org/10.1017/9781009325844.029
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Italy - Surface Runcff (1981-2020)

REMO-IMCGVE: Mean 0.7mm day*, Trend 0.005mm day*/yr
o REMO-IMOVE-LUC: Mean 0.7mm day—?, Trend 0.004mm day-/yr

7 Figure 37. Daily surface runoff [mm/day]: Annual

mean values and linear trend 1981-2020 area-averaged
2sf for the CSA Italy for ERA5-driven REMO-iMOVE
simulations with and without land use land cover
changes (LULCC). The differences between the two
simulations show the effect of LULCC on the regional
climate.

Surface Runoff (mm day?)
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Direction of indicator value for a positive effect on carbon mitigation: Decrease ¥

Explanation of decarbonisation benefit:

Runoff is an important part of the water balance in forests and influences the soil moisture which contributes to
healthy forest ecosystems and therefore to carbon sequestration (Beldring, 2002°).

Model output data National up to pan-European-wide data from:
for CSA level from: + RegCM

* RegCM « REMO-iMOVE

* REMO-iMOVE o CERRA reanalysis monthly runoff data

o EURO-CORDEX Regional Climate Model future projection data
» Data code accessible via Zenodo

® 3D-CMCC-FEM

9 Beldring, S. (2002). Runoff Generating Processes in Boreal Forest Environments with Glacial Tills. https:/doi.org/10.2166/NH.2002.0013
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4. Conclusions

Within the OptFor-EU we have developed a novel set of Essential Forest Mitigation
Indicators (EFMI) to support forest managers and stakeholders in making informed
decisions about decarbonization, climate change adaptation and forest resilience. Key
achievements include:

1.

Participatory development process: A robust combination of literature review,
internal evaluations, and stakeholder engagement ensured the final EFMI set is
relevant, and sensitive to forest management practices.

Indicator selection and integration: Through a structured process, the initial pool
of 130 indicators was refined to 21 essential indicators, categorized thematically
to address primary production, carbon storage, forest health, climate change
adaptation, biodiversity, stewardship and regional climate regulation.

Alignment with policy and frameworks: By utilizing the CICES framework and
integrating data from diverse sources, the EFMI are positioned to bridge scientific
rigor with practical applicability, aligning with EU priorities on decarbonization,
increasing forest resilience and monitoring relevant aspects of old-growth
forests.

Scalability and stakeholder validation: By engaging both local and international
stakeholders, the indicators are validated for local and broader regional
application, enhancing their utility for forest managers, stakeholders and forest
or environmental decision-makers alike.

In the next step, the integration of the EFMI indicators into a DSS will enable forest
managers to evaluate and optimise their practices, thereby making a meaningful
contribution to national, European and global carbon mitigation goals. This innovative
approach strengthens the intersection of science, policy and practice, ensuring that
forest ecosystems remain resilient and capable of supporting decarbonization.
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5.Glossary of terms used

Abiotic

1) Not biotic.
2) Non-living, e.g.: abiotic damage = damage caused by non-liv-
ing agents (snow, storms, etc.) (MCPFE, 2003).

Above-ground
living biomass

The biomass of all living plant species from the ground and
everything above it; includes stems, branches, foliage and un-
derstorey vegetation (IUFRO, n.d).

or

The mass, expressed as oven-dry weight of the woody parts
(stem, bark, branches and twigs) of all living trees excluding
stump and roots (ESA-CCI biomass map v5).

Adaptation

In natural systems, the process of adjustment to actual climate
and its effects; human intervention may facilitate adjustment
to expected climate and its effects (IPCC, 2022).

Afforestation

Establishment of forest through planting and/or deliberate
seeding on land that, until then, was under a different land use,
implies a transformation of land use form non-forest to forest
(FRA, 2025).

Age class

Any interval into which the age range of trees, forests, stands,
or forest types is divided for classification, e.g. 1, 5,10 or 20 years
old age classes, as used in inventory or management (IUFRO,
n.d.)

Age class
distribution

The area and/or proportionate representation of different age
classes in a forest (MCPFE, 2003)

Atmosphere

The gaseous envelope surrounding the Earth, divided into five
layers: the troposphere, which contains half of the Earth’s at-
mosphere, the stratosphere, the mesosphere, the thermo-
sphere and the exosphere, which is the outer limit of the at-
mosphere. The dry atmosphere consists almost entirely of ni-
trogen (78.1% volume mixing ratio) and oxygen (20.9% volume
mMixing ratio), together with a number of trace gases such as
argon (0.93% volume mixing ratio), helium and radiatively ac-
tive greenhouse gases (GHGs) such as carbon dioxide (CO,)
(0.04% volume mixing ratio) methane (CH4), nitrous oxide (N2O)
and ozone (Os). In addition, the atmosphere contains the GHG
water vapour (H.0), whose concentrations are highly variable
(0-5% volume mixing ratio) as the sources (evapotranspiration)
and sinks (precipitation) of water vapour show large spatio-
temporal variations, and atmospheric temperature exerts a
strong constraint on the amount of water vapour an air parcel
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can hold. The atmosphere also contains clouds and aerosols
(IPCC, 2022).

Below-ground

All living biomass of live roots beneath the ground surface. Fine
roots of less than two mm diameter are often excluded be-

biomass cause these often cannot be distinguished empirically from soil
organic matter or litter (Carbon finance lexicon, n.d.).
The variability among living organisms from all sources includ-
Biological ing, inter alia, terrestrial, marine and other aquatic ecosystems
diversity/ and the ecological complexes of which they are part; this in-
Biodiversity cludes diversity within species, between species and of ecosys-
tems (CBD, 1992).
Biomass is the total mass of living organisms in a given area or
Biomass volume; dead plant material can be included as biomass (Car-
bon finance lexicon, n.d.).
The part of the Earth system comprising all ecosystems and liv-
ing organisms, in the atmosphere, on land (terrestrial bio-
Biosphere sphere) or in the oceans (marine biosphere), including derived
dead organic matter, such as litter, soil organic matter and oce-
anic detritus (IPCC, 2022).
Biotic Living; sustaining or having sustained life, often describing the

biological components of an ecosystem (IUFRO, n.d.)

Carbon dioxide
(CO,)

A naturally occurring gas, CO; is also a by-product of burning
fossil fuels (such as oil, gas and coal), of burning biomass, of
land-use changes (LUC) and of industrial processes (e.g., ce-
ment production). It is the principal anthropogenic green-
house gas (GHG) that affects the Earth’s radiative balance. It is
the reference gas against which other GHGs are measured and
therefore has a global warming potential (GWP) of 1 (IPCC,
2022).

Carbon pool

A Carbon Pool is a reservoir of carbon. A system that has the
capacity to accumulate or release carbon. Carbon pools are
measured in terms of mass (e.g., metric tons of carbon). The
seven major carbon pools associated with agriculture, forestry,
and land-use projects are: above-ground non-tree biomass,
above-ground tree biomass, below-ground biomass, litter, soil
carbon, wood products, and dead wood (Carbon finance lexi-
con, n.d.).

Carbon
sequestration

The uptake (withdrawal from the atmosphere) and storage of
carbon from the atmosphere in a carbon pool. Trees and
plants, for example, absorb carbon dioxide, release the oxygen
and store the carbon.

Retention of carbon in ways that prevent or delay its emission
to the atmosphere as carbon dioxide. Silvicultural practices
that encourage rapid, long term tree growth are an example.

86




OptFor-EU

Crop residue retention practices designed to prevent erosion
and improve the productivity of soil, such as conservation till-
age, also retain larger amounts of carbon compared to many
traditional cultivation practices.

Net removal of CO,from the atmosphere into long-lived pools
of carbon. The pools can be living, aboveground biomass (e.g.
trees), products with a long, useful life created from biomass
(e.g. lumber), living biomass in soils (e.g. roots and microorgan-
isms), or recalcitrant organic and inorganic carbon in soils and
deeper subsurface environments. (IUFRO, n.d))

Carbon sink

Carbon sink is any process, activity, or mechanism that results
in the net removal of greenhouse gas from the atmosphere
(Carbon finance lexicon, n.d.).

Carbon stock

The quantity of carbon in a carbon pool (IPCC, 2022).

Climate change

A change in the state of the climate that can be identified (e.g.,
by using statistical tests) by changes in the mean and/or the
variability of its properties and that persists for an extended pe-
riod, typically decades or longer. Climate change may be due
to natural internal processes or external forcings such as mod-
ulations of the solar cycles, volcanic eruptions and persistent
anthropogenic changes in the composition of the atmosphere
or in land use. Note that the United Nations Framework Con-
vention on Climate Change (UNFCCCQC), in its Article 1, defines
climate change as: ‘a change of climate which is attributed di-
rectly or indirectly to human activity that alters the composi-
tion of the global atmosphere and which is in addition to natu-
ral climate variability observed over comparable time periods'.
The UNFCCC thus makes a distinction between climate
change attributable to human activities altering the atmos-
pheric composition and climate variability attributable to natu-
ral causes (IPCC, 2022).

Non-living woody biomass either standing or lying on the

Deadwood ground. Excludes woody biomass contained in the litter,
stumps or dead roots (FRA, 2025).
. L. Human actions to reduce carbon dioxide emissions from hu-
Decarbonisation

man activities (IPCC, 2022)

Diameter class

Any of the intervals into which the range of stem diameters of
trees or logs is divided for classification and use. Also the trees
or logs falling into such an interval (IUFRO, n.d.).

Diameter The manner in which the trees in a stand are distributed over
distribution diameter classes (IUFRO, n.d.)

An exceptional period of water shortage for existing ecosys-
Drought tems and the human population (due to low rainfall, high tem-

perature and/or wind (IPCC, 2022).
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Ecosystem

A complex of plant, animal and micro-organism communities
and their non-living environment interacting as a functional
unit (CBD, 1992).

Ecosystem health

Ecosystem health is a metaphor used to describe the condition
of an ecosystem, by analogy with human health. Note that
there is no universally accepted benchmark for a healthy eco-
system. Rather, the apparent health status of an ecosystem is
judged on the ecosystem’s resilience to change, with details
depending upon which metrics are employed in judging it and
which societal aspirations are driving the assessment (IPCC,
2022).

Ecological processes or functions having monetary or non-
monetary value to individuals or society at large. These are fre-
guently classified as (1) supporting services such biodiversity

Ecos.ystem Mmaintenance, (2) provisioning services such as biomass, (3) reg-
services ulating services such as climate regulation or carbon seques-
tration and (4) cultural services such as tourism or spiritual and
aesthetic appreciation (IPCC, 2022).
The combined processes through which water is transferred to
Evapotranspiration | the atmosphere from open water and ice surfaces, bare soil

and vegetation that make up the Earth’s surface (IPCC, 2022).

Even-aged stand

A stand, in which no or relatively small age differences exist
among individual trees within it (usually less than 20% of rota-
tion length), and defining average stand age is meaningful (1U-
FRO, n.d.).

Expansion

Expansion of forest on land that, until then, was under a differ-
ent land use, implies a transformation of land use from non-
forest to forest (FRA, 2025)

Fellings

Average annual standing volume of all trees, living or dead,
measured overbark to a minimum diameter of 0 cm (d.b.h.)
that are felled during the given reference period, including the
volume of trees or parts of trees that are not removed from the
forest, other wooded land or other felling site.

Includes: silvicultural and pre-commercial thinnings and clean-
ings left in the forest; and natural losses that are recovered
(harvested) (TBFRA, 2000).

=Wood removals

Forest

Land spanning more than 0.5 hectares with trees higher than 5
meters and a canopy cover of more than 10 percent, or trees
able to reach these thresholds in situ. It does not include land
that is predominantly under agricultural or urban land use
(FRA, 2025).
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Forest available for

Forests where there are no environmental, social or economic
restrictions that could have a significant impact on the current
or potential supply of wood. These restrictions could be based

wood supply on legal acts, managerial owners’ decisions or other reasons
(FRA, 2025).
Damage to the chemical, biological and/or physical structure
of a soil (soil degradation) and to the forest itself (forest degra-
Forest . dation), as a result of incorrect use or management, and which,
degradation if not ameliorated, will reduce or destroy the production poten-

tial of a forest ecosystem (in perpetuity) (IUFRO, n.d.).

Forest ecosystem

A forest ecosystem is a dynamic complex of plant, animal, and
micro-organism communities, and their abiotic environment
interacting as a functional unit, where the presence of trees is
essential. Humans, with their cultural, economic, and environ-
mental needs are an integral part of many forest ecosystems
(CBD, 2001)

Forest Ecosystem
services

Forest ecosystem services (FES) are a subset of the broader
category of ecosystem services (ES). Ecosystem services en-
compass all the benefits that natural ecosystems provide to
humans, while forest ecosystem services specifically refer to
those benefits derived from forest ecosystems (Brockerhoff et
al., 2017).

The practical application of biological, physical, guantitative,
managerial, economic, social and policy principles to the re-

Forest generation, utilization, and conservation of forests to meet
management specified goals and objectives while maintaining the productiv-
ity of the forest (IUFRO, n.d.).
All the information (in the form of text, maps, tables and
Forest graphs) collected during (periodic) forest inventories and con-

management plan

densed into a written scheme of management aiming at conti-
nuity of policy and action and controlling the treatment of a
forest (IUFRO, n.d.).

Forest
management unit

A defined area of land that forms the basic area for planning
and management purposes. Usually, management units are
the basis of detailed plans and actions. They may be further di-
vided into smaller divisions, such as compartments or sub-
compartments, and may themselves be part of a larger plan-
ning unit or similar designation (IUFRO, n.d.).

Forest Species

A forest species is a species that is dependent on a forest for
part or all of its day to day living requirements, or for its repro-
ductive requirements. Therefore, an animal species may be
considered a forest species even if it does not live most of its
life in a forest (MCPFE, 2003).
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Growing stock

The sum, by number, basal area or volume, of all living trees,
generally over a minimum diameter, in a forest or a specified
part of it, indexed in various way but usually in terms of total
stem volume or mass (IUFRO, n.d.).

Hydrosphere

The component of the climate system comprising liquid sur-
face and subterranean water, such as in oceans, seas, rivers,
freshwater lakes, underground water, wetlands, etc. (IPCC,
2021)

Mitigation (of
climate change)

A human intervention to reduce emissions or enhance the
sinks of greenhouse gases (IPCC, 2022).

Nature-based
solutions (NBS)

Actions to protect, sustainably manage and restore natural or
modified ecosystems that address societal challenges effec-
tively and adaptively, simultaneously providing human well-be-
ing and biodiversity benefits. (IUCN, 2016)

Natural
Regeneration

Re-establishment of a forest stand by natural means, i.e. by
natural seeding or vegetative regeneration. It may be assisted
by human intervention, e.g. by preparatory cutting, scarifica-
tion or fencing to protect against wildlife damage or domestic
animal grazing (TBFRA, 2000; FRA, 2025).

Native species

Indigenous species of animals or plants that naturally occur in
a given region or ecosystem. Under climate change, many spe-
cies colonise new areas where they may become native over
time (IPBES, 2019).

Net ecosystem

exchange of CO,

The net ecosystem exchange (NEE) rate of CO;represents the
balance of CO; absorbed by plants during photosynthesis and
COsreleased during respiration, a process with occurs in both
plants and soils (NASA, 2022).

Water condensing from the clouds and falling as rain, hail,
snow, sleet. This precipitation does not necessarily reach the

Precipitation Earth's surface as a certain amount evaporates into the atmos-
phere as it falls (ESA, 2024).
Prlmary. Generation of biomass through photosynthesis.
production
Reforestation Conversion to forest of land that has previously
Reforestation contained forests but that has been converted to some other
use (IPCC, 2022).
Establishment of forest through planting and/or deliberate
. seeding on land that, until then, was under a different land use,
Regeneration

implies a transformation of land use form non-forest to forest
(TBFRA, 2000; FRA 2025).
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Regeneration by
planting and/or
seeding

The act of re-establishing a forest stand by artificial means, ei-
ther by planting of seedlings or by scattering seed on land al-
ready in forest land use. The material used may be of indige-
nous or introduced origin (FRA, 2025).

Relative humidity

The relative humidity specifies the ratio of actual water vapour
pressure to that at saturation with respect to liquid water or ice
at the same temperature (IPCC, 2022).

Resilience

The capacity of interconnected social, economic and ecological
systems to cope with a hazardous event, trend or disturbance,
responding or reorganising in ways that maintain their essen-
tial function, identity 2920Glossary Risk management Annex Il
and structure. Resilience is a positive attribute when it main-
tains capacity for adaptation, learning and/or transformation
(Arctic Council, 2016).

Restoration

Restoration involves human interventions to assist the recovery
of an ecosystem that has been previously degraded, damaged
or destroyed (IPSS, 2022).

Roundwood

All roundwood felled or otherwise harvested and removed. It
comprises all wood obtained from removals, i.e. the quantities
removed from forests and from trees outside the forest, includ-
ing wood recovered from natural, felling and logging losses
during the period, calendar year or forest year. It includes all
wood removed with or without bark, including wood removed
in its round form, or split, roughly squared or in other form (e.g.
branches, roots, stumps and burls (where these are harvested)
and wood that is roughly shaped or pointed. It is an aggregate
comprising wood fuel (including wood for charcoal) and indus-
trial roundwood (wood in the rough) (FRA, 2025).

Runoff

The flow of water over the surface or through the subsurface,

which typically originates from the part of liquid precipitation

and/or snow/ ice melt that does not evaporate, transpire or re-
freeze, and returns to water bodies (IPCC, 2022).

Soil erosion

The displacement of the soil by the action of water or wind. Soil
erosion is a major process of land degradation (IPCC, 2022).

Soil moisture

Water stored in the soil in liquid or frozen form. Root-zone soil
moisture is of most relevance for plant activity (IPCC, 2022).

Soil organic
carbon

Carbon contained in soil organic matter (IPCC, 2022).

Specific humidity

The specific humidity specifies the ratio of the mass of water
vapour to the total mass of moist air (IPCC, 2021).

Stand

A community of trees possessing sufficient uniformity in com-
position, age, arrangement or condition to be distinguishable
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from the forest or other growth on adjoining areas, thus form-
ing a temporary silvicultural or management entity (IUFRO
n.d.).

Stewardship

Act of taking care of or managing something.

Sustainable forest

The stewardship and use of forests and forest lands in a way,
and at a rate, that maintains their biodiversity, productivity, re-
generation capacity, vitality and potential to fulfil, now and in
the future, relevant ecological, economic and social functions,

management i
at local, national and global levels, and that does not cause
damage to other ecosystems (MCPFE, 1993).
The lowest part of the atmosphere, below the tropopause,
where clouds and weather phenomena occur. In the tropo-
Troposphere

sphere, temperatures generally decrease with height (IPCC,
2021)

Uneven-aged

A stand or forest type, consisting of trees of a range of age clas-
ses, with age differences which are significant in relation to the
stand structure management and rotation length. Defining av-
erage stand age is not meaningful. Practised or expected stand

stand management, if any, is continuous forest cover management -
selective cuttings, shelter tree cutting, regeneration with small
openings etc. (FRA, 2025).

Upper air Upper air refers to the earth's atmosphere above about 1.500 m.

Water vapour

Water vapour is the gaseous phase of water. It is one state of
water within the hydrosphere.

Wood removals

See fellings above

Woody biomass

The mass of the woody parts (wood, bark, branches, twigs,
stumps and roots) of trees, alive and dead, shrubs and bushes,
measured to a minimum diameter of 0 mm (d.b.h.). Includes:
Above-stump woody biomass, and stumps and roots. Excludes:
Foliage (TBFRA, 2000).
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