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Executive summary

As part of the ForestNavigator project, we developed and applied an integrated forest modeling
framework to assess how climate change and forest management strategies interact to shape
future European forests. This model simulates forest growth alongside the occurrence of natural
disturbances—including wildfires, bark beetle outbreaks, and windstorms—to support informed
decision-making on climate adaptation and mitigation, and sustainable forest management.

A key innovation of the model lies in its integration of disturbance and fuel dynamics with forest
growth, enabling simulation of realistic post-disturbance pathways and management responses.
It operates on an annual time step, is sensitive to weather variability and forest practices, and is
spatially explicit, offering potential for both continental and regional-scale insights.

After calibration with historical data, we used the model to project forest growth, natural
disturbances, and carbon sequestration under two climate change pathways and three contrasting
proof of concept management scenarios:

1. Economic Scenario - Focused on maximizing wood production through timely harvesting
and replanting with most productive species.

2. Conservation Scenario - Prioritized biodiversity and ecosystem stability through expanded
protected areas and reduced harvest.

3. Societal Scenario - Represented a moderate pathway, balancing conservation goals with
socio-economic demands.

Key Findings and Contributions
e Carbon Sequestration and Natural Disturbances:

The economic scenario resulted in the highest carbon sequestration—assuming harvested
wood stores carbon indefinitely. However, it also led to increased damage from bark beetle
outbreaks and windthrow in Northern and parts of Central Europe. This is primarily due to
the continued dominance of coniferous species under future climate scenarios, especially
in the Global Warming Level of 3°C (GWL3) climate scenario.

In contrast, the conservation scenario resulted in the lowest carbon sequestration due to
limited harvesting and lower increments. This scenario shifts towards broadleaf species,
which reduces the impacts of bark beetles and windstorms in the North. However, it
increases the risk of forest fires in Central and Southern Europe due to fuel accumulation
from reduced harvesting.

The societal scenario resulted in the lowest combined damage from disturbances, likely
due to more broadleaf planting than in the economic scenario and more harvesting than in
the conservation scenario. This promoted a faster transition to broadleaves and reduced
fuel accumulation but led to the lowest standing biomass.

o Disturbance Hotspots and Regional Patterns:

Biomass increased across Europe, particularly in Western and Southern regions (e.g.,
France, Italy, Poland) and hotspots of disturbances emerged in Central and Southeastern
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Europe (including the Iberian Peninsula and the Balkans). These spatial patterns highlight
areas where policy attention and adaptive management may be most urgently needed.

e Management Strategy Implications:

The results underscore that forest management decisions strongly influence carbon stocks,
disturbance vulnerability, and harvest potential. For policymakers, this means that
scenario-based planning is essential for balancing trade-offs between carbon
sequestration, forest resilience, and resource use.

Relevance to ForestNavigator Objectives

This work directly supports ForestNavigator’s mission to provide science-based pathways for
climate-smart forest management in Europe. It offers:

e Atool for evaluating adaptation and mitigation strategies at multiple scales by means of
quantified projections of biomass, carbon, and disturbance dynamics under future
scenarios;

e A foundation for evidence-based policy design that integrates ecological resilience with
socio-economic considerations.

By highlighting how different management strategies perform under varying future climate
scenarios, our model contributes to navigating forest policy toward EU climate and biodiversity
goals, supporting the European Green Deal.
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l. Introduction

European forest ecosystems are inherently vulnerable due to the extended lifespan of trees, which
hinders their ability to rapidly adapt to abrupt environmental changes. The frequency and intensity
of climate-induced disturbances — such as fires, windstorms, and pest outbreaks — are projected
to increase significantly with global warming. These events pose a direct threat to critical forest
functions, including carbon sequestration and timber production, which may suffer substantially
in the near term. Despite the urgency of understanding these vulnerabilities, there remains a
significant knowledge gap regarding European forests' susceptibility to multiple climate-related
hazards (Forzieri et al, 2020). Natural disturbances, characterized by large-scale tree mortality
resulting from abiotic (e.g., fires, strong winds) and biotic agents (e.g., insect outbreaks), represent
a serious threat to maintaining healthy and productive forest ecosystems (Forzieri et al, 2020). The
intensification of disturbance regimes in Europe is raising concerns about maintaining continuous
ecosystem services for human benefit (Patacca, 2022). Considering multiple hazards
simultaneously improves decision-making by identifying potential trade-offs and optimizing
silvicultural practices. Thus, understanding the vulnerability of the forest systems to multiple
disturbances at this interplay is a key determinant of risk, reflecting their susceptibility when
exposed to hazardous events.

Wind is recognized as the primary abiotic disturbance agent affecting European forests (Sanginés
de Carcer et al., 2021; Romagnoli et al. 2023). Between 1950 and 2000, windstorms were
responsible for approximately 53% of the total damage caused by abiotic agents to European
forests, resulting in over 900 million cubic meters (m?) of windthrown timber—an average annual
loss of nearly 18.7 million m*® (Romagnoli et al. 2023). Projections indicate that windstorms may
further increase in frequency of high intensity windstorm, exacerbating forest vulnerability and
exposure (Romagnoli et al. 2023).

The interplay between an elevated volume of salvageable timber from windstorm events and
extended periods of drought enhances the susceptibility of these ecosystems to bark beetle
infestations (Seidl and Rammer, 2017; Bercak et al, 2023). This phenomenon is particularly evident
in coniferous forests across the Northern Hemisphere, where bark beetle populations have surged
over the last four decades. Europe has been notably affected by recent bark beetle outbreaks,
which are often regarded as significant societal challenges. These infestations not only alter forest
ecosystems but also leave lasting imprints on their structure and appearance. For instance, if the
quantity of wind-damaged timber is too extensive to manage promptly, it fosters an environment
conducive to bark beetle proliferation. Damaged trees are ideal habitats for these beetles,
especially under favorable weather conditions that support their reproduction and survival
(Bercak et al, 2023). Furthermore, windstorms and bark beetle infestations can mutually reinforce
each other and follow one another, leading to cascading disturbances within forest ecosystems
(Bercak et al, 2023).

Wildfire risk is a growing concern across EU territories, demanding proactive management
strategies (Cunningham et al., 2024; Fernandez-Anez et al., 2021; Robinne et al., 2018; IUCN and
UNEP-WCMC, 2022; Rossi et al., 2020). Climate change exacerbates wildfire risks, underscoring the
need to prioritize thisissue in both EU and international agendas (EC, 2023; European Environment
Agency, 2024; UNISDR, 2015). Several key policies and strategies address wildfire management,
including the Nature Restoration Law (EC, 2024), the EU Biodiversity Strategy 2030 (EC, 2020), and
the EU Green Infrastructure Strategy (EC, 2013). These initiatives emphasize nature-based
solutions, focusing on fuel management, conservation, forest protection, and the restoration of
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fire-adapted ecosystems to their natural fire regimes. Furthermore, fire causes significant
alterations in vegetation cover and environmental conditions, such as changes in soil moisture
content, microclimate near the ground surface, and irradiance levels (Kucerova, 2008).

Accurately assessing wildfire risks and their impact on forest growth and biodiversity requires
precise modeling of available fuel, primarily deadwood, which influences fire occurrence, spread,
and intensity (Larjavaara et al.., 2023) while also serving as an important biodiversity indicator.
Modeling the dynamics of fuel moisture content further enhances fire risk assessment, especially
in protected forests (Arellano-del-Verbo et al., 2023) and supports the development of adaptive
strategies such as fuel management and fire-smart forestry practices (Fernandes, 2013; Hirsch et
al., 2001; Tedim et al., 2016).

This modeling task analyzes forest growth across Europe under climate change and varying
management strategies, generating three stylized scenarios of future development aligned with
potential policies. The focus is on the future development of natural disturbances (wildfire, bark
beetle, and windstorms) and their impacts on forest carbon stock. Achieving this requires high-
resolution modeling of forest growth and predicted damage from natural disturbances.

In this task, we developed a dynamic disturbance module combining three mechanistic
algorithms: wildfire climate impacts and adaptation model (FLAM), and bark beetle and windstorm
algorithms from PICUS. We also developed a fuel module that integrates a global forest model
(G4M) with a disturbance module at an annual time step, simulating both disturbances and post-
disturbance management. We constructed three management scenarios that reflect potential
directions in forest management, linked to climate change projections through 2070. Finally, we
evaluated the impacts of these scenarios using carbon in harvested andstanding stemwood
biomass, as well as losses from disturbances. This methodological approach enhances our ability
to assess the effects of policies on forests across Europe.
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2. Methods

The ForestNavigator forest and natural disturbances modeling suite comprises three models: a
global forest model (G4M) to simulate the dynamics of forest growth, the wildfire climate impacts
and adaptation model (FLAM), and bark beetle and windstorms algorithms from the PICUS model.
The disturbance module has been developed to assess the risks of three natural disturbances: fire,
bark beetle, and windstorm. Additionally, a fuel module has been developed that facilitates
dynamic interaction between natural disturbances module and the global forest model (G4M).

2.1. Wildfire Climate Impacts and Adaptation Model (FLAM)

The wildfire climate impacts and adaptation Model (FLAM) captures the effects of climate, human
factors, and fuel availability on ignition probability, fire spread, and burned areas. FLAM uses a
process-based fire parameterization algorithm initially developed to link fire modeling with
dynamic global vegetation models (Arora and Boer, 2005). By coupling this algorithm with Fine Fuel
Moisture Code (FFMC) calculations (Wagner and Pickett, 1985), FLAM predicts burned areas by
considering both ignition probability and suppression efficiency. FLAM represents wildfires more
accurately under varying conditions due to its ability to calibrate suppression efficiency, unlike
models with fixed suppression parameters (Krasovskii et al., 2016). The model has been
successfully applied in Europe, Indonesia, South Korea, and boreal forests (Khabarov et al., 2016;
Krasovskii et al., 2018; Jo et al., 2023; Corning et al., 2024) among other regions. The primary focus
of FLAM modeling is the identification of wildfire hotspots under historical, current, and future
conditions, as well as the projection of burned areas under various climate change scenarios and
management strategies. FLAM can also model adaptation options, such as prescribed burning, fuel
removal, and enhanced suppression efficiency, including improved reaction times. The FLAM
general scheme is shown in Figure 1.
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Figure 1: FLAM workflow (Source: https://iiasa.ac.at/models-tools-data/flam)

FLAM is calibrated and validated using the most recent publicly available GIS and remote sensing
datasets. FLAM’s modular structure allows for the integration of additional fire ignition and
propagation drivers, such as topography, socio-economic factors, and proximity to agricultural
land. In this study, FLAM has been integrated with IIASA’s G4M to comprehensively assess biomass
growth and wildfire damage interactions, achieved through a dynamic fuel module that facilitates
model interaction.
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2.2. Global Forest Model (G4M)

The G4M simulates the changes in the properties of forests on large scales, including the effects of
forest growth, mortality, regeneration, and management, with the latter including thinning,
harvests, and replanting (Kindermann et al., 2013). Typically, the model considers geographical
areas covering entire countries or continents and breaks down the geographical area being
considered into a finite set of pixels. Within each pixel, the forests are broken down into
components based on species and for each species, they are broken down further into even-aged
cohorts. The species categories included in this study are coniferous pioneers, slow-growing
coniferous, Mediterranean coniferous, fast-growing deciduous, slow-growing light-demanding
deciduous broadleaf, slow-growing shade-tolerant deciduous broadleaf, and evergreen broadleaf.

The model for growth productivity is an important component, which in G4M is represented as
theoretical net primary productivity (NPP) in units of tC ha® year?. For each species, a monthly
average value is calculated within each pixel, which can vary annually based on changes in the
climate and soil input parameters. The climate parameters used are air temperature, precipitation,
and incident solar radiative flux. The soil parameters are water holding capacity, nitrogen and
phosphorus contents, acidity, and salinity. Additionally, atmospheric CO, concentration and
pressure (depending on altitude) are included. These are used in a regression model fitted to
aggregated MODIS NPP data (MOD17A2HGF v006) and for each species and ecoregion (i.e. tropical,
subtropical, temperate, and boreal). The monthly averaged NPP values are then converted into
yearly averaged mean annual increment (MAI) values for use in G4M’s growth model.

The growth model consists of a set of empirical regression equations that describe the yearly
changes in living stemwood biomass per hectare, tree diameter, and tree height as functions of
species, age, productivity (MAI), and stocking degree. With this growth model, we can also calculate
quantities relevant for management decisions, such as the rotation time that maximizes the mean
increment. Within each forest type, it is possible to distinguish between slow, average, or fast
culminating species. At the local or regional scale, the growth pattern of some tree species like
spruce, beech, fir, oak, or pine is explicitly represented in the model, but yield estimates need to be
provided by external sources.

The forest structure within each pixel is represented as a series of even-aged and single-species
cohorts, and the productivity and growth models are combined to calculate the changes in the
properties (biomass, average diameter at breast height (DBH), and average height) in these
cohorts. The living stemwood biomass per hectare is additionally influenced by thinning in
managed forests. Each cohort is associated with a specific area, which is influenced by natural
mortality and harvesting, both of which typically return the cohort’s area to an age of zero years,
representing reforestation (Figure 2). Depending on the management and climate parameters this
reforestation can be with the same or a different species. Simulated forest managers decide on
thinning intensities, when to harvest, how much to harvest from each species, cohort, and region,
and which species to select for regeneration.
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HARVESTS/MORTALITY

TIMESTEP = 1 year
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Figure 2: Diagram demonstrating the core algorithm of G4M. For each species the forest structure in
a pixel is represented as a set of even-aged cohorts, each covering an area of the pixel. This
distribution shifts to older ages each year (blue arrow), and both harvests and natural mortality
remove area from the oldest cohorts (red areas). New zero-aged cohorts are added at the start of each
with an area equal to everything removed from the older cohorts in the previous year.

For each year and species, the final output of G4M includes the simulated age structure of the
forest, the total amount of harvested wood, harvest residuals, and the amount of wood killed by
natural mortality and disturbances. Each of the modules and the order of computation within G4M
are demonstrated in Figure 3.
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Figure 3: Demonstration of all modules in the full G4M model leading to time-dependent forest
properties.

2.3. PICUS algorithms for bark beetle and windstorms

In the PICUS model, a spruce bark beetle disturbance module had been part of the tree mortality
processes from the very first model versions on (Lexer and Honninger 1998). The early bark beetle
disturbance versions were later refined and enhanced by Seidl et al (2007). A further major step in
model development history was the integration of a storm damage module, which interacted with
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the bark beetle disturbance module. A more recent version was based on work by Pastor et al.
(2014, 2015).

Bark beetle disturbance module

The bark beetle disturbance module is a process-based module which builds on two elements.
First, the probability of a damage eventis calculated via the predictors volume share of Picea abies,
crown closure based on the basal area, mean stand age, drought conditions via a soil moisture
index, the number of bark beetle generations per season and the damage from the previous four
years from wind and bark beetle disturbances. Arandom number decides whether a damage event
is triggered or not. In the case of a damage event, the damage intensity (number of stems/ha killed
by bark beetles) is estimated by the share of Picea abies in the stand, the drought conditions, and
the cumulated bark beetle damage from the previous four years. Figure 4 displays the core module
logic.
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Figure 4: Major elements and interactions of the bark beetle disturbance module in PICUS.

Wind disturbance module

The wind disturbance module utilizes daily maximum wind gust speed, climate, and stand-specific
data to predict the occurrence and impact of stand-damaging wind events. The process is
structured as follows. First, the probability of a damage event is calculated. The probability of a
damage event is estimated from the predictor variables: highest daily wind gust speed per season,
mean stand age, volume, frozen soil state, and the damage from the previous four years from wind,
bark beetle, and snow damages. Arandom number decides whether a damage event occurs or not.
Second, the damage intensity is calculated based on a mean estimate from a linear regression
model, which includes the predictor variables volume share of Picea abies, timber stock and the
damage from the previous four years from wind disturbances. A stochastic element drawn from a
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beta distribution is added to the mean estimate to account for the huge variability in storm
damages, which cannot be accounted for by regression analysis. The algorithms and equations are
based on Pasztor et al. (2015). Figure 5 displays the major elements and interactions of the storm
disturbance model.
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Figure 5: Major elements and interactions of the storm disturbance module in PICUS.

2.4. Integrated modeling approach

The forest dynamics and disturbance module are interconnected through a dynamic integration
process facilitated by a newly developed fuel module. Outputs from this combined model —
including forest structure variables from G4M, as well as burned areas and fire intensity from FLAM
and damages from bark beetles and windstorms — are exchanged between the modules at an
annual step. The workflow is shown in Figure 6. G4M simulates forest growth and provides
necessary information to the fuel module, which in turn generates annual input for the disturbance
module in terms of deadwood (i.e., coarse woody debris (CWD)) and litter components. G4M also
gives the necessary forest structure variables to PICUS components. The disturbance module
provides forest damage for G4M to update the forest state in the next step. Simultaneously, it gives
information on fuel removal to the Fuel module.
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Figure 6. Modeling workflow.
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Note that this version of G4M is exclusively a biophysical model, which excludes any economic
optimization of forest management and therefore cannot simulate exogenous targets, such as the
LULUCF emission targets, allocate exogenous demand for timber products based on market
dynamics, or responses of forest managers to changes in growth or disturbance. We have
developed a dynamicinteraction between the biophysical G4M and disturbance module described
in Section 2.6. This is a first step towards integrated assessment of the impact of alternative land-
use policies on forest management that account for the interactions between forest management,
climate change and disturbances on forest dynamics, productivity and market feedbacks, which
will be enabled in the future by coupling with G4M-X and GLOBIOM within this project.

2.5. Study area and biophysical modeling input data

In this study, we focused on all EU forests land in the EU-27 countries. EU forests are represented
in a uniform grid with a resolution of 5 arc minutes, corresponding to approximately 8 square
kilometers per pixel. All input data was pre-processed to match this resolution.

The input data required by FLAM is listed in Table 1. FLAM requires daily weather to assess fuel
moisture content, the fuel in this study is provided via the developed fuel module.

Table 1: Input data required by FLAM

Degrees Kelvin

Temperature or°C Daily Meteo climate data
Wind speed km/h Daily Meteo climate data
Precipitation Meters Daily Meteo climate data
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Fuel
Landcover
Population
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Observed
burned area

%

gC/m?
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People/km?

ha

Source: ForestNavigator WP 3

Daily

Yearly
Once or yearly

Once or yearly

Monthly
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Meteo climate data

Fuel module (G4M+FLAM)
ESA WordCover

(Warszawskie et al., 2016)

MODIS FireCCI51

The input data used by the G4M model is given in Table 2. It requires weather, topology, as well as
soil information and parametrization for the main forest types.

Table 2: Input data required by G4M

Precipitation
Temperature
Solar radiation
Digital elevation
model (DEM)
Soil phosphorus

Soil salinity
Soil bulk Density
Soil depth

Soil nitrogen

Soil pH
Soil available
water capacity
(AWC)

Land cover map

Growth curve
parameters

NPP parameters

Age structure*®

Forest Species
fractional cover*®

Public

mm/month
°C
W/m?

m
gP/ m?
dS/m

Cg/cm?
cm

Cg/kg

10pH

Type

Type

mm/month
°C
W/m?

m
gP/ m?
dS/m

t/ha
(considering soil
depth)
pH
mm
(considering soil
depth)

Type

(considering
species and
forested fraction
cover)

Monthly
Monthly
Monthly

Once
Once
Once

Once
Once

Once

Once

Once

Once or yearly

Once

Once

Once

Once

Meteo climate data
Meteo climate data
Meteo climate data
U.S. Geological
Survey (USGS,1996)
(Yang et al.,2013)
HWSD v1.2
(Fischer et al., 2008)
SoilGrid
SoilGrid

SoilGrid

SoilGrid

HWSD v1.2
(Fischer et al., 2008)

CGLS-LC 100
(Buchhorn et al.,
2020)
Kindermann et al.
(2013)
Kindermann et al.
(2013

Pucher et al. (2022)

Pucher et al. (2022)
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Table 3 lists the input data required by the PICUS model, which includes weather conditions
and forest structure information, particularly requiring spruce species.

Table 3: Input data required by PICUS

Avg. Temperature Degrees Kelvin/°C Daily Meteo climate data
Max. Temperature Degrees Kelvin/°C Daily Meteo climate data
Radiation Wh Daily Meteo climate data
Wind gust km/h Daily Meteo climate data
Soil moisture % Yearly FLAM

(Meteo climate data)
(considering species

Age structure and forested fraction Yearly G4M
cover)

Basal area m?/ha Yearly G4M

Litter mass Cg/m? Yearly G4M

Biomass density m3/ha Yearly G4M

Leaf Area Index (LAI) - Yearly G4M

Source: ForestNavigator WP 3

For meteorological and climate data, we used three EUROCORDEX climate models (Jacob et al.,
2014) representative for two Global Warming Levels (GWL): GWL2.0: MPI-M-MPI-ESM-
LR_rcp45_rlilpl_CLMcom-CCLM4-8-17, and GWL3.0: MPI-M-MPI-ESM-LR_rcp85_rlilpl_CLMcom-
CCLM4-8-17. They correspond to RCP scenarios 4.5 and 8.5 (van Vuuren et al., 2011), respectively.
Daily values for the variables listed in Tables 1 - 3 were used for both historical and future periods.

2.6. Development and integration of disturbance modules and G4M

In this section, we outline the key methodological advancements of the G4M and FLAM models
completed as part of the ForestNavigator project and describe the main calibration and
optimization procedures used to align them with historical data for Europe. Notably, PICUS
algorithms were integrated into the FLAM model, enhancing its capacity to simulate combined
bark beetle and windstorm disturbances (together with wildfires). A significant step was also made
with the development of a new fuel model, designed to support the dynamic interaction between
the G4M and FLAM models. Furthermore, G4M was enhanced to incorporate exogenous, spatially
explicit forest management, allowing for the specification of regional or national harvest targets.
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These improvements collectively enable an analysis of forest dynamics, including damages from
disturbances under varying climate and management conditions.

FLAM receives fuel input generated by G4M and returns burned area estimates. The FLAM and G4M
models are linked on an annual basis, because FLAM operates on a daily time step, while forest
structure in G4M evolves on an annual time step. The interaction between the models is
implemented in a spatially explicit manner, meaning it is applied to each pixel in the grid.

The workflow shown in Figure 7 consists of the following steps:

1)  G4Minitializes input into the fuel module.

2)  FLAMruns at a daily step using fuel available for burning and generates burned area that
accumulates over the year.

3)  PICUS runs based on forest structure information from G4M and generates annual
damage from bark beetles and windstorms.

4)  G4M updates forest structure using combined damage from natural disturbances and
runs for the following year.

Since fire ignition often originates in grasslands and croplands, we incorporated these fuel types
using data from IIASA’s EPIC model (Lauerwald et al., 2023). Additionally, we included shrubland,
which is not explicitly modeled in EPIC but is parameterized in G4M to represent a significant
vegetation type for fire ignition and spread in Europe. The area of each vegetation type was derived
from the Copernicus global land cover product (Buchhorn et al., 2020), while fuel density per area
was modeled using data from both EPIC and G4M.

The newly developed fuel module (see Figure 7) evolves the carbon surface densities of deadwood
and litter considering the effects of background accumulation, mortality, decomposition, harvests,
and disturbances. The fuel is assumed to consist of a fast decomposition component,
corresponding to the litter, and a slow decomposition component, corresponding to CWD. In the
new fuel module, background accumulation for the slow and fast decomposition components
happens from each of the living components of the forest, with the contributions of each species
category depending on their total biomass within the pixel. Additionally, the module also considers
management options within the G4M framework that involves harvesting and different planting
options for different management scenarios, which in turn influences the growth of the living
component and therefore fuel and fire ignition dynamics. Each component is described as a pixel
average carbon surface density in tC ha™.

/"'_w
Burned area calculation for multi-pixels (spread)

CL
Pixel-wise management
& growth modelling

Age Structure

Disturbances
- Wildfire
- Bark Beetle
- Windstorm

Management

FLAM

ricus W= ]| & € Gam-
 Younnlfunnn

Fuel Load
Propagation Vector Age Structure

Figure 7: Integration scheme of disturbance module and G4M
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We assume that decomposition removes carbon at a rate proportional to the surface density of
carbon in the fuel, with assigned rates for the slow and fast decomposition components,
respectively. Background accumulation is assumed to add fuel at a rate that is proportional to the
total living biomass in the pixel. Harvests influence the model by leaving a certain amount of fuel
on the ground. The effects of harvests and disturbances come naturally from the G4M model. An
important parameter in determining the effects of disturbances is the fraction of killed carbon that
remains in the forest as deadwood. The difference in the fuel evolution post-disturbance for the
extreme cases of all killed carbon being removed and all killed carbon remaining in the forest is
shown in Figure 8. These cases are used to demonstrate the range of possible behaviors of the fuel
dynamics in the model, and our model is flexible for how much of the carbon is killed in a
disturbance and how much of that is left in the forest post-disturbance.

1)

651 (a) 45 (b) —— WITH REMOVAL
—— WITHOUT REMOVAL
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Figure 8: (a) Example simulation showing the evolution of living stemwood biomass after a fire that
kills 40% of the living biomass and (b) the corresponding evolution of the total fuel (CWD and litter)
surface densities. As a demonstration of the model, we assume the extreme cases of no removal of
killed carbon (red) and removal of all killed carbon (blue).

2.7. Methodology for calibration of the models

Country-level calibration of forest productivity and age structure

In G4M, forest productivity and age structure at the pixel level govern biomassincrement over time.
To align the model with observed data, pixel-wise forest productivity and age structure were
calibrated for each species across age classes ranging from 1 to 200 years. The calibration aimed
to reproduce country-level living stem biomass statistics (FAO, 2020).

Forest productivity, initially estimated from environmental variables (Section 2.5), was adjusted to
match observed biomass increments during the calibration period. Age structure was fine-tuned
by skewing the distribution toward younger or older cohorts, using Pucher’s et al. (2022)
approximate age structure as a baseline, in order to minimize bias.

Data-driven harvest intensity and protected forest modeling

The historical harvest amounts for each country were derived from the Forestry production and
Trade of FAO statistics (FAO, 2024). The baseline for future projections is based on an average of
the most recent five years, adjusted according to each management scenario. The annual harvest
amount was then spatially allocated to grid cells proportionally to the square of the living stem
biomass at the national level, excluding protected areas, to prioritize harvesting in mature forests.

For existing protected areas we used data from the Protected Planet database, considering only
protected areas in International Union for Conservation of Nature (IUCN) categories | to Ill, where
timber harvest for commercial purposes is generally not allowed, (IUCN and UNEP-WCMC, 2022).
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Forest area under this protection regime constitutes 8.17% of the total forest area in the study
region.

Calibration of suppression efficiency using machine learning

FLAM's ability to calibrate suppression efficiency enables it to represent wildfires more accurately
under varying conditions. In this study, we advanced the suppression efficiency algorithm by
incorporating both spatial adjacency and biophysical features, which can dynamically adjust
based on future fuel and population conditions.

The new algorithm optimizes spatially explicit suppression efficiency based on the adjacency of
the cells as well as their features, including population density, fuel, and topography. The
calibration is performed on historical burned areas from the European Space Agency’s (ESA) MODIS
FireCCI51 product (Chuvieco et al.,, 2018, 2019). The algorithm uses ensemble multiple
segmentation. The new approach significantly improves model performance on a monthly step.
The illustration of the algorithm is depicted in Figure 9. It shows the optimization process that
compares observed burned areas with primary model prediction in both spatial and intertemporal
dimensions. Here, primary predictions are obtained by default model runs with fixed suppression
efficiency. The FLAM model, enhanced with the new fuel module, operates on a daily timestep, and
the simulated burned areas are aggregated into monthly outputs to align with the observed burned
area data. A machine learning algorithm is used to model suppression efficiency, taking into
account features of adjacent cells, including population density, fuel type, and topography. This
approach allows for the optimization of suppression efficiency and enables spatial assessment
based on the characteristics of a given location. This algorithm uses a stochastic approach to
wildfire events, which helps capture large-scale occurrences.

Optimize( Observation, Primary prediction ;paee, sime )

“Latest Version”

Month-wise
Populatian G
- %
- . Fuel -y
Topography
Ensemble multiple segmentation options
Pinel-wise Spatial Adjacency Feature & Adjacency Feature = Weight = Adjacency

Figure 9: Diagram illustrating the process of optimizing suppression efficiency.

Calibration of bark beetle and windstorms

The calibration of the disturbance module focused on tuning two key components: (1) a
transformation coefficient that converts bark beetle-affected trees into merchantable damaged
volume, and (2) a probabilistic function representing windstorm-induced damage, accounting for
stochastic variability and stand vulnerability. These parameters were systematically adjusted to
align the model’s annual disturbance output with historical reference data. Rather than fitting to
specific events, calibration emphasized matching the magnitude and variability of observed
damages over time, using a reference range of 30-70 million m* per year derived from multiple pan-
European sources (Fernandez-Carrillo et al., 2020; Reimann, 2019; Radio Prague International,
2020).

This calibration process was performed in dynamic linkage with G4M, ensuring that variations in
forest structure—such as species composition, age class, and standing volume—were accurately
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propagated into the disturbance module. Particular care was taken to maintain consistency in
forest growth and harvest assumptions, so that the disturbance outputs would remain sensitive to
realistic forest development trajectories rather than artificial input fluctuations. The calibration
phase was iterative, involving repeated simulation cycles and visual validation with statistical
reports and spatial outbreak records, ensuring that the resulting damage trends were
quantitatively credible and spatially coherent.

2.8. Stylized forest management scenarios under future climate
change

To explore the implications of different management regimes, we considered the following three
stylized scenarios for forest management in Europe under climate change:

1. Conservation Scenario: This scenario focuses on enhancing biodiversity in Europe’s
forests. It assumes an extended rotation period for all tree species, leading to a 20%
reduction in current harvest intensity relative to historical harvest levels used to calibrate
the model. For reforestation following harvests or stand-replacing fires, broadleaf species
are prioritized, comprising up to 60% of new plantings. After harvest or disturbances,
forests are reforested with broadleaf species to reach the targeted proportion. No specific
broadleaf species is prioritized; instead, all broadleaf species are planted evenly until the
target is met. Additionally, protected areas where no commercial timber harvesting is
allowed are expanded from ~8% in the present to cover 20% of the total forest area. The
increase in protected areas is concentrated around historically protected zones.

2. Economic Scenario: This scenario aims to maximize carbon sequestration and harvest
yields. It assumes maintaining current harvest intensity, prioritizing the most productive
tree species for planting, and leaving protected area coverage unchanged.

3. Societal Scenario: This scenario prioritizes local consumption and climate-smart
management. It assumes a 10% reduction in harvest intensity, an increase in the
proportion of broadleaf species to 50%, and an expansion of protected areas to cover 10%
of the total forest area. The Societal Scenario is effectively an intermediate scenario
between the first two.

Toillustrate these scenarios, we provide infographics in Figure 10.
Additionally, the three scenarios were tested under two future climate scenarios until year 2070:

e GWL2, ascenario consistent with RCP 4.5 (medium climate change impact)
e GWL3, ascenario consistent with RCP 8.5 (high climate change impact)
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Figure 10: Scenario Infographics. (Graphics source data: https://www.iconrepo.com/)
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3. Results

This section presents modeling results for both the historical period (2001-2020) and future
projections (2021-2070) under the two climate change and three forest management scenarios
outlined in Section 2.8.

3.1. Calibration and validation of the integrated model

Both the FLAM and G4M models are calibrated using historical input data and observations. The
integrated model was optimized to align with historical trends in burned area and forest biomass
statistics.

Dynamics of forest disturbances

Burned area observations were derived from the FireCCI51 burned area product v5.0, developed
under the ESA Climate Change Initiative (CCI) Program, covering the period from 2001 to 2020. The
data, originally at a 250-meter resolution, was aggregated to a 5-arc-minute grid for forest,
shrubland, and grassland areas. This observed burned area data was used to calibrate and validate
FLAM, enhanced by the new fuel module, during the historical period. The calibrated suppression
efficiency was then applied to future projections, alongside daily weather scenarios and forest
growth data modeled by G4M.

A key feature of FLAM is its capacity to calibrate spatial fire suppression efficiency to better capture
month-to-month burned area dynamics in historical data. As outlined in section 2.7, this
calibration process involves comparing observed and modeled burned areas over time to adjust
FLAM parameters in alignment with the average burned area per pixel. Following calibration, the
model is re-evaluated focusing on monthly burned area accuracy. Finally, validation tests assess
FLAM’s performance in modeling monthly burned areas, as illustrated in Figure 11. The calibration
period was set at the start and end of the historical period from 2001 to 2005 and from 2016 to 2020.
FLAM successfully reproduced the monthly trends in burned area observed in the FireCCl dataset.
While the overall annual trend in observed burned area is declining—primarily due to improved
land management in grassland and agricultural areas over recent decades (as reported in GFED5
(Chen et a., 2023))—FLAM does not attempt to model changes in suppression efficiency for these
land cover types. This is due to the high uncertainty in projecting future improvements in
management practices. Consequently, FLAM’s projections show an increasing trend in burned
area, driven primarily by the impacts of climate change.
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Figure 11: Monthly dynamics of burned area across EU-27 modelled by FLAM and reported by FireCCl
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Bark beetle and windstorm damages were not simulated in a stand-alone setting, as their inputs
depend on outputs from other models, making independent execution infeasible. As a result, a
significant portion of the projected damages—particularly their interannual trends—is influenced
by the calibration of G4M, which supplies key forest structural information to PICUS algorithms.

Despite this dependency, the calibration of annual damage levels successfully reproduced pan-
European disturbance estimates ranging from 30 to 70 million m* (Fernandez-Carrillo et al., 2020;
Reimann, 2019; Radio Prague International, 2020). Moreover, the peak disturbance observed
between 2017 and 2019—when cumulative damage reached approximately 270 million m*—was
also captured in alignment with G4M outputs. Beyond capturing the temporal trends, including the
peak period, the model was evaluated against spatial disturbance patterns and known hotspots. It
accurately reproduced major damage clusters in Central Europe, particularly in Germany and
Poland, consistent with observed bark beetle outbreaks and windstorm paths during the reference
period.

Dynamics of forest biomass

Forest growing stocks were obtained from the Global Forest Resources Assessment 2020 platform
for the years 2000, 2010, and 2015 to 2020 (FAO, 2020). This data represents the stem volume of
living trees, excluding branches. In general, stem carbon stock can be estimated as a function of
growing stock volume by multiplying it by wood density (kg/m?®) and carbon content (tC/t), with
each parameter assumed to be about 0.5 at the global level (IPCC, 2006; FAO, 2015).

The stem carbon stock was used to calibrate and validate the living stemwood biomass of G4M
during the historical period (2000 to 2010). Next, the simulation for 2011 to 2020 was done
without using the observations. A comparison of the model simulated output with actual data
(FAO, 2020) aggregated over the study area is presented in Figure 12, showing that the trend
provided by the integrated model achieved a strong fit with the data, with a slight
underestimation towards the end of the historical period (2015-2020). This underestimation may
be partly attributed to the lack of representation of selective salvage logging, which could have
contributed to preserving more living biomass. Furthermore, the model assumed uniform
reforestation with the same species throughout the historical period, whereas in reality, efforts to
improve forest productivity may have been implemented. Nonetheless, the overall agreement is
reasonably robust.
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Figure 12: Yearly development of biomass in the EU-27 forest land modelled by G4M coupled with
natural disturbances module and reported by FAQ.
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3.2. Simulation of scenarios during the projection period

Simulations of burned areas, bark beetle and windstorm damage, and living stem biomass, were
conducted for three management scenarios, defined in Section 2.8, and were paired with two
climate change scenarios corresponding to two global warming levels. Here, we present the
aggregated values for the scenarios, while the following section will illustrate the spatial
distribution of their impacts on forests and natural disturbances.

Conservation Scenario

Simulated burned areas for the conservation scenario are presented in Figure 13. The figure
illustrates increasing trends of burned areas for the two global warming levels. Notably, the model
projects extreme events between 2030-2040 and 2050-2060. In addition to more stochastic peaks,
the GWL3 (consistent with RCP 8.5) projected a higher increase in burned areas compared to the
GWL2 scenario (consistent with RCP 4.5). Detailed average values for projected burned areas and
compares the historical 20-year average (2001-2020) with two future periods, 2031-2050 and 2051-
2070. Burned areas increase in future periods under both climate scenarios.
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Figure 13: Simulated burned areas in forest, shrubland, cropland, and grassland in the EU-27 under

the conservation scenario and two climate change scenarios.

Simulated bark beetle and windstorm damage are illustrated in Figure 14, showing considerable
stochastic peaks between 2025 and 2045 and a decreasing trend toward 2070. This is explained by
post-disturbance management, which promotes planting broadleaf species in the conservation
scenario, which gradually reduces the risk of windstorm and beetles damage over time. The
associated transition from coniferous to broadleaf species is illustrated in Figure 15, which
illustrates a rapid decline in coniferous forest area. However, the trend in coniferous area does not
fully align with the trend in disturbance, as bark beetle and windstorm impacts are also heavily
influenced by climatic factors such as wind gust intensity. Additionally, not only forest area but also
age structure plays a crucial role: younger forests with lower spruce basal area are less susceptible
to bark beetle outbreaks. As a result, the GWL3 scenario, despite having lower overall conifer
(spruce) abundance, exhibits greater disturbance due to the amplified impacts of climate change.
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Figure 14: Simulated bark beetle and windstorm damage in the EU-27 forest land under the

conservation scenario and two climate change scenarios.
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Figure 15: Projected forest area by type (Broadleaf and Coniferous) in the EU-27 under the
conservation scenario and two climate change scenarios.

The annual dynamics of living stem biomass in forests, corresponding to disturbances, are shown
in Figure 16. The Figure illustrates that the conservation scenario supports a steady increase in
biomass across the study area, extending trends initialized during the historical period (as shown
in Figure 12). However, biomass levels under the GWL3 scenario are slightly lower than those under
GWL2. Average values are summarized in Table 4.
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Figure 16: Projected development of future living stem biomass in the EU-27 forest land under the
conservation scenario and two climate change scenarios.
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Table 4: Average annual burned area, biomass, and bark beetle and windstorm damage in EU-27
modeled by FLAM, G4M, and PICUS for the conservation scenario of two future projection periods
compared to the historical period. Global Warming Level 2 and 3 correspond to RCP scenarios 4.5 and
8. Burned area is reported in thousands of hectares, Biomass in million tC, and Bark beetle and
windstorm damage in million m*.

Bark Beetle &

Time Type Burned Area Windstorm L“B"igizt:sm
h h D illi "
Period (thousands ha) amag:"?f)mllllon (million tC)
Scenario  GWL2 GWL3 GWL2 GWL3  GWL2 GWL3
Historic
ol ATITLEL 1072.05 + 195.76 47.61+9.76 6186.34 + 402.43
(2001- Average
2020)
fitue | Annual 155824 147071 5144 5024 805506 800586
031 Average  +24624  +25892  +10.02 +11.04 +35532  +34577
2050)  AAMUAl L iee 19 439866 +3.83  +2.63  +1868.72  +1819.52
Average
futue | Annual 149976 181603 3067 3687  9280.07 917358
osi.  Average  £24048  £37260 %589  £703  :28401 28193
070)  AAMWAl 271 474398 -1694  -10.74  +3093.73  +2987.24
Average

Source: ForestNavigator WP 3, standard deviations are reported

The integrated model enables the assessment of disturbance-related damages in terms of carbon
loss. Figure 17 presents the annual values of accumulated harvest, changes in stem wood biomass,
and losses from bark beetle, wind, and wildfire for both global warming levels.

In our assessment, harvest is considered to be a positive factorin computing the cumulative carbon
sequestration, herein we assume that harvested biomass is fully allocated to carbon storage with
indefinite duration, which may not accurately reflect real-world carbon dynamics. Oppositely,
disturbances are considered only as biomass loss and did not account for wood recover from
salvage logging (i.e., windstorms or bark beetle outbreaks), which can be partially recovered.
Nevertheless, we believe this accounting approach effectively highlights the long-term
quantitative differences between our stylized management scenarios.
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Figure 17: Projected cumulative biomass gains and losses from 2000 to 2070 for EU-27 forest land

under the conservation scenario across two climate change scenarios.

To calculate net carbon sequestration, cumulative biomass gains and losses are aggregated to 10-
year intervals in Table 5.

According to our carbon quantification approach, under the GWL2 scenario we observe a higher
net carbon sequestration and lower biomass loss compared to GWL3.

The spatial transition will be illustrated in the following section, demonstrating that despite minor
changes at the aggregate level, there are significant regional differences across Europe in response
to the management scenarios.

Table 5: Projected cumulative biomass gains, disturbance-related losses, and net carbon
sequestration (defined as the sum of cumulated harvest and living stem biomass gain) for EU-27 forest
land in million tC from 2000 under the conservation scenario across two climate change scenarios.

Living Stem Biomass Loss from Net Carbon
Biomass Gain Disturbances Sequestration
(million tC) (million tC) (million tC)
GWL2 GWL3 GWL2 GWL3 GWL2 GWL3

2020 1337.00 314.13 3629.89
2030 1935.19 1932.66 461.44 474.05 5180.25 5177.72
2040 2513.63 2437.98 646.60 663.90 6710.87 6635.23
2050 3185.91 3130.67 832.73 827.44 8335.34 8280.10
2060 3789.31 3657.29 961.00 1008.46 9890.91 9758.89
2070 4261.85 4145.36 1100.81 1158.65 11315.63 11199.15

Economic Scenario

Simulated burned areas for the economic scenario are presented in Figure 18. The figure illustrates
increasing trends of burned areas under global warming levels. Notably, the model projects
extreme events between 2030-2040 and 2050-2060. In addition to more stochastic peaks, GWL3
(consistent with RCP 8.5) projected a higher increase in burned areas compared to the GWL2
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scenario (consistent with RCP 4.5). Detailed average values for projected burned areas and forest
biomass, along with comparisons to the historical period, are provided in Table 6. The increase in
burned areasis slightly larger than in the conservation scenario under both global warming levels,
since in the economic scenarios, the most productive species are planted and there is no increase
in broadleaved species. However, under this stochastic realization, the graphs for the conservation
and economic scenarios appear visually identical. Based on the table, the difference in the first
future period seems very small, especially when considering the standard deviation. Despite
similar aggregate numbers, the scenarios show notable spatial differences, which are presented in
the next section.

—— GWL2 Economic
25001 . GwL3 Economic
—— Historical

2000 4

1500 4

Burned Area
(thousands ha)

1000 4

2000 2010 2020 2030 2040 2050 2060 2070
Figure 18: Simulated burned areas for EU-27 under the economic scenario and two climate change
scenarios.

Simulated bark beetle and windstorm damage are illustrated in Figure 19, showing considerable
stochastic peaks between 2025 and 2045, and toward the end of the second future period. While
the GWL2 scenario demonstrates a decreasing trend toward 2070, in the GWL3 scenario, the trend
slightly increases over time. Comparing this figure with Figure 14, one can see that the main
difference occurs during the 2060-2070 period, where this scenario under GWL3 results in higher
peaks than the conservation scenario. This is primarily due to the slower transition to broadleaf
species in the economic scenario, as illustrated in Figure 20. Unlike the conservation scenario,
where coniferous forest area declines rapidly, the reduction under the economic scenario is more
gradual, thereby maintaining greater susceptibility to bark beetle and windstorm.
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Figure 19: Simulated bark beetle and windstorm damage for EU-27 forest land under the economic
scenario and two climate change scenarios.
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Figure 20: Projected forest area by type (Broadleaf and Coniferous) under the economic scenario and
two climate change scenarios for EU-27

The annual dynamics of living stem biomass in forests, corresponding to disturbances, are shown
in Figure 21. The figure shows that the economic scenario supports an increase in biomass across
the study area, similar to the conservation scenario. Under the GWL3 scenario, biomass levels are
slightly lower than those under GWL2. Average values for the economic scenario are summarized
in Table 6. We observe that living stem biomass gains are slightly higher in the conservation
scenario until 2060. However, by 2070, the economic scenario results in higher values. The burned
area follows a similar trend in both scenarios, while bark beetle and windstorm-related volumes
appear to increase significantly under the economic scenario. Due to the assumption of indefinite
carbon storage in harvested wood, the potential net carbon sequestration is also higher in the
economic scenario.
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Figure 21: Projected development of future living stem biomass for EU-27 forest land under the
economic scenario and two climate change scenarios

Table 6: Economic scenario. Average annual burned area, biomass, and bark beetle and windstorm
modeled by FLAM, G4M, and PICUS for EU-27 for the economic scenario in 2 future projection periods,
and as compared to historical average. Global Warming Level 2 and 3 correspond to RCP scenarios
4.5 and 8. Burned area is reported in thousands of hectares, Biomass in million tC, and Bark beetle
and windstorm damage in million m?>,

Bark Beetle & Living Stem
. Burned Area . .
Time Type (thousands ha) Windstorm Damage Biomass
Period (million m3) (million tC)
Scenario GWL2 GWL3 GWL2 GWL3 GWL2 GWL3
Historical
Annual
(2001- 1072.05+195.76 47.61+9.76 6186.34 +£402.43
Average
2020)
Future Annual 1562.91 1474.70 5341 52.14 7800.25 7752.32
Average +£249.28 +258.79 +9.82 +10.58 +351.83 +34491
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Bark Beetle & Living Stem
Burned Area . .
Type (thousands ha) Windstorm Damage Biomass
(million m3) (million tC)
Scenario GWL2 GWL3 GWL2 GWL3 GWL2 GWL3
(2031~
2050)
A Annual
+490.85 +402.65 +5.80 +4.53 +1613.91 +1565.98
Average
Future Annual 1539.34 1869.36 + 40.46 49.79 9252.86 9130.13
(2051- Average +248.30 376.40 +9.17 +9.16 +398.53 +380.58
2070)  AAMMUal a9 479731 -7.14 +2.19  +3066.51 +2943.79
Average

The carbon assessment for economic scenario is given in Figure 22. Due to more intensive harvest,
harvested carbon is considerably higher than in the conservation scenario.
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Figure 22: Projected cumulative biomass gains and losses from 2000 to 2070 for EU-27 forest land
under the economic scenario across two climate change scenarios.

Projected changes in carbon sequestration are shown in Table 7. Compared to the conservation
scenario, the economic scenario projects higher gains in net carbon sequestration due to larger
harvest amounts despite higher losses from disturbances.

Table 7: Projected cumulative biomass gains, disturbance-related losses, and net carbon
sequestration (defined as the sum of cumulated harvest and living stem biomass gain) for EU-27 forest
land in million tC from 2000 under the economic scenario across two climate change scenarios.
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Living Stem Biomass Loss from Net Carbon
Time Biomass Gain Disturbances Sequestration
Period (million tC) (million tC) (million tC)
GWL2 GWL3 GWL2 GWL3 GWL2 GWL3
2020 1337.00 314.13 3629.89
2030 1749.41 1745.67 460.81 473.94 5232.52 5228.79
2040 2233.60 2158.98 645.17 662.96 6906.93 6832.31
2050 2962.86 2914.56 839.31 834.18 8826.42 8778.12
2060 3752.97 3605.71 984.84 1041.23 10806.76 10659.5
2070 4426.13 4267.36 1163.84 1238.61 12670.14 12511.36

Societal Scenario

Simulated burned areas, damages from bark beetle and windstorm disturbances and development
of living stem biomass for the societal scenario are presented in Figure 23, Figure 24, Figure 26.
Figures show increasing trends for burned areas with higher levels under GWL3, and increasing
trends in two other disturbances with higher decrease under GWL2. Projected stem biomass is
similar to conservation scenario but below the economic scenario. As illustrated in Figure 25, the
transition to broadleaf species in terms of forest area occurs at an intermediate pace in the societal
scenario—slower than in the conservation scenario but faster than in the economic one. However,
due to a higher harvest target compared to the conservation scenario, the transition to broadleaf
species in terms of forest biomass is accelerated. As a result, spruce basal area declines more
rapidly, leading to a corresponding reduction in bark beetle and windstorm damage. This decline
in disturbance is further reinforced by the societal scenario’s generally lower baseline levels of
living stem biomass, which contribute to reduced vulnerability.
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Figure 23: Simulated burned areas for EU-27 under the societal scenario and two climate change
scenarios.
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Figure 24: Simulated bark beetle and windstorm damage for EU-27 forest land under the societal

scenario and two climate change scenarios.

Public 32



b

ForestNavigator

L T ———
s 804 ---- Coniferous GWL2 Societal e

g T_Cu“ ---- Coniferous GWL3 Societal “-"""’""============== ____
4 ¢ 701 ---- Coniferous Historical “'
22 | — Broadleaf GWL2 Societal

8 E 801 — Broadleaf GWL3 Societal

@ —— Broadleaf Historical

2000 2010 2020 2030 2040 2050 2060 2070
Figure 25: Projected forest area for EU-27 by type (Broadleaf and Coniferous) under the societal
scenario and two climate change scenarios
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Figure 26: Projected development of future living stem biomass for EU-27 forest land under the

societal scenario and two climate change scenarios.

Averaged values for future intervals are shown in Table 8. The societal scenario leads to less
burned areas compared to the conservation and economic scenarios, the damage from bark
beetle and windstorms is like conservation scenarios. However, the increase in living stem
biomass is the lowest in the societal scenario.

Table 8: Societal scenario. Average annual burned area, biomass, and bark beetle and windstorm
modeled by FLAM, G4M, and PICUS for each scenario in 2 future projection periods, and as compared
to historical average. Global Warming Level 2 and 3 correspond to RCP scenarios 4.5 and 8. Burned
area is reported in thousands of hectares, Biomass in million tC, and Bark beetle and windstorm

damage in million m?.

Bark Beetle & Living Stem
. Burned Area . .
Time Type (thousands ha) Windstorm Damage Biomass
Period (million m3) (million tC)
Scenario GWL2  GWL3  GWL2  GWL3 GWL2 GWL3
Historical
Annual
(2001- 1072.05 + 195.76 47.61+9.76 6186.34 + 402.43
Average
2020)
futge | Annual 154377 145531 5077 49.64 781049  7760.93
osr.  Average | £24537 25002 981  +1085 £27889 26896
2050)  AAMual o171 438326 +3.16 4203 +1624.14  +1574.58
Average
fitye | Annual 145803 176508 3121 3749 876400  8654.73
osi.  Average  £23688 37155 599  +677  £20834 20377
2070)  AAMUAl L a0c 07 469302 -164  -10.12  +2577.66  +2468.39
Average
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The carbon estimation for societal scenario shown in Figure 27 and summarized in Table 9 show
that it is relatively close to conservation scenario, but projects less biomass gain and less loss from
disturbances. However, the carbon sequestration values are lowest in this scenario compared to
economic and conservation scenarios.
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Figure 27: Projected cumulative biomass gains and losses from 2000 to 2070 for EU-27 forest land

under the societal scenario across two climate change scenarios.

Table 9: Projected cumulative biomass gains, disturbance-related losses, and net carbon
sequestration (defined as the sum of cumulated harvest and living stem biomass gain) for EU-27 forest
land in million tC from 2000 under the societal scenario across two climate change scenarios.

Living Stem Biomass Loss from Net Carbon
Time Biomass Gain Disturbances Sequestration
Period (million tC) (million tC) (million tC)
GWL2 GWL3 GWL2 GWL3 GWL2 GWL3
2020 1337.00 314.13 3629.89
2030 1826.62 1823.84 460.79 473.20 5190.71 5187.93
2040 2277.32 2202.19 643.02 660.06 6712.61 6637.48
2050 2811.88 2755.45 825.25 820.41 8318.37 8261.94
2060 3278.34 3144.57 951.29 997.88 9856.03 9722.27
2070 3619.77 3498.05 1089.17 1146.04 11268.66 11146.95

3.3. Comparing the spatial pattern of biomass by scenario transition

In this section, we analyze the interplay between various management scenarios and global
warming, assessing the impact of transitioning from one scenario to another. This approach
captures the effects of forest management on future forest dynamics, carbon sequestration
potential, and exposure to natural disturbances under climate change conditions. Across all
management and climate change scenarios, the overall patterns of living biomass change,
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harvested biomass, and disturbance-related biomass loss showed relatively minor differences in
absolute values. This consistency is primarily due to a shared baseline in forest age structure,
species composition, and regional growth potential.

Widespread biomass stock increment was observed across Europe, with particularly notable
increases in Western and Southern Europe, including regions corresponding to present-day France,
Italy, and Eastern Central Europe (e.g., Poland). Both harvest and disturbance hotspots were
concentrated in Central and Southeastern Europe, including parts of the Iberian Peninsula and the
Balkan region.

While the absolute values remained similar, the differences between scenarios became more
apparent when examining the spatial deltas(d), highlighting where and how management
strategies and climate pathways diverge in their impacts.

Comparison of forest management scenarios

Figure 28 illustrates the spatial changes after transitioning from the conservation scenario (top
figure) to the economic scenario (bottom figure) and vice versa. The following color scheme is used:
Red (disturbance-related loss), Green (Biomass gain), Blue (Harvest).

Transition from economic to conservation scenario

In case of transition from the economic to conservation scenario (left figure), we observe increasing
disturbances (red) in Central Europe, due to higher fuel loads because of the reduced forestry
intervention and accumulation of biomass. Biomass gain (green) increases widely across Europe,
especially in Scandinavia, which is driven by reduced harvest pressure and extended rotation
periods. The harvest (blue) significantly decreases across most regions, reflecting a shift to lower
harvest intensity under conservation management.

Transition from conservation to economic scenario

Disturbance Loss (red) increases in Scandinavia and parts of Central Europe, where spruce-
dominated forests are maintained, making them more susceptible to bark beetle outbreaks and
windthrow. Biomass gain (green) increases in Central Europe due to management practices that
promote and maintain a productive age structure. Harvest (blue) increases widely across Europe,
reflecting intensified forest use under the economic management scenario.
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Figure 28: Projected spatial changes in biomass gain, harvest, and disturbance under GWL2 climate
across conservation and economic management scenarios for EU-27 forest land

Comparison of climate change scenarios
Differences between the GWL2 (top figure) and GWL3 (bottom figure) scenarios are shown in
Figure 29.

Cooling transition from GLW3 to GLW?2

Under a cooler climate (left figure), biomass increases widely across Europe (green), especially in
Iberia and Central Europe, as reduced climate stress enhances forest productivity. Under the GWL2
scenario, disturbance hotspots (red) do not shift further north as they do under GWL3. Instead, they
remain in their current locations, leading to relatively higher disturbance activity in Central Europe
compared to GWL3.
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Warming Transition from GLW2 to GLW3

Under a hotter climate (right figure), combined disturbances (red) increase, driven by the
heightened risk of wildfires, windstorms, and bark beetle outbreaks. Biomass gain (green) occurs
primarily in high-altitude areas and parts of Central Europe, where warming may temporarily
enhance growth conditions. However, in Central Europe, areas of biomass gain and disturbance
increase spatially overlap, suggesting that while forests may continue to grow, they are also

increasingly vulnerable to climate-driven disturbances—highlighting a growing instability in forest
carbon dynamics under high warming scenarios.
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Figure 29: Projected spatial changes in biomass gain, harvest, and disturbance under warming and
cooling transitions in the economic scenario for EU-27 forest land

4. Conclusion

The results presented in this deliverable demonstrate that forest management choices have a
profound impact on future forest dynamics, carbon sequestration potential, and the exposure to
natural disturbances under climate change. The integrated modeling approach developed here
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enables a nuanced assessment of these trade-offs, providing key insights for the ForestNavigator
project’s goal of supporting evidence-based, climate-resilient forest policy across Europe.

These early findings reinforce the need for differentiated strategies that balance productivity with
resilience. While intensive management can enhance carbon uptake throughincreased harvesting,
it may also increase the risk of bark beetle outbreaks and windstorms in Northern and parts of
Central Europe under future climate scenarios, due to the continued dominance of coniferous
species. In contrast, more conservation-oriented strategies result in lower disturbance impacts
from bark beetles and windstorms in Northern Europe. However, they can lead to higher fire
disturbances in Central and Southern Europe due to fuel accumulation from reduced harvesting.
The societal scenario resulted in the lowest combined damage from disturbances. This could be
explained by a greater proportion of broadleaf planting compared to the economic scenario and a
higher level of harvesting than in the conservation scenario. Consequently, the transition to
broadleaves may proceed more quickly than in the conservation scenario, along with reduced fuel
accumulation. However, this benefit comes at the cost of the lowest standing biomass. Therefore,
the new model can help to identify optimal mixes and regional priorities for forest adaptation and
mitigation planning.

This deliverable significantly contributes to the project’s impact by offering a tool that supports
scenario analysis at the EU level and enables further spatially explicit assessments at national and
sub-national levels. The modeling framework is now ready to be integrated into ongoing and
upcoming policy-relevant simulations conducted by other ForestNavigator partners, including
those focused on land-use dynamics, biodiversity, and socioeconomic outcomes.

In the next phase, the modeling outputs will be refined through stakeholder feedback and used to
inform policy pathways, regional case studies, and sectoral dialogues. Future work will focus on
coupling this forest model with broader land-use and economic models, ensuring consistency
across policy-relevant dimensions.
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