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\ Natural disturbances

increasingly affect Europe’s most mature and carbon-rich forests.
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Abstract. Europe's forests store nearly 40 PgC and provide a critical carbon sink of ~0.2 PgC yr, yet climate-
disturbances increasingly threaten this capacity. Although disturbance rates from windthrow and bark beetle
outbreaks have risen in recent decades, it remains unclear whether these events increasingly affect the oldest and largest

trees, which store a disproportionate share of carbon.

, we combine three decades of satellite-derived disturbance maps with spatially explicit data on forest age,
biomass, and species composition to reveal patterns of structural selectivity across Europe. We show that natural
disturbances have shifted toward older, carbon-rich , with disturbed forest area >60 years old nearly
tripling since 2010 (from 0.38 to 1.06 Mha). This pattern reflects a qualitative shift in disturbance regimes, from historically
episodic, wind-dominated impacts to increasingly persistent, climate-amplified bark beetle outbreaks that preferentially
affect mature spruce forests in Central Europe (effect size = 1.1). As a result, biomass losses from natural disturbances in
spruce forests increased eightfold between the early (2011-2016) and recent (2017-2023) periods, outpacing the expansion of
disturbed area. Trend-based projections indicate that, if current patterns of structural selectivity persist, natural disturbances

could expose biomass carbon stocks equivalent to approximately 20% of Europe’s contemporary forest carbon sink by 2040
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(~0.05 PgC yr! or ~0.78 PgC cumulative). Our findings reveal a previously unquantified

climate- disturbances increasingly affect forest structures with high per-hectare carbon stocks, amplifying
disturbance-related carbon and weakening the long-term effectiveness of Europe’s forest carbon sink.
Adaptive management strategies that promote structural and compositional diversification in high-risk regions will be critical

to stabilise forest carbon storage under continued climate change.

1 Introduction

European forests are central to the continent’s climate mitigation efforts, storing nearly 40 PgC in aboveground and soil
carbon pools and acting as a net carbon sink of ~0.2 PgC per year between 2010 and 2019 (Pan et al., 2024). Yet, this sink is
weakening. A large share of Europe’s forests originated from post-war planting campaigns and are entering maturity, during
which carbon accumulation slows as stands approach saturation (Nabuurs et al., 2013). At the same time, harvest levels have
remained high or increased in recent decades (Turubanova et al., 2023), and climate- natural disturbances
(e.g., windthrow and bark beetle outbreaks) are intensifying across the region (Seidl and Senf, 2024). These pressures are
particularly concerning for structurally mature forests dominated by large, old trees, which store a disproportionate share of

carbon and sustain long-term sequestration (Besnard et al., 2025).

We define disturbances broadly as either natural or anthropogenic in origin. Natural disturbances are events triggered by
environmental agents such as windstorms and bark beetle outbreaks (including associated salvage logging), whereas harvest
refers to timber removal directly driven by management. Natural disturbances have become more frequent and severe in
recent decades (Patacca et al., 2023), coinciding with reports of declining forest carbon sinks in parts of Europe (Migliavacca
et al., 2025; Ritter et al., 2025). Since 2018, bark beetle outbreaks have surpassed windthrow as the dominant natural cause
of canopy loss (Patacca et al., 2023) (Fig. S1), especially in Central Europe (Austria, Germany, Czechia, and parts of
northern Italy), where compound droughts and heatwaves have predisposed spruce to infestation, resulting in unprecedented
mortality (“Living with bark beetles,” 2019; Weynants et al., 2024). Warming further accelerates bark beetle reproduction
(Wermelinger and Seifert, 1999), enabling multiple generations per year (Jakoby et al., 2019) and facilitating outbreaks at
higher elevations (Hartmann et al., 2025) and more northerly latitudes (“Korhonen K. T., Ahola A. et al. (2021) Forests of
Finland 2014-2018 and their development 1921-2018,” n.d.; “Pulgarin Diaz J. A., Melin M. et al. (2024) Relationship
between stand and landscape attributes and Ips typographus salvage loggings in Finland,” n.d.). These trends are likely to

as climate change continues.
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Despite extensive documentation of disturbance extent and trends across Europe (Ceccherini et al., 2020; Hansen et al.,
2013; Turubanova et al., 2023; Viana-Soto and Senf, 2025) (Fig. S2), the structural characteristics of affected forests,
especially their age and biomass, remain poorly quantified at a continental scale. Local studies suggest that older, high-
biomass standsforest patches may be particularly vulnerable to natural disturbances (Brockerhoff et al., 2008; Jactel-et-al;
2047: Neuner et al., 2015); yet it remains unclear whether disturbances show systematic structural selectivity at continental
scales. Susceptibility likely depends on both species composition and structural heterogeneity, with homogeneous
standsforest patches offering continuous host connectivity that facilitates the spread of disturbance (Raffa et al., 2008). The

critical question is whether rising disturbance rates reflect a simple increase in the total area affected or a systematic shift

toward structurally vulnerable forest cohorts

s, and how this selectivity may reshape Europe’s

forest carbon dynamics. Answering this is essential not only for anticipating demographic and carbon trajectories but also for
improving Earth system models, which often represent disturbances stochastically or without structural constraints

(Bergkvist et al., 2025; Calle and Poulter, 2021; O’Sullivan et al., 2024).

Here, we present the first continental assessment of structural and compositional selectivity in recent forest disturbances

across Europe. stands—and-how-these

-a—Integrating three decades of satellite-derived disturbance maps (Viana-Soto and Senf,

J S5

2025) with spatially explicit data on forest age (Besnard et al., 2021, n.d.), aboveground biomass (Santoro and Cartus, 2023),

and genus composition (De Keersmaecker et al., 2024), we ask whether natural disturbances are increasingly affecting older,

carbon-dense forests and how these patterns differ across three functional groups: spruce, other needleleaf, and broadleaf

species.- We quantify shifts in the age and biomass structure of disturbed standsforest patches, test whether impacts
concentrate in structurally homogeneous forests, and project how continued structural selectivity may increase the
exposuresusceptibility of forest carbon stocks to disturbance through 2040. Our findings indicate that Europe’s forest carbon
sink is becoming increasingly vulnerable not only because disturbance rates are rising, but also because disturbances are

disproportionately affecting forest areas with high carbon stocks.

2 Materials and Methods

2.1 Annual disturbance data resampling

To generate spatially consistent disturbance layers across Europe, we resampled annual disturbance maps from the European
Forest Disturbance Atlas v2.1.1 dataset (Viana-Soto and Senf, 2025) to a 100 m grid (EPSG: 4326) aligned with the ESA
CCI biomass dataset (Santoro and Cartus, 2023). EFDA provides annual maps indicating, for each 30 m pixel, whether a

disturbance occurred (binary 0/1) and the associated agent (harvest, wind/bark beetle, fire, mixed).
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a—disturbance—fraetionThe reprojected 30 m binary disturbance maps were aggregated to 100 m resolution using average

resampling. Within each 100 m pixel (~10,000 m?), we computed the fraction of overlapping 30 m sub-pixels (~9 m? each)

classified as disturbed. yielding a continuous disturbance fraction rather than a binary indicator. This approach preserves

information on sub-pixel heterogeneity and yields, for each 100 m pixel, the proportion of forested area disturbed by a given

agent in a given year.

To account for known commission errors (Viana-Soto and Senf, 2025) in the disturbance maps for 2018 and 2023 over
northern latitudes, we excluded all disturbance values for these two years in areas north of 65°N. This filtering step mitigates

the influence of artefact-driven expansions in the boreal region. Fire and mixed disturbances were excluded from this study

because our research question specifically concerns the structural consequences of the documented shift from wind-

dominated to bark beetle-dominated disturbance regimes. Such a shift unfolds through biotic and abiotic mechanisms distinct

from fire dynamics and is geographically concentrated in temperate and boreal forest systems. We focus on two disturbance

categories: harvest, representing planned timber removal for wood production or silvicultural reasons, and wind and bark

beetle disturbances, representing unplanned canopy loss driven by natural agents but often followed by human management

(i.e. salvage logging). We use the term disturbance broadly throughout to encompass both categories, as both human timber

removal and natural canopy loss are disturbances with ecological consequences, while maintaining a consistent distinction

between natural disturbances and harvest in all analyses and figures.Fire-and-mixed-disturbances—were-execludedfrom-this

The final dataset consists of harmonised, agent-specific disturbance-fraction layers at 100 m resolution for the period 1985-

2023. These layers are spatially aligned with the forest age and biomass preductsdata used in downstream analyses, ensuring

consistent pixel-level integration across all data streams.

2.2 Genus map data resampling

To incorporate tree species composition into the analysis, we downscaled the 10 m European genus classification map (De
Keersmaecker et al., 2024) (EPSG:3035) to a 100 m grid in EPSG:4326, ensuring consistency with the forest age, biomass,
and disturbance datasets. The map distinguishes eight classes: Larix, Picea, Pinus, Fagus, Quercus, other needleleaf, other

broadleaf, and no-tree. Prior to spatial aggregation, these eight classes were reclassified at the native 10 m resolution into

three functional groups based on known differences in disturbance susceptibility: spruce (Picea spp.), other needleleaf (Larix

spp.. Pinus spp.., and other conifers), and broadleaf (Fagus spp.., Quercus spp., and other broadleaf species). Non-tree pixels

were assigned to nodata at this stage and excluded from the subsequent majority filter. Spruce was retained as a distinct
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group given its documented preferential susceptibility to bark beetle outbreaks and its dominant role in Central European

disturbance dynamics. This grouping is analytical and is not intended to provide a balanced comparison across taxa. The

reclassified 10 m map was then reprojected to EPSG:4326 and aggregated to 100 m resolution using a mode-based majority

filter, assigning each 100 m cell the functional group that occurred most frequently among its underlying 10 m pixels.

Reclassifying to three functional groups prior to spatial aggregation reduces class fragmentation during the majority filter,

producing more robust and stable genus assignments under the projection transformation from EPSG:3035 to

EPSG:4326.Fh

This procedure preserves the dominant functional group signal while reducing spatial detail to the scale of the biomass and

disturbance layers. The resulting 100 m genus map is fully aligned with the European forest domain and all other gridded

datasets used in subsequent analyses. Assigning a single dominant functional group to each 100 m pixel may underrepresent

compositional heterogeneity, particularly in structurally complex mixed forests. Results should therefore be interpreted as

reflecting the dominant compositional signal of each pixel rather than its full taxonomic complexity.

2.3 Integration of the different Earth Observation data streams

To build a unified dataset for analysis, we first identified all forested pixels that experienced either harvest or natural
disturbances (windthrow or bark beetle) between 1985 and 2023, as mapped in the European Forest Disturbance Atlas
v2.1.1. For every disturbed 100 m pixel (in EPSG:4326), we extracted co-located forest structural and compositional
attributes.

Each disturbed pixel was associated with:

nree)The annual disturbance fraction for each
agent (harvest, windthrow and bark beetle), derived from the EFDA v2.1.1 at 100 m resolution in EPSG:4326
(Viana-Soto and Senf, 2025),

[2.] forest-agefrom-the GAMI3-0-ensembleforest age from the GAMIV3.0 ensemble (Besnard et al., 2021), provided
as 20 independent realisations at 100 m resolution, with all analyses fixed to the 2010 estimate (Besnard-et-al;

B e e

[1]
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aboveground
biomass from the ESA CCI biomass v6.0 ensemble (Santoro and Cartus, 2023). provided as 20 independent

realisations at 100 m resolution for the year 2010, converted to carbon using a factor of 0.47,

[4.] forest fraction atwithin each 100 m pixels-, derived from the EFDA v2.1.1 forest mask at 100 m resolution (Viana-
Soto and Senf, 2025), and

the dominant functional group class (spruce, other

needleleaf, or broadleaf), resampled from the 10 m European genus classification map (De Keersmaecker et al..

2024) following the reclassification and aggregation procedure described in Section 2.2.-

least-once between1985-and 2023 -The resulting dataset is stored in tabular format, with each row corresponding to a single

forested pixel that was disturbed at least once between 1985 and 2023. Disturbance records prior to 2011 are retained in the

dataset for trend-based forecasting (Section 2.7) but are not used in the structural selectivity analyses, which are restricted to

the 2011-2023 period.

2.4 Integration of the different Earth Observation data streams

To assess whether the age structure of disturbed forests changed over time, we examined shifts in the 2010 baseline forest
age of pixels affected by harvest or natural disturbances. Using the harmonised disturbance dataset (2011-2023), we selected

all 100 m pixels with >30% forest fraction. A minimum forest fraction of 30% was applied to exclude pixels dominated by

non-forest land cover while retaining partially forested cells representative of Europe's fragmented forest landscapes. We

retained only those where >50% of the forested area was disturbed by a specific agent in a given year. A minimum

disturbance fraction of 50% was applied to focus the analysis on high-severity, largely stand-replacing events where

structural attributes of the disturbed stand are most meaningfully characterised. This conservative threshold minimises the

influence of partial disturbances. All analyses were fixed to the 2010 age estimate regardless of the year of disturbance. This

design choice is intentional: by holding the landscape age structure constant, we ensure that differences in the age of

disturbed stands between the early (2011-2016) and recent (2017-2023) periods reflect actual changes in disturbance

selectivity rather than the confounding effect of natural forest ageing. Any shift toward older disturbed cohorts, therefore,

represents an actual change of forest age classes preferentially affected by disturbances, independent of natural stand

development.

We acknowledge that pixels experiencing a stand-replacing disturbance in the early period would, if disturbed again in the

recent period, be assigned an age that no longer reflects their true post-disturbance condition. However, recurrent stand-

replacing natural disturbance events were found in less than 3% of all forested pixels across the study domain (Table S3),

consistent with the long return intervals documented for European forest disturbances (Schelhaas et al., 2003: Seidl et al.,

6
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2014). Furthermore, stands regenerating after a stand-replacing event in the early period would not reach the structural

maturity required to become susceptible to bark beetle attack or windthrow within a 12-year window, given known minimum

canopy_development trajectories in European forests (Lindegaard et al., 2016; Suvanto et al., 2025). Together, these

considerations confirm that repeat disturbance events do not substantially affect our continental-scale conclusions.

remove Ellf (CSIHE H“d“lg %H%tt B‘ “dtHldl 18]% tdge“lg‘

We aggregated all pixel-level information onto a 100 km-diameter hexagonal grid to increase robustness in regional
comparisons. For each hexagon and disturbance type, we calculated the median 2010 age of disturbed pixels for the early
(2011-2016) and recent (2017-2023) periods. Differences between periods indicated whether disturbances increasingly

affected older or younger forests, independent of stand development.

To quantify changes in the full age distribution, we used the energy distance (ED) metric (Rizzo and Székely, 2016), which
measures divergence between two probability distributions and is sensitive to both shifts in central tendency and

distributional shape. ED measures distributional divergence between the age structures of disturbed forests in the two

periods: higher energy distance values indicate that the age distributions of disturbed forests in the early and recent periods

are more dissimilar, reflecting a greater shift in the structural cohorts targeted by disturbance. ED between the early and

recent periods was computed for each hexagon and disturbance type:

ED(X, Y) =2 * E[|IX - Y[ - E[|X - X'] - E[lY - Y'[] Eq. (1)

Where X and Y represent the 2010 age distributions of disturbed pixels in the early and recent periods;. X' and Y’ are

additional independent random samples drawn from the same distributions as X and Y, respectively, used to normalise the

expected distance. [I-]l denotes the Euclidean distance.

To complement age-based analyses, we evaluated how the joint distribution of forest age and aboveground biomass (AGB)
changed across disturbance types and periods. Disturbed pixels were binned into a 7x7 matrix of age and biomass classes for
each period (e.g. 0-20, 21-40, ..., >120 years or MgC ha™), and the fraction of pixels in each structural class was computed to
form two-dimensional disturbance density matrices. Matrix differences (recent minus early) highlight which structural

cohorts gained or lost prominence in recent disturbances.

Given known ecological thresholds (e.g., bark beetles preferentially affecting spruce > ~60 years) (Hlasny et al., 2021), we
further grouped stands into broad age classes (1-60 years, > 60 years) and computed annual fractions disturbed in each class.

For all metrics, we summarised uncertainty across all 20 realisations of the forest age ensemble

member—ensembles-using medians and 5th-95th percentiles. Temporal trajectories were visualised separately for natural

7
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disturbances and harvests. These analyses enabled us to determine whether disturbances increasingly targeted older and/or
higher-biomass standslandscapes, and whether these structural shifts differed between natural disturbances and harvest

activities.

2.5 SpeeiesFunctional-group-specific biomass loss assessment

To investigate species-speei

-functional-group-specific susceptibility to disturbance, we assessed the structural and

cumulative biomass loss across three genus groups: Spruce, Other needleleaf (including Larix, Pinus, and other conifers),
and Broadleaf (including Fagus, Quercus, and other broadleaf species). The analysis focused on harvests and natural
disturbances (wind and bark beetles) across two periods: 2011-2016 and 2017-2023. For each disturbed pixel, we used
ensemble median aboveground biomass estimates (converted to carbon using a factor of 0.47), forest fraction, genus class,

and disturbance fraction. For all analyses, aboveground biomass was fixed to the 2010 ESA CCI v6.0 estimate, consistent

with the fixed 2010 forest age baseline. This approach ensures that differences in the biomass of disturbed stands between

the early and recent periods reflect changes in disturbance selectivity rather than backgeround biomass accumulation across

the landscape. Biomass values were filtered to remove non-positive and extreme outliers (IQR-based filtering). Cohen’s d
effect sizes were calculated to quantify shifts in biomass distribution between early and recent periods within each genus
group. To assess total biomass loss, we aggregated disturbed biomass by multiplying per-pixel biomass by forest fraction,

pixel area, and disturbance fraction, and then summing across all pixels within each genus and period. This was repeated

across-the 20 independent realisations of the ESA CCI biomass ensemble s to derive ensemble medians

and uncertainty bounds (5™-95" percentiles). The resulting values were expressed in terragrams of carbon (TgC). Together,
these analyses provide a quantitative view of how biomass loss from disturbances varies by species group and whether

structural shifts or total loss intensified in the more recent period.
2.6 Assessing structural homogeneity in disturbed forests

To determine whether natural disturbances increasingly affect structurally homogeneous forested standslandscapes, we
quantified spatial and temporal changes in structural variability using the coefficient of variation (CV) of aboveground
biomass (MgC ha'). Biomass CV was calculated as a proxy for standlandscape-level structural heterogeneity. Data

preparation, spatial filtering, and hexagonal grid aggregation followed the same procedure described in Section 2.3. Weused

ar—For each hexagon, CV values were computed separately for each 20

independent realisations of the ESA CCI biomass ensemble :; hexagons with

fewer than 50 valid disturbed pixels were excluded.
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Structural heterogeneity was compared between early (2011-2016) and recent (2017-2023) disturbance periods. Analyses

were stratified by disturbance type and by forest genus (spruce, other needleleaf, broadleaf). Differences between periods

were quantified using Cohen’s d and mapped as ACV (recent minus early). To assess continuous shifts, we computed the

annual median CV of pre-disturbance biomass across all retained hexagons separately for each of the 20 biomass ensemble

members, then derived the annual ensemble median and 5th-95th percentile range across members, yielding a temporal

trajectory of structural heterogeneity with associated uncertainty bounds. For each disturbance type and genus, we fitted

ordinary least-squares regressions of CV against year; slopes and significance levels summarised long-term changes in

structural heterogeneity. Temporal coherence between harvest- and disturbance-related CV trajectories was evaluated using

2.7 Trend-based forecasts of biomass exposuresusceptibility through 2040

Spatial aggregation and disturbance quantification:

Hexagons—with-fewer-than50-valid-pixels-were-excladed-Data preparation, spatial filtering, and hexagonal grid aggregation

followed the same procedure described in Section 2.3. This filtering captures high-severity, stand-replacing events, where

most of the canopy is affected, and therefore produces conservative disturbance estimates that underrepresent low-severity or
partial disturbances. Aboveground biomass values from the ESA CCI v6.0 ensemble (20 realisations) were converted to
carbon using a factor of 0.47. Median biomass per hexagon, disturbance type, and period was used in subsequent

simulations.

Annual disturbed area and biomass expesuresusceptibility: For each disturbance type and year, we computed the total

disturbed forest area per hexagon as:

Ai,y = fi,y * di,y * ai Eq (2)

Where f;, is the forest fraction in pixel i and year y, d;, is the disturbance fraction in pixel i and year y, and a; is the area of
pixel i (converted to Mha). The total disturbed area for each year and disturbance agent was obtained by summing A, across
all pixels within a hexagon. This produced an annual time series of total disturbed area per hexagon from 1985 to 2023,

which was used as input for forecasting.
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Trend-based forecasting and model selection: To reduce short-term noise, annual disturbance trajectories were smoothed

using a centred 5-year moving average. Model fitting was restricted to recent periods (2008-2023, or 2015-2023 in
sensitivity tests) to capture contemporary disturbance dynamics. For each hexagon and disturbance agent, we fit two
candidate models to the smoothed series: (i) linear increase and (ii) exponential decay, and selected the best model using the
Akaike Information Criterion (AIC). Decay models were constrained to plausible decreasing trends, reflecting potential
stabilisation after outbreak peaks. Linear models represented continued intensification. The selected model was then used to

forecast areas of disturbance for 2024-2040.

Uncertainty estimation via Taylor's law: To account for heteroskedasticity in disturbance dynamics, we applied Taylor’s law

(Taylor, 1961) separately to natural disturbances and harvest. For each hexagon, we computed the mean and variance of
annual disturbed area over the model-fitting window (2008-2023; or 2015-2023 in sensitivity tests). These mean-variance

pairs were then pooled across all hexagons and fit with a log-log linear regression, yielding global parameters a and b:
Var(Ay) =a * Eq. (3)

Where Var(4,) is the variance of the annual disturbed area in year y, u, is the mean yearly disturbed area in year y, and a and
b are regression parameters estimated from historical data. Projected variances for 2024-2040 were derived using the

predicted means and this relationship.

Mean-variance pairs were then reparameterised into lognormal distributions, from which we drew 1,000 Monte Carlo
realisations per hexagon and year. This captures the heavy-tailed distribution of disturbance activity, allowing extreme but

infrequent disturbance pulses to appear in the forecasts (Senf et al., 2025).

Biomass simulation: For each Monte Carlo simulation and year, forecasted disturbed areas were
converted to carbon by multiplying them by biomass values sampled from two composition-specific
scenarios:

e  Early scenario: biomass distribution of forests disturbed during 2011-2016

® Recent scenario: biomass distribution of forests disturbed during 2017-2023

Here, biomass carbon is defined as the amount of aboveground carbon stock affected by disturbance
and therefore conditionally vulnerable to future carbon loss under the two disturbance-biomass scenarios. For every hexagon
and biomass ensemble member, a biomass value was drawn from the scenario distribution and multiplied by the simulated
disturbed area. This produced a time series of biomass per hexagon, year, and disturbance type across

1,000 simulations. Results were aggregated across ensemble members, simulations, and hexagons to compute per-year

10
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medians and 5th-95th percentiles at both the hexagon and pan-European scales. This framework links area-based disturbance

forecasts with uncertainty in biomass composition, providing scenario-explicit estimates of future carbon

3 Results
3.1 Shift in disturbance susceptibility toward older, high-biomass forests.

Satellite-based observations revealed an increase in age selectivity since 2017, with natural disturbances disproportionately
affecting older and more carbon-dense forests. The area disturbed annually in forests >60 years old nearly tripled between
early (2011-2016) and recent (2017-2023) periods, rising from 0.38 Mha to 1.06 Mha, while disturbances in younger forests
increased more modestly from 0.35 to 0.56 Mha (Table S1). This shift is most evident in the joint distribution of forest age
and aboveground carbon stocks: recent disturbances increasingly concentrate in exceeding both 60 years
and 80 MgC ha™' (Fig. 1a,c). The most substantial biomass losses occurred in mature spruce forests in Central and Eastern

Europe (Fig. S5a, c).

Natural disturbances showed
greater distributional shifts (median ED: 1.5 years; 5th-95th percentile: 1.0-2.3) than harvests (median: 0.9 years; 5th-95th
percentile: 0.6-1.3), with peak values in Central and Eastern Europe (Fig. 2a). Critically, this structural change was
directional: 64% of grid cells showed increases in the median age of disturbed (Fig. 2c), and the

concentration of values above the 1:1 line in Fig. 2d confirms that recent disturbances systematically targeted older cohorts.

Regional patterns revealed substantial heterogeneity in this continental trend. In Western and Central Europe, disturbances
after 2017 were increasingly concentrated in older than 60 years (Fig. S4c,e), consistent with compound
drought-amplified bark beetle dynamics in spruce-dominated regions. Northern Europe showed comparatively stable age
distributions, with younger remaining dominant, though gradual ageing was evident (Fig. S4a). In
Eastern and Southeastern Europe, disturbances more frequently affected forests <60 years old, particularly 40-50-year-old

monospecific pine and spruce plantations, a pattern consistent with high stem densities and drought stress in even-aged

In contrast to natural disturbances, harvest patterns showed structural stability. Harvests remained concentrated in older
stands (>60 years) but typically targeted lower-biomass forests than those affected by natural disturbances (Fig. 1b, d; Fig.
S3b, d). While harvested area increased substantially (from 4.93 to 6.75 Mha), the age and biomass distributions shifted only
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modestly (median ED: 0.9 years), with slight increases in mid-aged stands (60-100 years; 40-80 MgC ha™') likely reflecting
330 | salvage operations in beetle-affected regions (Fig. 2b).

The contrast between stable harvest selectivity and shifting bark beetle and windthrow patterns suggests that climate-

amplified biotic agents, rather than management changes, drive the observed structural selectivity within the disturbance

types and geographic regions captured by our analysis.
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Figure 1: Structural characteristics of forests affected by natural disturbances and harvest across Europe. (a-b)
Change in the fraction of disturbed forests between 2017-2023 and 2011-2016 across combinations of aboveground carbon

(AGC) class (Mg C ha) and forest age class (years). Warmer colours (reds) indicate increased disturbance in that class;
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cooler colours (blues) indicate a decline. (c-d) Temporal evolution of the fraction of disturbed area by forest age class (1-60
years vs. >60 years) for natural disturbances (c¢) and harvest (d) from 2011 to 2023. Shaded ribbons represent the 95%
quantile range across the 20-member forest age ensemble, and lines show the median trajectory. Only 100 m pixels with at
least 30% forest cover were retained, and among those, only pixels where at least 50% of the forested area was disturbed by

a specific agent in a given year were considered.
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Figure 2: Structural changes in disturbed forest stands over time, quantified with the energy distance metric. (a-b)
Spatial distribution of energy distance values comparing forest age distributions affected by natural disturbances (a) and
harvest (b) between two periods (2011-2016 vs. 2017-2023). Higher values indicate greater temporal dissimilarity in the age
of disturbed forests. (c) Relationship between ED and the direction of structural change (AForest Age). Because all ages are
fixed to 2010 values, the differences reflect selection, not regrowth or mortality. Positive A values indicate a shift toward
forest disturbance, specifically a growing tendency to affect older standsforest patches in later periods, independent of
natural forest ageing. (d) Comparison of the 2010 baseline forest age for disturbances occurring in 2011-2016 (x-axis) and
2017-2023 (y-axis). Values above the 1:1 line indicate that forests disturbed in the later period were generally older than
those disturbed earlier, while values below the line reflect a shift toward younger standsforest patches. Only 100m pixels
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with at least 30% forest cover were retained, and among those, only pixels where at least 50% of the forested area was
disturbed by a specific agent in a given year were considered. Hexagons with fewer than 50 valid pixels per period were
excluded from analysis. Each hexagon has a diameter of approximately 100 km. Hexagons were used as aggregation units

because they offer equal-distance neighbour relationships and minimise edge effects compared to squares.

3.2 High-biomass spruce are disproportionately affected by natural disturbances.

Spruce-dominated forests exhibited the strongest structural shift in disturbance impacts, with natural disturbances
increasingly concentrated in high-biomass during the period 2017-2023 (Fig. 3; Fig. S5). Biomass
carbon losses from natural disturbances in spruce forests increased nearly eightfold between periods, from 115:9 TgC (5th-
95th percentile: - )in 2011-2016 to TgC ( - ) in 2017-2023. This increase outpaced the
sixfold expansion in disturbed area (from 0.07 to 0.46 Mha; Table S2), indicating a disproportionate rise in carbon losses

relative to disturbance extent.

This disproportionate increase reflects a systematic shift toward higher-biomass cohorts. Median biomass of disturbed spruce

rose from approximately 75 to 95 MgC ha™ between periods (Cohen’s d = 1.01, indicating a large
effect; Fig. 3a,c), demonstrating that recent disturbances increasingly affected structurally mature spruce forests. The spatial
concentration of this shift in Central Europe (Fig. S5a), where high-biomass spruce monocultures are prevalent, further

highlights the role of forest structure in amplifying disturbance-related carbon impacts.

Together, expanding disturbance extent and increasing per-hectare biomass resulted in a disproportionate increase in carbon
losses from spruce forests. Although spruce accounted for % of the total naturally disturbed area
in the recent period, it contributed approximately % of natural-disturbance-related biomass carbon losses. This

contrasts sharply with other forest types. In other coniferous and broadleaf forests, biomass losses from natural disturbances

increased more gradually, from to 3 TgC (+1 %)-and from to TgC (+ %),
respectively (Fig. 3c). These increases closely tracked expansions in disturbed area (0. to 0.528 Mha in other conifers;
0. to 0. Mha in broadleaves) and were not accompanied by significant shifts in the biomass structure of affected

(median biomass stable; effect sizes < 0.5; Fig. 3a).
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than by structural selectivity. Harvested area expanded from 0.78 to 1.63 Mha in spruce and from 2.41 to 3.26 Mha in other

needleleaf forests, while broadleaf harvested area remained stable (1.47 to 1.49 Mha), and the biomass distribution of

harvested forest patches remained stable (Fi

. 3b). Consequentl

most harvest-related biomass losses originated from other

needleleaf (121.4 and 169.7 TeC in 2011-2016 and 2017-2023, respectively) and broadleaf forests (76.3 and 73.3 TgC), with

spruce contributing a smaller but increasing share (47.2 and 101.7 TgC). This contrast underscores that the disproportionate

increase in carbon losses observed in spruce forests arises primarily from climate-sensitive natural disturbances interacting

with forest structure, rather than from shifts in management practices.
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Figure 3: Structural and quantitative changes in aboveground carbon loss by species group for natural forest
disturbances and harvests. (a-b) Median biomass of disturbed forest by dominant tree genus for
natural disturbances (a) and harvest (b), comparing early (2011-2016) and recent (2017-2023) periods. Each point in the jitter
plots represents a pixel. Annotated values represent Cohen’s d effect sizes, quantifying the standardised difference in median
biomass between periods for each species group. (c-d) Total AGB loss (TgC) by species group from natural disturbances (c)
and harvest (d) in both periods. Bars indicate the median across a 20-member biomass ensemble, and error bars represent the
Sth and 95th percentiles, capturing uncertainty in biomass estimates. Only 100 m pixels with at least 30% forest cover were
retained, and among those, only pixels where at least 50% of the forested arca was disturbed by a specific agent in a given

year were considered.
3.3 Natural disturbances increasingly occur in structurally homogeneous

Beyond targeting older, high-biomass forests, natural disturbances are increasingly concentrated in structurally homogeneous
. Between 2011-2016 and 2017-2023, natural disturbances shifted markedly toward such stands, as
indicated by declining coefficients of variation (CV) in pre-disturbance biomass, particularly in Central and Eastern Europe

(Fig. 4a). By contrast, harvest-related CV changes were spatially diffuse and lacked the geographic clustering characteristic

of climate- bark beetle outbreaks (Fig. 4b).
This shift toward homogeneous was strongly genus-specific (Fig. 4c). Spruce-dominated
exhibited a pronounced decline in CV (Cohen's d = 1. ), indicating that recent disturbances targeted

structurally uniform spruce forests. This effect size is large, larger even than the shift toward high-biomass

(Section 3.2; d = 1.61), and suggests that structural homogeneity may be as crucial as stand age in determining bark
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beetle susceptibility. By contrast, broadleaf (Cohen's d = 0-22) and other needleleaf forests (Cohen's d = 0.5524) showed no

to weak te-mederate declines, confirming that the homogeneity signal is driven by spruce monocultures in Central Europe.

The shift toward structurally homogeneous standsforest patches was not only a snapshot difference between periods but an
ongoing temporal trend. In spruce forests, the CV of pre-disturbance biomass declined significantly over time in both
naturally disturbed (slope = -0.004351 yr'!, p = 0.0023) and harvested (slope = -0.00438 yr', p = 0.0031) standsforest

/

patches, e ale : %4 equivalent to a reduction of approximately 0.06 CV units (~20% relative to the

2011 baseline) -over the 2011-2023 period (Fig. 4d). Remarkably, natural disturbances and harvests showed nearly identical

downward trajectories (Pearson's r = 0.7584), suggesting both agents increasingly target the same structurally uniform
standsforest patches, likely reflecting salvage operations following bark beetle infestations. By contrast, broadleaf and other
needleleaf forests showed no significant temporal trends in CV (Fig. S6b,c), and the strong spruce signal dominated the
continental-scale average. Across all genera, harvested standsforest patches consistently exhibited higher CV than naturally
disturbed standsforest patches (Pearson's r = 0.90), consistent with the interpretation that natural disturbances

disproportionately affect the most homogeneous forests.
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Figure 4: Changes in structural heterogeneity of disturbed forests across Europe. (a, b) Spatial changes in the
coefficient of variation (CV) of aboveground biomass within disturbed pixels between 2011-2016 and 2017-2023, shown for
(a) natural disturbances and (b) harvest. Blue shades indicate declining CV (more homogeneous ), and
red shades indicate increasing CV (more heterogeneous ). (¢) CV of biomass in disturbed pixels by
genus group (spruce, broadleaf, other needleleaf) and period. Cohen’s d effect sizes are reported above each comparison. (d)
Temporal evolution of biomass CV in disturbed spruce-dominated pixels from 2011 to 2023, shown separately for natural
disturbances and harvest. Lines represent the annual median CV across hexagons; shaded ribbons indicate the 5th to 95th
percentile range across biomass members. Only 100 m pixels with at least 30% forest cover were retained, and among those,
only pixels where at least 50% of the forested area was disturbed by a specific agent in a given year were considered. Each

hexagon has a diameter of 100 km.
3.4 Amplifying biomass carbon from natural disturbances.

If current disturbance patterns persist, natural disturbances alone could expose biomass carbon equivalent to approximately
20% of Europe’s contemporary forest carbon sink (~210 TgC yr™') (Pan et al., 2024) by 2040. Under the recent biomass
scenario, projected reaches a median of ~468 TgC yr' (Fig. 5c), indicating that the carbon
consequences of disturbance are intensifying beyond what would be expected from expanding disturbance area alone. This
represents carbon stocks transferred out of live forest biomass pools and rendered vulnerable to
delayed recovery or longer-term loss, rather than immediate atmospheric fluxes. The projected is
geographically concentrated: Central European spruce forests, particularly the Bohemian Massif and surrounding mid-
elevation ranges, emerge as primary hotspots under both scenarios (Fig. 5a). In contrast, harvest-related biomass carbon
, while larger in absolute magnitude (~1 TgC yr'), remains structurally stable and is concentrated

mainly in Northern Europe (Fig. 5b).

Structural shifts toward older, higher-biomass, and more homogeneous substantially amplify future carbon

. Comparing the two scenarios isolates this effect: the early scenario uses the 2011-2016 biomass

distribution of disturbed to forecast disturbance areas, whereas the recent scenario uses the 2017-2023
distribution. Under the recent scenario, natural disturbances are projected to expose a median of 4 TgC yr' (5th-95th
percentile: -5 ), compared to 4 TgC yr! (345.45-512.260) under the early scenario, an increase of

10-5% attributable primarily to the growing involvement of carbon-rich cohorts. Over the 2024-2040

projection period, this structural shift compounds to an additional ~75 TgC of biomass carbon ,

By contrast, projected harvest-related biomass

remains structurally stable across scenarios (1341.08 vs. 1343.6 TgC yr''; ),
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‘ indicating that harvest practices have not shifted toward systematically higher-biomass standsforest patches, as observed for
natural disturbances.

This projected increasing carbon expesuresusceptibility results from the combined effects of expanding disturbance extent
and increasing per-hectare biomass affected. Natural disturbances are projected to nearly double in spatial extent, from 0.3 68
500 | Mha (0.19-0.765 Mha) in 2024 to 0.5862 Mha (0.313-61.9912 Mha) by 2040, whereas harvest expansion is more gradual
(+2.9309 to 2.3873 Mha; Fig. 5d). The steeper trajectory for natural disturbances reflects climate-drivensensititve
amplification of bark beetle dynamics, while harvest areas remain aligned with management objectives and policy
constraints. This interaction creates a multiplicative risk: even if future disturbance extent stabilises, continued targeting of

carbon-rich forests would sustain elevated levels of biomass carbon expesuresusceptibility, thereby weakening the long-term

505 | effectiveness of Europe’s forest carbon sink.
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520 | Figure 5: Forecasted biomass expesuresusceptibility and disturbed area across Europe through 2040 under early
(2011-2016) and recent (2017-2023) disturbance scenarios. (a-b) Spatial differences in biomass expesuresusceptibility

(PgC) between early and recent periods for natural disturbances (a) and harvest (b), with darker colours indicating larger
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‘ increases in carbon expesuresusceptibility. (¢) Boxplots of annual biomass expeosuresusceptibility (TgC yr') by disturbance
type and scenario. Forecasts are based on smoothed trends (1985-2023), and model fits to the 2008-2023 window, assuming
no change in forest management or spatial disturbance extent. Boxes represent the median and interquartile range across 20
biomass ensemble members; whiskers show the Sth and 95th percentiles. (d) Forecasted area of pan-European disturbed
forests annually by natural disturbances and harvest. Points represent observed values (1985-2023); solid lines and shaded
bands represent trend-based projections and their uncertainty ranges. Only 100 m pixels with at least 30% forest cover were
retained, and among those, only pixels where at least 50% of the forested area was disturbed by a specific agent in a given
year were considered. Hexagons with fewer than 50 valid pixels were excluded from analysis. Each hexagon has a diameter

of 100 km.

Genus-specific projections show that spruce forests drive the amplification of biomass carbon expesuresusceptibility
associated with natural disturbances (Fig. 6a). Under the recent scenario, spruce-dominated forests are projected to
experience a median biomass carbon expesuresusceptibility of +8:521.4 TgC yr' (5th-95th percentile: 17.35-206.21),
representing a 165% increase relative to the early scenario (18.6.0 TgC yr'; 15.1-22.8). In contrast, other needleleaf and
broadleaf forests show only minor differences between scenarios (9-012.3 vs. &:611.5 TgC yr' and 17:911.3 vs. 16:60.5 TgC
yr', respectively), indicating that their disturbance-related carbon expesuresusceptibility scales primarily with expanding

affected area rather than with shifts toward higher-biomass structural cohorts.

Harvest-related projections exhibit comparatively stable patterns across scenarios, with biomass carbon

expesuresusceptibility dominated_by other needleleaf (71.3 vs. 71.0 TgC yr™) and broadleaf forests (33.1 vs. 32.6 TgC yr;

Fig. 6b

). ExpesureSusceptibility

associated with spruce harvests increases modestly (from 106.34 to 14+-27.5 TgC yr™), likely reflecting enhanced salvage

J f=) J

activity in beetle-affected regions rather than systematic shifts in planned harvest toward higher-biomass standsforest

patches.
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Figure 6: Forecasted biomass across Europe through 2040 under early (2011-2016) and recent
(2017-2023) disturbance scenarios and across dominant species. (a-b) Boxplots of annual biomass

(TgC yr") for natural disturbances and harvest, stratified by scenario (early vs. recent) and by the dominant species group of
each hexagon. The dominant species was assigned as the genus class occupying the largest forested area within each 100-km
hexagon. Forecasts are based on smoothed trends (1985-2023), and model fits to the 2008-2023 window, assuming no
change in forest management or spatial disturbance extent. Boxes represent the median and interquartile range across 20
biomass ensemble members; whiskers show the 5th and 95th percentiles. Only 100 m pixels with at least 30% forest cover
were retained, and among those, only pixels where at least 50% of the forested area was disturbed by a specific agent in a

given year were considered. Hexagons with fewer than 50 valid pixels were excluded from analysis.
4 Discussion

Europe's forests face a compound : climate- disturbances are increasingly
concentrated in the continent's oldest, most carbon-dense , precisely those that underpin long-term carbon
storage and took decades to develop. Our continental-scale analysis reveals that this structural selectivity occurs along three
interacting dimensions: stand age, aboveground biomass, and structural homogeneity. Natural disturbances in forests >60
years old nearly tripled between 2011-2016 and 2017-2023 (0.38 to 1.08 Mha), with impacts increasingly concentrated in

exceeding 80 MgC ha' and exhibiting low biomass variation (CV decline: Cohen's d = 1. in
spruce). This pattern represents not only an expansion of the extent of disturbance but also a qualitative shift in the forest
structures most frequently affected, and therefore in the carbon stocks most exposed to rapid transfer from live-biomass
pools. If these patterns persist, natural disturbances could expose biomass carbon equivalent to approximately 20% of
Europe’s contemporary forest carbon sink (~468 of ~210 TgC yr') by 2040, with risks concentrated primarily in Central

European spruce-dominated landscapes.

The observed shift in disturbance selectivity aligns spatially and temporally with climate-amplified bark beetle dynamics in
spruce-dominated regions. Compound drought and heat events since 2018 have predisposed mature spruce stands to
infestation, creating conditions for unprecedented intensification of outbreaks (Hermann et al., 2023; Weynants et al., 2024).
Warming accelerates beetle development, enabling multiple generations per year and facilitating expansion into higher
elevations and latitudes where historically cold temperatures had constrained outbreaks (Hartmann et al., 2025; Jakoby et al.,
2019). While windstorms have historically caused episodic, large-scale forest losses (e.g., Lothar 1999, Klaus 2009), their
spatially localised and temporally discrete nature does not align with the broad spatial coherence and multi-year persistence
of the structural shift observed since 2017, a period during which bark beetles dominated disturbance activity across much of

Central Europe (Patacca et al., 2023).
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correspondence between the structural shift in natural disturbances and compound drought events since 2018 points to

climate forcing as the primary driver. Nevertheless, longstanding management legacies, particularly decades of favouring

monospecific spruce planting and increasing growing stocks, have maintained structural conditions that predispose these

landscapes to continued outbreak amplification. It is worth noting that the majority of bark beetle-affected stands are

subsequently salvage-logged, which explains the tight coupling between natural disturbance and harvest trajectories

observed in our data (Pearson's r = 0.75). This coupling reflects a management response to disturbance rather than a driver of

structural susceptibility, and is consistent with the structural stability we observe in harvest-related biomass distributions

across periods.

Structural homogeneity is associated with heightenedincreased susceptibility. Even-aged spruce monocultures provide
continuous host connectivity, facilitating rapid beetle spread once outbreaks are initiated (Raffa et al., 2008). Such stands
also lack wvertical and horizontal structural complexity, reducing microclimatic buffering and increasing
exposuresusceptibility to drought stress and heat accumulation, which further weakens host resistance (Senf and Seidl,
2018). Heterogeneous forests, by contrast, fragment host networks, maintain cooler and moister microclimates, and provide

refugia for beetle predators and competitors (Seidl et al., 2016).-While structural and compositional diversity generally

reduces susceptibility, long-term studies demonstrate that spruce decline can also occur in age- and species-diverse stands,

suggesting that diversity increases but does not ensure resistance, and that site-level climate stress may outweigh the

protective influence of structural diversity under prolonged drought conditions (Brzeziecki et al., 2020).

Large-scale natural disturbances in Europe are frequently followed by salvage logging, which often leads to the re-
establishment of extensive, even-aged spruce stands on affected sites (Sommerfeld et al., 2021). These post-disturbance
management responses may contribute to maintaining, rather than disrupting, the structural conditions associated with high
susceptibility, limiting the development of structural complexity that could otherwise enhance resistance. The near-identical
temporal trajectories of CV decline in both naturally disturbed and harvested spruce standsforest patches (Pearson’s r =
0.7584) indicate a strong coupling between disturbance processes and management responses, suggesting that harvest
activity increasingly mirrors disturbance patterns rather than proactively reducing long-term vulnerabilitysusceptibility. This
coupling is most pronounced in Central Europe, where decades of homogeneous spruce planting have produced landscapes

highly prone to outbreak amplification under climate stress.

Outbreak dynamics further reinforce this structural wlnerabilitysusceptibility. Early in disturbance cycles, infestations often
target physiologically weakened hosts; however, during outbreak peaks, such as those following the 2018 drought, high
beetle populations can overwhelm even relatively vigorous trees, diminishing the role of individual tree resistance and

further concentrating impacts in structurally uniform landscapes (Senf and Seidl, 2021).-Salvage logging following natural

disturbances often leads to the establishment of new, even-aged monospecific stands on cleared sites (Sommerfeld et al.,

2021), thereby preserving the structural homogeneity associated with high bark beetle susceptibility, even when individual
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gap creation temporarily increases local heterogeneity. Together seing, these

these outbreak dynamics and post-disturbance management responses dynamies-help explain why spruce-dominated regions

exhibit the most substantial and most persistent declines in structural heterogeneity, and why homogeneous standsforest
patches continue to incur disproportionate disturbance impacts even as climate stress expands susceptibility to younger pine

and spruce plantations in parts of Eastern Europe (Davydenko et al., 2021; Siitonen, 2014).

The three dimensions of structural selectivity we document (i.e, age, biomass, and homogeneity) are closely linked rather

than independent. Biomass accumulation occurs across multiple forest types, including naturally developing beech-

dominated forests in Europe (Schiitz, 2002). In the context of our study, however, biomass accumulation most strongly

amplifies disturbance susceptibility in even-aged spruce monocultures, where it combines with structural homogeneity and

elevated drought sensitivity. Central European

S S

spruce monocultures frequently combine advanced age (>60 years), high carbon density (>80 MgC ha), and low structural
diversity.-——And Oour results indicate that forests combining these characteristics exhibit disproportionately high
expesuresusceptibility. Such standsforest patches dominate the Bohemian Massif and surrounding mid-elevation ranges of
Austria, Germany, and the Czech Republic, consistent with the geographic concentration of disturbance-related carbon

expesuresusceptibility identified in our spatial projections (Fig. 5a).

This convergence of vulnerabilities explains why a relatively small fraction of Europe’s forest area contributes

disproportionately to disturbance-related carbon expesuresusceptibility. St

t=}

naturally disturbed area in the recent period, yet contributed approximately 52% of disturbance-associated biomass carbon

losses, with a more than five-fold increase between periods (11.5 to 62.3 TgC). Regional contrasts further support this

interpretation: Western and Central Europe experienced pronounced shifts toward older impacted cohorts beginning around
2017, coinciding with prolonged compound drought conditions through 2022. In contrast, parts of Eastern and Southeastern
Europe showed relatively greater impacts in younger (approximately 40-50 years old) pine and spruce plantations, which

often exhibit high stem densities, limited thinning, and elevated drought sensitivity (Jaime et al., 2022).

The compound nature of this vulaerabilitysusceptibility implies that effective climate adaptation cannot rely on single-axis
interventions. Age diversification alone may not protect structurally homogeneous spruce standsforest patches from drought-
amplified beetle outbreaks; species diversification without increased structural complexity may merely shift the vulnerable
cohort; and structural thinning in climatically marginal regions may, in some cases, exacerbate drought stress. Reducing
future susceptibility will likely require coordinated management of species composition, structural complexity, and spatial

heterogeneity.
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These findings have direct implications for proposed strategies to enhance forest carbon storage. For instance, our results

raise an important caveat regarding proforestation, the strategy of withdrawing managed stands from harvest and allowing

them to age naturally to accumulate carbon. While proforestation can substantially increase carbon stocks in the medium

term (Moomaw et al., 2019), our findings reveal a structural susceptibility that can partially counteract its expected carbon

benefits: the structural characteristics that proforestation promotes, namely advanced age and greater biomass in early

successional phases, are precisely those now associated with disproportionate disturbance susceptibility in Central Europe's

spruce-dominated forests. This does not invalidate proforestation as a strategy for increasing forest carbon storage. though.

In broadleaf and structurally diverse ecosystems, for instance, the susceptibility we document is substantially lower.

However, our findings underscore that the effectiveness of proforestation strategies is strongly species- and region-

dependent. In spruce-dominated landscapes, proforestation without concurrent efforts to increase structural and

compositional diversity may not fully realise its expected carbon benefits, given the elevated disturbance susceptibility of

ageing, high-biomass stands documented here. Conversely, in broadleaf-dominated or structurally complex systems with

lower susceptibility to disturbance, proforestation remains a promising complement to active management strategies.

Our projection that natural disturbances could expose biomass carbon equivalent to approximately 20% of Europe’s forest
carbon sink by 2040 is conservative by design. We assume no further geographic expansion of bark beetle outbreaks beyond
current ranges, despite documented upward and northward spread (Hartmann et al., 2025, Junttila et al., 2024; Kérvemo et
al., 2023). We also exclude post-disturbance mortality cascades and assume historical recovery rates, even though recurrent
disturbances increasingly slow regrowth and may induce persistent ecosystem state shifts (Forzieri et al., 2022; Senf and
Seidl, 2022). Management practices are held constant, although future changes in harvesting, salvage strategies, or species

composition could substantially alter disturbance expeosuresusceptibility.

The analysis is also subject to several empirical and methodological limitations. The European Forest Disturbance Atlas

primarily detects stand-replacing canopy loss events and may miss gradual or partial disturbances, such as progressive

drought-induced dieback or low-severity insect damage. Our analysis, therefore, captures the most severe end of the

disturbance spectrum, and patterns in lower-severity events may differ. The GAMIv3.0 age product carries inherent

uncertainty, particularly in forests with complex management histories, which could propagate into the energy distance

calculations and age-class comparisons. We address this by propagating uncertainty across the full 20-member age ensemble

and reporting 5th-95th percentile ranges throughout. ESA CCI biomass data carry inherent limitations in calibrating of

aboveground carbon estimates from remote sensing observations, as the sensitivity of satellite-derived retrievals decreases

with increasing biomass, contributing to uncertainty that is disproportionately large in high-biomass forests (Santoro et al.,

2024). Biomass uncertainty is explicitly propagated through 20 independent realisations of the ESA CCI v6.0 product, by

introducing controlled perturbations to the mean estimates, scaled by the per-pixel standard deviation, ensuring that
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uncertainty is largest where retrieval uncertainty is greatest. All biomass-dependent results are reported as ensemble medians

with 5th-95th percentile ranges.

The persistence of the backeround landscape biomass distribution across periods (Fig. S7) confirms that the observed shift

toward higher-biomass disturbed forest patches reflects an actual change in disturbance selectivity rather than a consequence

of either biomass accumulation or the progressive loss of lower-biomass forest patches through the 2011-2016 disturbance

activity. Each of these excluded processes and data limitations would tend to amplify rather than dampen projected carbon

susceptibility.

uncertainty remains substantial, with 5th-95th percentile ranges spanning approximately +20% around median estimates

(Fig. 5c¢), reflecting interannual variability in disturbance activity (captured via Taylor’s law variance scaling; Taylor, 1961),
uncertainty in biomass estimates, and stochastic extremes such as storm events or outbreak collapses (Senf et al., 2025).
Notably, even the lower bounds of projected natural-disturbance-related biomass expesuresusceptibility (345.5-389.2 TgC
yr'!) exceed upper estimates from the early 2010s (~7.6 TgC yr'; Section 3.2), indicating that intensification is robust across
plausible trajectories. Accordingly, the estimated 20% sink offset should be interpreted as a near-term baseline risk rather

than a worst-case outcome.
5 Conclusion

Our findings reveal a clear divergence in contemporary disturbance dynamics across Europe’s forests. Natural disturbances
increasingly affect older, carbon-dense spruce standslandscapes in Northern and Central Europe. In contrast, harvest
activities remain structurally stable and are more frequently concentrated in younger or lower-biomass forests. This
divergence reflects a growing structural selectivity of climate-sensitive natural disturbances, particularly bark beetle
outbreaks, which now disproportionately expose carbon-rich and structurally mature forest cohorts. As a result, disturbance
impacts are not only expanding in area but are increasingly concentrated in forest structures that store large amounts of

biomass accumulated over decades.

The concentration of disturbance impacts in these vulnerable cohorts implies that Europe’s disturbance-related carbon
exposuresusceptibility is likely to intensify and spatially consolidate in regions dominated by mature spruce forests. Because
recovery rates in older, high-biomass standsforest patches are typically slower and marginal carbon uptake is lower than in
younger forests, disturbances affecting these cohorts have disproportionate implications for long-term forest carbon storage,
even when regrowth ultimately occurs. Consequently, moderate increases in disturbance frequency or extent can translate

into amplified, continent-scale reductions in the effectiveness of the forest carbon sink.
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If current trajectories persist, natural disturbances alone could expose a substantial share of Europe’s land-based forest
carbon sequestration capacity over the coming decades. Addressing this emerging risk requires re-evaluating the drivers of
forest structural wulnerabilitysusceptibility and implementing adaptive management strategies that enhance resilience to
climate-sensitive disturbances. i i i i i

s—Several

measures like increasing species and structural diversity have been proposed to reduce susceptibility in high-risk stands.

Targeted interventions promote mixed-species composition, structural thinning reduces stem density and host connectivity,

while adopting uneven-aged management in climatically marginal spruce-dominated landscapes and refining harvest and

post-disturbance management practices in disturbance-prone regions will further reduce susceptibility (Migliavacca et al.,

2025). The effectiveness of such strategies will depend on their ability to reduce structural homogeneity and interrupt

feedback between disturbance processes and management responses.

Improved monitoring of disturbance and mortality remains crucial for predicting carbon losses and informing policy. This
includes coordinated, EU-wide data collection (Network, 2025; Zweifel et al., 2023) and collaborative platforms, such as
deadtrees.ecarth (Mosig et al., 2024). Integrating national assessments into open-access systems would strengthen both
scientific modelling and policy implementation under frameworks such as the EU Forest Strategy for 2030
(“Communication,” n.d.), the LULUCF Regulation (Regulation (EU) 2023/839) (“Regulation - 2023/839 - EN - EUR-Lex,”
n.d.), and the Nature Restoration Regulation (Regulation (EU) 2024/1991) (“Regulation - EU - 2024/1991 - EN - EUR-Lex,”
n.d.). As Europe advances these ambitious forest policies, explicitly recognising and mitigating the growing
vanerabilitysusceptibility of its oldest and most carbon-rich forests will be critical for safeguarding the continent’s land

carbon sink in a warming climate.

Data availability.

= The FEuropean Forest Disturbance Atlas v2.1.1 is available from Viana-Soto and Senf (2025) at
https://doi.org/10.5194/essd-17-2373-2025.

= Forest age data (Global Age Mapping Integration v3.0) are available from Besnard et al. (2023) at
https://doi.org/10.5880/GFZ.1.4.2023.006.

= Aboveground biomass data (ESA CCI Biomass v6.0) are available from Santoro and Cartus (2023) at
https://doi.org/10.5285/AF60720C1E404A9E9D2C145D2B2EADA4E.

= FEuropean forest genus classification data are available from De Keersmaecker et al. (2024) at

https://doi.org/10.5281/zenodo.13341104.

All processed datasets underlying the analyses and figures presented in this study are publicly available via Zenodo at:

https://doi.org/10.5281/zenodo.17977435. The Zenodo repository contains aggregated disturbance metrics, forest age and
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biomass distributions, structural heterogeneity metrics, and projection outputs used to generate the figures. All files are

provided in open formats.

Code availability.

All code for data integration, statistical analysis, forecasting, and visualisation is available at
https://github.com/simonbesnard1/structshift. The repository includes Python scripts for disturbance-demographic
integration, Energy Distance calculations, ensemble forecasting, and figure generation. Documentation and example

workflows are provided in the repository README.
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