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ABSTRACT

Ongoing shifts in climate and land use have altered interactions between trees and insect herbivores, changing biotic disturbance
regimes. However, as these changes are complex and vary across host species, insect taxa, and feeding guilds, they remain poorly
understood. We compiled annual records of forest insect disturbance from 15 countries in temperate and boreal Europe, span-
ning the period from 2000 to 2022. The dataset comprises 1361 time series characterizing the dynamics of 50 herbivorous insects.
We used this dataset to test whether insect disturbance has systematically changed during the 23-year period across host trees
and feeding guilds, whether it varies along latitudinal and climatic gradients, and whether synchrony exists among species in the
same guild or among species sharing the same host. Since 2000, borer disturbance was predominantly concentrated on gymno-
sperms, while defoliators impacted gymnosperms and angiosperms more evenly. While 85.8% of gymnosperm disturbance was
inflicted by a single species, Ips typographus, the majority of disturbances to angiosperms were caused by six different species.
Borer impact on gymnosperms has increased in the 21st century, while defoliator impact has decreased across both clades.
In contrast to diverging temporal trends, disturbance was consistently greater in warmer and drier conditions across feeding
guilds and host types. We identified significant synchrony in insect disturbance within host types and feeding guilds but not
between these groups, suggesting shared drivers within guilds and host types. Increasing insect disturbance to gymnosperms
may catalyze adaptive transformations in Europe's forests, promoting a shift from historical conifer-dominated management
to broadleaved trees, which are less affected by insect herbivores. Our findings reveal a diversity of trends in insect herbivory,
underscoring the need to strengthen monitoring and research in order to better understand underlying mechanisms and identify
emerging threats that may not be apparent in currently available data.
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1 | Introduction

Disturbances play an integral role in natural forest dynamics
and the maintenance of ecosystem functioning and biodiversity
(Seidl and Turner 2022; Viljur et al. 2022). However, disturbances
also can severely impact valued ecosystem services, such as tim-
ber production, carbon sequestration, protection against gravi-
tational hazards, regulation of water cycles, and soil protection
(Caduff et al. 2022; Lecina-Diaz et al. 2024; Thom et al. 2017). For
example, natural disturbances have significantly contributed to
the reduction of carbon sinks in forests globally, potentially turn-
ing them into a temporary net source of carbon to the atmosphere
(Kurz et al. 2008; Nabuurs et al. 2013; Pugh et al. 2019).

Biotic disturbances, that is, pulses of tree mortality caused
by herbivorous insects, pathogens, and vertebrates (Kautz
et al. 2017), are among the most impactful disturbances in for-
ests, affecting tens of millions of hectares globally (FAO 2022;
van Lierop et al. 2015). In Europe, biotic agents were the cause
of 25% of the total growing stock disturbed between 1950 and
2019, and this proportion has increased distinctly in recent years
(Forzieri et al. 2023; Patacca et al. 2023). The extent of biotic
disturbance has recently even exceeded that of abiotic distur-
bance in Europe, which constitutes a novel forest disturbance
regime for the continent (Patacca et al. 2023). The most impact-
ful feeding guilds are cambio- and xylophagous insects feeding
on woody tissue (e.g., bark beetles) and phyllophagous insects
feeding on tree foliage (e.g., lepidopteran defoliators). For ex-
ample, a series of drought-induced outbreaks of the European
spruce bark beetle (Ips typographus) has affected tens of millions
of cubic meters of growing stock in Europe during the recent
decade (Hlasny, Konig, et al. 2021; Hlasny, Zimova, et al. 2021),
resulting in the largest wave of tree mortality in Europe in at
least 170years (Senf and Seidl 2021).

Climate change can strongly amplify disturbance dynamics,
with warmer and drier conditions increasing the activity of
many forest insects and pathogens (Jactel et al. 2019; Seidl
et al. 2017). Climate change can also have indirect effects, such
as reducing tree resistance due to drought (Hicke et al. 2016;
Stephenson et al. 2019). Populations of insects and pathogens
often respond rapidly to climatic change due to their physio-
logical sensitivity to temperature, high mobility, short genera-
tion times, and high reproductive potential (Weed et al. 2013).
Direct climatic effects on bark beetles, wood-boring insects,
and sap-feeders are often amplified by indirect effects, medi-
ated through climatic effects on host-tree susceptibility, while
effects on defoliators tend to be predominantly direct (Johnson
and Haynes 2023). Phloem-feeding insects of the genera Ips and
Dendroctonus have responded to climate change with remark-
able intensity, causing devastating outbreaks across the north-
ern hemisphere in recent decades (Bentz et al. 2010; Hlasny,
Zimova, et al. 2021; Kdrvemo et al. 2023; Kurz et al. 2008). In
contrast, evidence suggests that the impact from defoliators
may decline and population cycles may collapse for some spe-
cies (Allstadt et al. 2013; Ims et al. 2008), possibly due to in-
creasing phenological asynchrony between insect and host as
well as altered pest-pathogen interactions. Examples are the
possible collapse of long-term population cycles of larch bud-
moth (Zeiraphera griseana) across the European Alps caused

by climate warming (Johnson et al. 2010), and the expansion
of the invasive entomopathogen Entomophaga maimaiga
to Europe, affecting spongy moth (Lymantria dispar) popu-
lations (Holu$a et al. 2021; Zubrik et al. 2018). At the same
time, some defoliators, such as the pine processionary moth
(Thaumetopoea pityocampa) and the oak processionary moth
(Thaumetopoea processionea), are expanding their range in
response to climate warming (Godefroid et al. 2020; Netherer
and Schopf 2010; Roques et al. 2015).

Changing herbivory patterns from forest insects interact with
the ongoing transformation of European forests, aimed at sus-
taining ecosystems while addressing society's evolving demands
for ecosystem services and products (Heteméki et al. 2022;
Sousa-Silva et al. 2018). These interactions can align with or
counteract European climate, biodiversity, and bioeconomy pol-
icies. For example, the ongoing reduction in coniferous forests
and promotion of climate-adapted broadleaved species (Hlasny
et al. 2014; Lindner et al. 2010) is accelerated by the increase
in disturbances caused by bark beetles colonizing Picea and
Pinus species (George et al. 2022; Hlasny, Zimova, et al. 2021;
Jaime et al. 2022); disturbances may thus catalyze adaptation
(Seidl et al. 2024; Thom et al. 2017). At the same time, decreas-
ing insect herbivory in angiosperms (Haynes et al. 2014) may
facilitate the spread of drought-tolerant broadleaved species.
Nevertheless, the consideration of biotic disturbance trends re-
mains a missing element in many climate change adaptation
strategies, which to date largely focus on abiotic factors such as
shifting climatic niches of tree species (Hanewinkel et al. 2012;
Wessely et al. 2024) and changing productivity patterns (del
Castillo et al. 2022).

Although biotic disturbances can severely affect our ability to
implement forest-related policies, our capacity to detect on-
going changes at broad spatial scales remains limited. Among
other factors, this is due to the focus of monitoring systems on
a few prominent species, the lack of international coordination
in survey activities and data sharing, and challenges in distur-
bance attribution in remote sensing-based methods to partic-
ular agents (Hlasny, Perunova, et al. 2025; Kautz et al. 2017;
Senf et al. 2017; Stahl et al. 2023). To address these knowledge
gaps, we compiled a novel database of forest disturbance sur-
veys conducted by national forestry agencies across large parts
of temperate and boreal Europe, covering the years 2000-2022
(Hlasny, Modlinger, et al. 2025). Although the spatial resolution
of these data is coarse, ranging from county-level administrative
regions to entire countries, the temporal resolution is consistent
(annual) and the biological level of detail is unique, with dis-
turbance attributed to individual insect species. The database
contains only information on native insect species feeding on
native tree species.

Due to the lack of coordination and the use of diverse practices
among national forest disturbance survey programs in Europe,
our first objective was to apply data preprocessing and har-
monization to facilitate a consistent Europe-wide assessment.
Based on this harmonized dataset, we aimed to quantify dis-
turbance levels across major feeding guilds (i.e., bark and wood
borers, defoliators), host trees, and insect species. We note that
the term ‘disturbance’ is used here to broadly refer to both tree
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mortality caused by bark borers, expressed in cubic meters of
affected timber in monitoring, and defoliation caused by de-
foliating insects, which results in reduced tree vitality but not
necessarily tree death and is expressed as area (hectares) af-
fected by defoliation. A subsequent objective was to determine
temporal trends, assess the degree of spatial synchrony in dis-
turbances, and quantify the response of disturbance levels to
prevalent climatic conditions across main insect species, host
trees, and feeding guilds.

We addressed these objectives by testing the following hy-
potheses: (1) Insect herbivory on gymnosperms has been in-
creasing since 2000 due to the effects of climate change that
weaken tree defense and change insect voltinism and over-
wintering success (Pureswaran et al. 2018; Huang et al. 2020;
Singh et al. 2024). By contrast, herbivory trends on angio-
sperms are more variable owing to their more diverse and
complex defense mechanisms. (2) Levels of forest insect dis-
turbance exhibit a consistent decreasing trend with latitude
due to increasing thermal constraints on insect development
(Liu et al. 2024). (3) Insect disturbance is higher under warmer
and drier conditions compared to cooler and wetter climates
across all insect species, insect feeding guilds, and host trees
(Potterf et al. 2025; Pureswaran et al. 2018), with this pat-
tern being more pronounced in borers than in defoliators. (4)
Disturbances caused by insects of the same feeding guild or
feeding on the same host tree are more temporally synchro-
nized than disturbances across guilds and hosts because they
respond similarly to regional climate anomalies or share
natural enemies (Peltonen et al. 2002; Senf and Seidl 2017).
Finally, building on our findings, we discuss how trends in in-
sect disturbance align with forest transformation efforts and
adaptation targets in the European Union.

2 | Materials and Methods

To identify temporal and geographical trends in forest distur-
bance caused by different insect species and species groups
(Table 1), we collected annual time series covering multiple
countries and sub-national administrative units of the level
NUTS2 (Nomenclature of Territorial Units for Statistics,
EC 2024) across Europe, with the prevalent length of 23 years
(Figure 1). To account for differences in forest conditions
among spatial units and to explain observed patterns in insect
disturbance, we compiled data on tree species abundance and
climatic characteristics for each spatial unit. To address large-
scale geographical trends in the data and account for spatial
autocorrelation, we included geographic coordinates (longi-
tude and latitude) of the centroid of each country or NUTS2
region as additional predictor variables (Figure 1).

Given the high risk of spatial, temporal, and spatiotemporal
autocorrelation, which can inflate degrees of freedom, we
used mean host tree abundance and mean climatic conditions
over the study period rather than annual time series of these
predictors. Hence, our analysis focuses on detecting tempo-
ral trends within disturbance series and is designed to reveal
spatial responses to climatic and geographical gradients,
rather than to explain year-to-year variation in forest insect
disturbance.

2.1 | Forest Disturbance Data

Data used in this study were compiled from national forest dis-
turbance survey programs operated by various governmental
agencies across Europe (Hlasny, Modlinger, et al. 2025). These
data are typically collected as part of forest disturbance man-
agement activities, such as salvage and sanitation harvesting
of dead or infested trees, or aerial treatment of infested stands
(e.g., EC and JRC 2021; Hlasny, Perunov4, et al. 2025; Kunca
et al. 2019). Although country-specific approaches differ, a
general data acquisition process is as follows: Disturbance
is typically recorded directly in the field, during harvesting
operations in the case of agents causing tree mortality (e.g.,
bark beetles), or through visual inspection, sometimes sup-
ported by aerial surveys, in the case of defoliators. Surveys
are typically conducted by local forestry personnel. In most
countries, these personnel are trained to estimate the affected
volume or area and to attribute disturbance to major agents,
including insects. When unusual or unclear disturbance oc-
curs, experts from local forestry agencies assist in agent iden-
tification, including sample collection for laboratory analysis
when needed. After submitting field records to national data
centers, completeness and quality control procedures are ap-
plied by experts, evaluating logical consistency, plausibility of
interannual and regional variation, and other relevant aspects
of the dataset. Such procedures apply to all countries except
Finland and Sweden, where data consistency and complete-
ness are lower (Appendix B).

The compiled forest disturbance data were collected from
15 countries within Europe's temperate and boreal zones,
and from a single administrative district in Italy (Figure 1,
Table 1). Collectively, the dataset represents 61.5% of the forest
area of the European Union plus Switzerland and Serbia, cov-
ering 102.75 million hectares of forest. Data primarily cover
the period 2000 to 2022, with a time series length of up to 23
sequential years of annual records; however, time series are
shorter for some countries (Appendix A). Some countries re-
cord time series of annual disturbance levels across the entire
country for each insect species, while other countries (Poland,
Czechia, Austria, Germany, and Finland) report multiple time
series for the countries' administrative regions at level NUTS2
(Figure 1). Each time series reports the annual level of distur-
bance caused by an individual insect species on a specific host
tree species (or, in a few cases, a broader species group, such
as Geometridae on oaks) in a particular country or NUTS2
region. The final dataset contained 30,327 individual records
organized into 1361 time series for 82 spatial units, character-
izing insect herbivory for 50 different insect herbivore species
(Table 1, Appendix A).

2.2 | Data Preprocessing

Data collection procedures, disturbance attribution to insect
species, and the details of reporting differed somewhat between
countries, requiring several preprocessing steps to harmonize
the data prior to analysis:

« In most national databases, disturbance caused by defoli-
ators was recorded as the area with noticeable defoliation,
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Number
of time
series
28/23
35/25
36/22
45/17
32/26

Countries
BG, DE, LT, PL, RO
BG, DE, LT, PL, RO, HR
AT, BG, CZ, DE, HR,
HU, LT, RO, RS, SK
CZ,DE, LT, PL

AT, DE, IT, LT, SI, SK

Insect species or aggregated categories
Pityogenes chalcographus
Tortrix viridana
Geometridae on oaks
Lymantria dispar
Lymantria monacha

Feeding guilds/host
species groups
Pityogenes chalcographus
(borer on P. abies)
Tortrix viridana (defoliator
on Quercus spp.)
Geometridae on oaks
(defoliator on Quercus spp.)
Lymantria dispar (defoliator
on angiosperms)
Lymantria monacha (defoliator
on gymnosperms)

(Continued)

|
Hierarchical

level

Note: Species or species groups, countries, and the number of time series included in analyses are indicated. In the “number of series” column, the first number indicates the total number of time series available. The second number
indicates the number of time series with more than six non-zero values, which were used for trend analysis. The combination of single species and higher-level categories (e.g., borers on Pinus sylvestris) within the same insect
category stems from the heterogeneous structure of data reported by the participating countries. Country codes: AT: Austria, BG: Bulgaria, CH: Switzerland, CZ: Czechia, DE: Germany, FI: Finland, HR: Croatia, HU: Hungary, IT:

Italy, LT: Lithuania, PL: Poland, RO: Romania, RS: Serbia, SE: Sweden, SI: Slovenia, SK: Slovakia.

TABLE 1

while disturbance caused by bark and wood borers was
recorded as the volume (m?3) of dead and/or infested
trees. However, some countries reported units of area
for all agents, necessitating a conversion from area af-
fected to volume in the case of borers. We used country-
specific conversion factors based on consultations with
national experts to homogenize the units of reporting
(Appendix B). In Germany, Bulgaria, Finland, Romania
and Lithuania, some disturbance was reported in both
aerial and volume units, which facilitated conversion be-
tween units.

« In some countries, disturbance was recorded across all
forest land while in other countries disturbance was only
recorded on public forest land. In the latter case, reported
disturbance levels were upscaled to the entire country
based on the proportion of public forest land relative to total
forest land. The situation was opposite in Finland, where
forest disturbance data were reported for private forests
only (Appendix B).

« In the case of Poland, data were reported at the level of
national forest districts which only partly match NUTS2
regions. For consistency, we identified which districts fell
within each NUTS region and then aggregated the distur-
bance values accordingly.

« Although we aimed to acquire data at the level of individual
insect species, some countries reported broader categories
such as bark beetles on gymnosperms or defoliators on oaks.
For Poland, we used time-invariant expert-derived propor-
tions to split these categories and attribute the disturbance
to individual species (Appendix B). If the national data pro-
viders indicated that a broader group was dominated by
a single species (e.g., the category borers on gymnosperms
is dominated by I. typographus), we considered this group
in species-specific analyses. If such an attribution was not
possible, these time series were only considered in analy-
ses summarizing disturbance at higher hierarchical levels
(Section 2.3, Table 1), but were excluded from species-level
analyses.

2.3 | Data Aggregation

We structured the identification of Europe-wide insect distur-
bance trends into several hierarchical levels, defined by the
combination of host trees (species, genus, or higher taxonomic
order) and insect feeding guilds (bark and wood borers and
defoliators). To facilitate this analysis, each insect species
was categorized by its main host tree genus: Quercus, Fagus,
Larix, Picea, Pinus, and Abies. For polyphagous species, the
most commonly affected host species was used for this clas-
sification, based on reports from the literature and consulta-
tions with national data providers. For example, all defoliation
events attributed to L. monacha were assigned to P. abies even
though the species also feeds on P. sylvestris (Bejer 1988;
Nakladal and Brinkeova 2015). At a higher taxonomic level of
host tree categorization, the data was grouped separately for
angiosperms and gymnosperms. Next, each insect was clas-
sified as either borer or defoliator. Since disturbance caused
by borers was reported in cubic meters and defoliations in
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FIGURE1 | Europe-wide coverage of insect disturbance data. Each dot represents the centroid of a country or administrative region (polygons)

for which species-specific time series were compiled (a). Source of the forest map: Schuck et al. (2002). Distribution of mean annual Vapor Pressure
Deficit values (average for 2000-2022) across Europe used as a predictor of insect disturbance levels (b). Source of climate data: ISIMIP Data Team
(2025). Map lines delineate study areas and do not necessarily depict accepted national boundaries.

hectares, an analysis across these groups (such as summa-
rizing total disturbance to gymnosperms) was not possible.
Hence, our analyses used various combinations of host types
and feeding guilds, without combining guilds in a single anal-
ysis (Table 1). Species-level analyses were limited to a few spe-
cies that ranked highly in terms of total impact (Table 3), were
represented by at least 15 time series, and were reported from
a minimum of four countries. Based on these criteria, we se-
lected nine host tree-feeding guild combinations and nine sin-
gle species for detailed analyses (hierarchical level 1 +2 and 3,
respectively, Table 1).

2.4 | Climatic Data and Data on Host Tree
Abundance

To avoid multicollinearity associated with using a large num-
ber of climatic variables and indices, we selected mean an-
nual Vapor Pressure Deficit (VPD) as an integrative climatic
indicator. VPD effectively captures the dominant continental
gradient from warm-dry to cool-wet conditions (Nagavciuc
et al. 2024) and has been consistently demonstrated as a pre-
dictor of vegetation status, including plant defense against
biotic stressors (Das et al. 2025; Hartmann et al. 2018). The
strong, slightly nonlinear correlation between VPD and tem-
perature (R? 0.92; Appendix E) highlights its utility as a proxy
not only for water stress but also for thermal constraints on in-
sect life cycles and distribution. Data used to produce a mean
VPD map for the 2000-2022 period across Europe (Figure 1b)
were derived from a daily climatological dataset provided
by the Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP) Data Team. The dataset is based on the ERA5-Land
reanalysis (Mufioz-Sabater et al. 2021), which offers hourly
global data at a 0.1° spatial resolution from 1950 onwards. For
this study, we used daily mean temperature and relative hu-
midity values and calculated daily VPD using the “RHtoVPD”
function from the “plantecophys” R package (Duursma 2015).

The resulting daily VPD values were then aggregated to com-
pute average annual VPD values for the entire 2000-2022
period (Figure 1b). The VPD values used as a predictor of
disturbance levels were calculated as the mean VPD across
forested areas within each spatial unit (country or NUTS2 re-
gion; Figure 1).

The abundance of host tree species and host tree groups, corre-
sponding to the insect taxa specified in Table 1, was compiled
for each spatial unit (Figure 1) using different data sources, pri-
marily National Forest Inventories from the participating coun-
tries (see Appendix D and Supporting Information).

2.5 | Statistical Analyses

Prior to analyses, individual time series on forest disturbance
that contained less than six non-zero values were removed.
Next, data were split into 18 nested subsets characterizing se-
lected insect species, host tree groups, and feeding guilds
(Table 1). All analyses were conducted using log transformed
values (log(x+1)). Even though different non-linear patterns
may be present in the data, the limited length of the available
time series and the small number of observed outbreak cycles
constrain our options to model such non-linearities reliably.
Therefore, we chose to focus on linear trends, addressing the
most parsimonious question: Has tree mortality or defoliation
caused by different insect herbivores and feeding guilds on vari-
ous host trees increased or decreased since 2000?

To identify temporal and geographical disturbance trends for
the 18 groups listed in Table 1, we used linear mixed models
(glmmTMB; Brooks et al. 2017) in R (R Core Team 2024) to re-
gress variables “Year,” “VPD,” “Longitude,” and “Latitude” on
insect disturbance values within species groups. To account
for differences in host amount within countries and regions,
we included the variable “Host” as an additional predictor
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(Appendix D). All variables except for “Year” were considered
temporally invariant.

The administrative regions for which the data were available
(i.e., country or NUTS2 regions, Figure 1) were specified as
random effects, thereby accounting for differences in natural
conditions and data quality across spatial units. Since higher-
level categories (hierarchical level 1 and 2, Table 1), such as
defoliators on angiosperms or borers on spruce included more
than one host or insect species, “Insect species” and “Host
species” were also included as random effects. Temporal auto-
correlation was accounted for by implementing the AR(1) co-
variance structure in glmmTMB. Where applicable, and when
model performance allowed, AR(1) functions were specified
separately within administrative regions and insect species.
Zero inflation in the data was accounted for using the formula
“ziformula = ~(1lspecies).” Since some categories required a
simpler parametrization of the AR(1) covariance structure, the
final model specifications were determined using the “diag-
nose” function in glmmTMB.

Finally, we aimed to identify disturbance change rates across
“Year,” “VPD,” “Longitude,” and “Latitude.” To accomplish
this, effect sizes from the linear mixed effects models on the 18
groups were back-transformed. Since back-transformation in-
troduces non-linear patterns to linear model expressions, beta
(or slope) values could not be back-transformed directly. Instead,

to obtain the rate of change for untransformed values, distur-
bance values were predicted for the start and endpoint of the
predictor variable ranges using the following formula:

1/n
R= ( end value ) _1 )

start value

For the predictor “Year,” the start and end values correspond to
2000 and 2022. “Latitude” and “Longitude” represent the southern-
most to northernmost and westernmost to easternmost locations
in the dataset (represented as centroids in Figure 1), respectively.
For “VPD,” they refer to the driest to wettest spatial unit (Figure 1).

We did not control for experiment-wide error levels (e.g., by ap-
plying a Bonferroni correction) as each test addressed a distinct
hypothesis, and we chose to maintain statistical power in evalu-
ating each analysis independently.

3 | Results
3.1 | Disturbance Levels and Patterns
During the period 2000-2022, the most prominent biotic distur-

bance was caused by borers, which impacted a total of 684 mil-
lion m? of wood (Table 2). Of this value, 98.4% was disturbance

TABLE 2 | Level of tree mortality (in case of borers, m3) and defoliation (in case of defoliators, ha) as well as the proportion of host growing stock

or area affected annually during the period 2000-2022.

Cumulative impact

Proportion host of growing stock

Hierarchical level Species/species groups 2000-2022 or area affected annually (%)
1 Borers on gymnosperms 673,169,401 m? 0.27
1 Borers on angiosperms 10,869,383 m3 0.01
1 Defoliators on gymnosperms 5,566,820 ha 0.46
1 Defoliators on angiosperms 6,393,628 ha 0.95
2 Borers on Abies alba 7,845,375 m3 0.07
2 Borers on Picea abies 631,243,712 m?3 0.53
2 Borers on Pinus sylvestris 30,553,861 m? 0.03
2 Defoliators on Picea abies 2,916,474 ha 0.52
2 Defoliators on Pinus sylvestris 2,650,346 ha 0.46
3 Ips typographus 586,715,446 m3 0.49
3 Phaenops cyanea 14,865,369 m? 0.02
3 Tomicus spp. 5,432,690 m?3 0.01
3 Ips acuminatus 6,845,704 m?3 0.01
3 Pityogenes chalcographus 28,145,602 m? 0.02
3 Tortrix viridana 641,455ha 0.46
3 Geometridae on oaks 746,724 ha 0.53
3 Lymantria dispar 2,390,823 ha 1.70
3 Lymantria monacha 2,402,944 ha 0.43

Note: The three hierarchical levels indicate (1) feeding guilds, categorized by host type (gymnosperms vs. angiosperms); (2) gymnosperm host genera; and (3) selected

insect species.
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to gymnosperms, and 92.3% was disturbance to Picea abies.
Temporally, disturbance caused by borers exhibited two distinct
peaks, a first peak between 2002 and 2008, and a second, much
larger peak after 2015 (Figure 2). In terms of the proportion of
annually affected growing stock for each host group (Table 2,
Appendix D), borer disturbance was more pronounced in gym-
nosperms (0.27% year~!) than in angiosperms (0.01% year™).
Within gymnosperms, P. abies experienced the highest rela-
tive disturbance levels of 0.53% of growing stock affected per
year, whereas disturbance to Abies alba and Pinus sylvestris was
lower, at 0.07% year~! and 0.03% year~!, respectively.

Disturbance caused by defoliators totaled 11.9 million ha be-
tween 2000 and 2022, of which 53.5% was inflicted on angio-
sperms. Defoliation of angiosperms was mainly associated
with Quercus spp. (caused mainly by moth species, such as
Tortrix viridana and L. dispar), while defoliation of gymno-
sperms was mainly associated with L. monacha. We note that
defoliation on P. abies is likely overestimated and on P. sylves-
tris underestimated, as defoliations caused L. monacha, which
feeds on both hosts, were attributed to the dominant host P.
abies, due to lack of precise attribution in the source data. In
terms of relative disturbance, an average of 0.46% of the area
occupied by gymnosperms and 0.95% of angiosperms were de-
foliated annually between 2000 and 2022. The most extensive
defoliation was caused by L. dispar (1.7% year™'), while the
remaining defoliators affected 0.46%-0.53% of the host area
annually (Table 2).

Angiosperms

3.2 | Species Contribution to Total Disturbance

Within each feeding guild, the contribution of individual insect
species to total disturbance was uneven, with a few species being
responsible for most of the disturbance (Figure 3). This pattern was
most distinct for borers, with 1. fypographus causing 85.8% of the
total disturbance, followed by Pityogenes chalcographus (4.1%), I
duplicatus (2.2%), and Phaenops cyanea (2.2%). Disturbance was
distributed more evenly across defoliator species, with L. monacha
and L. dispar being responsible for 20.1% and 20.0% of total dis-
turbance, respectively, followed by Melolontha spp. (13.5%) and a
broader group of Geometrids on oaks (6.2%), represented by species
such as Erannis defoliaria, Operophtera brumata, and O. fagata.

The unevenness in disturbance caused by different species within
each feeding guild was even more pronounced when considering
host tree types. Among borers, 98.4% of the disturbance occurred
on gymnosperms, while the remaining disturbance, caused by
borers such as Agrilus spp. (1.3%), was on angiosperms. Among
defoliators, 53.5% of the disturbance affected angiosperms (nota-
bly oaks), while the rest occurred on gymnosperms.

3.3 | Temporal and Geographical

Disturbance Trends

The two feeding guilds, borers and defoliators, exhibited dis-
tinctly different temporal trends between 2000 and 2022

Gymnosperms
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FIGURE2 | Temporal variation in forest disturbance caused by selected insect species and species groups from 2000 to 2022. The data represents

15 European countries. Note that the y-axis ranges differ between the plots. Inset images: (a) caterpillars of defoliators Erannis defoliaria, Lymantria

dispar and Operophtera brumata (clockwise) (Photo: G. Cséka); (b) Defoliation of Quercus petraea trees by Lymantria dispar, Central Czechia (Photo:

R. Modlinger); (c) Mortality of Abies alba in Switzerland following infestation by Pityokteines spp. (Photo: S. Blaser); (d) Large-scale mortality of

Picea abies following infestation by Ips typographus, Bohemian Forest National Park, Czechia (Photo: R. Modlinger). Insect images in the right panel:

Forest Protection Service, Czech Republic.
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(Figures 4 and 5, Table 3, Appendix D). At the same time, we ob-
served a consistently positive relationship between disturbance
and the VPD gradient across the guilds.

Disturbance caused by borers on gymnosperms increased at an
average annual rate of 7.8% (p <0.001). The increase was most
pronounced for disturbance to A. alba (15.3% year~!, p<0.001),
followed by P. abies (7.5% year~!, p<0.001), and P. sylvestris (2.3%
year~!, p=0.16). At the species level, the most distinct increase
was observed for I. acuminatus (16.1% year™!, p<0.001), though
the absolute amount of disturbance caused by this species was

Bark and wood borers (%)

Ips typographus
Pityogenes chalcographus 4.1 Host type
Phaenops cyanea 2.2
Ips duplicatus 2.2
Agrilussp.m 1.3
Pityokteines sp. n 1.1
Ips acuminatus @ 1.0
Tomicus spp. j 0.8
Ips cembrae | 0.4
Ips sexdentatus | 0.3
Trypodendron lineatum | 0.2

Others || 0.8

I Angiosperms

I Gymnosperms

low, accounting for only 1% of the total borer disturbance to
gymnosperms (Figure 3). For the dominant species, I. typogra-
phus, the annual increase rate was 8.5% (p <0.001). The remain-
ing borers showed insignificant yet positive trends (Figure 4).

Disturbance caused by defoliators decreased over time at an annual
rate of —10.0% (p <0.001) for gymnosperms and —6.3% (p <0.001)
for angiosperms. The decrease was most pronounced for P. abies
(-11.7% year™!, p<0.001), followed by P. sylvestris (—8.5% year~,
p<0.001). At the insect species level, the most distinct decrease
was observed for Geometridae on oaks (—15.6% year™!, p<0.001),

Defoliators (%)
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FIGURE3 | Relative contribution of individual insect herbivores to the total recorded disturbance. The contributions are presented separately for

borers and defoliators, differentiated by host type. For polyphagous species, the host type was defined based on the most common host.
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FIGURE 5 | Relative change rates in forest disturbance caused by insect herbivores, shown by: (a) feeding guilds, categorized by host type (gym-
nosperms vs. angiosperms); (b) gymnosperm host genera; and (c) selected insect species. Each panel presents annual disturbance change rates be-
tween 2000 and 2022 (expressed as percent change per year) alongside relative disturbance change rates per unit change in vapor pressure deficit
(VPD). In each panel, the species and species groups are organized in descending order based on the annual change rates. An asterisk denotes the

statistical significance of the linear trends at p <0.001.

which accounted for 6.2% of all defoliation, and T. viridana (—8.9%
year™!, p<0.001), which accounted for 5.4% of all defoliation
(Figure 3). Defoliation by L. monacha also exhibited a downward
insignificant trend of —7.0% per year (p=0.300).

In contrast to the variable temporal trends, we found a consistently
positive association between disturbance levels and VPD across
major feeding guilds (Figure 5a, Table 3), indicating higher distur-
bance in warmer and drier locations. All effects were statistically
significant at the level of feeding guilds, with effect sizes ranging
from 11.0% to 44.7% per 0.1kPa change in VPD. At the level of
individual host and insect species, the relationships were mostly
positive but not statistically significant (Figure 5b,c), except for A.
alba and I. acuminatus, which exhibited a significantly positive re-
sponse. The magnitude of change at the species and host level was
smaller than that observed at the guild level.

Latitudinal and longitudinal trends varied among species and
species groups and did not reveal consistent patterns (Table 3).
An exception was a negative latitudinal trend in some species
and species groups, suggesting the potential for future north-
ward shifts in disturbance. This pattern was particularly evi-
dent in borers affecting A. alba, where disturbance decreased
by 57.5% with each degree of latitude (p=0.01). At the insect
species level, a similar pattern was identified for I. typographus
(-13.0%, p=0.002), P. chalcographus (—9.7%, p=0.19), and L.
dispar (=17.1%, p=0.09). The longitudinal pattern was less clear,
with varying responses within species groups.

Finally, disturbance response to the amount of a given host spe-
cies or host species group was plausible across all insect species,

with disturbance increasing with host growing stock or area
(Appendix D). Since this variable was mainly included to ac-
count for differences in host availability across countries, we do
not interpret the coefficients further here.

3.4 | Synchrony in Disturbance Trends

Correlations between pairs of time series were non-negative
within each of the three hierarchical levels analyzed (insect
feeding guild, host tree genus, and insect species) (Tables 4-6).
At the feeding guild level, significant correlations were found
between borers on gymnosperms and borers on angiosperms
(r=0.21), as well as between defoliators on gymnosperms and
defoliators on angiosperms (r=0.20). These results indicate syn-
chrony within feeding guilds, but not between them (Table 4).
At the host tree level, we identified high and significant positive
correlations among borers on P. abies, P. sylvestris, and A. alba,
with correlation coefficients ranging from 0.63 to 0.88 (Table 5).
In contrast, all correlations between defoliators on P. abies and
P. sylvestris were insignificant.

The correlation pattern among individual insect species was
more complex, with most of the significant correlations occur-
ring between pairs of borer species such as I. typographus, P. cy-
anea, P. chalcographus, and Tomicus spp., and between pairs of
defoliator species such as T. viridana, L. monacha, L. dispar, and
Geometrid species (Table 6). However, Tomicus spp. (borers on P.
sylvestris) were significantly correlated with all defoliators, and
P. chalcographus (borer on P. abies) was significantly correlated
with L. monacha (a defoliator affecting mostly gymnosperms).
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TABLE 3 | Temporal and spatial trends in insect disturbance based on linear regressions of log-transformed data.

Annual VPD Long.

change change Lat. change change
Insect group rate (%) 4] rate (%) P rate (%) P rate (%) P
Borers on 7.77 <0.001 10.97 0.019 —4.31 0.358 -5.10 0.195
gymnosperms
Borers on -1.61 0.303 44.69 <0.001 26.50 0.093 7.74 0.231
angiosperms
Defoliators on —9.98 <0.001 36.39 <0.001 43.65 0.001 11.45 0.128
gymnosperms
Defoliators on —6.31 <0.001 38.66 <0.001 36.79 <0.001 —2.01 0.656
angiosperms
Borers on A. alba 15.34 <0.001 31.22 <0.001 -12.09 0.650 —33.04 <0.001
Borers on P. abies 7.54 <0.001 2.24 0.636 -12.09 0.007 —-8.21 0.04
Borers on P. 2.25 0.162 4.10 0.589 3.61 0.767 26.47 0.001
sylvestris
Defoliators on P. -11.69 <0.001 13.55 0.337 203.68 <0.001 —4.72 0.636
abies
Defoliators on P. —-8.50 <0.001 15.56 0.303 3.87 0.826 5.79 0.557
sylvestris
Ips typographus 8.49 <0.001 2.24 0.619 —-13.04 0.002 -8.75 0.021
Phaenops cyanea 1.90 0.085 4.83 0.436 2513 0.053 1.84 0.708
Tomicus spp. 2.15 0.234 —6.89 0.235 -0.30 0.978 7.28 0.19
Ips acuminatus 16.13 <0.001 27.45 0.011 13.23 0.340 52.02 <0.001
Pityogenes 0.90 0.409 6.52 0.181 —9.69 0.193 5.93 0.286
chalcographus
Tortrix viridana -8.92 <0.001 13.81 0.089 21.01 0.063 —-10.01 0.013
Geometridae on -15.63 <0.001 20.51 0.115 —6.84 0.550 -9.30 0.165
oaks
Lymantria dispar -3.20 0.142 -1.07 0.892 -17.09 0.088 8.80 0.112
Lymantria —-7.04 0.339 17.50 0.35 181.49 <0.001 —14.75 0.112
monacha

Note: Results are presented for selected insect species and species groups, defined by host trees and feeding guilds. Rates of change along temporal (Year), climatic
(Vapor Pressure Deficit, VPD), and geographical (Latitude, Longitude) gradients are presented. Details of the underlying linear regression results are provided in
Appendix D.

TABLE 4 | Pearson correlations between time series of total disturbance recorded within the investigated geographical domain for the main
insect feeding guilds.

Borers on Borers on Defoliators on Defoliators on
Disturbance series gymnosperms angiosperms gymnosperms angiosperms
Borers on gymnosperms 1.00
Borers on angiosperms 0.21 1.00
Defoliators on gymnosperms 0.00 0.02 1.00
Defoliators on angiosperms 0.00 0.04 0.20 1.00

Note: Red values indicate statistical significance at « <0.001.
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TABLE 5 | Pearson correlations between time series of total disturbance recorded within the investigated geographical domain for the different

insect feeding guilds defined by host tree genus.

Borers on Borers on Borers on Pinus Defoliators Defoliators on
Disturbance series Abies alba Picea abies sylvestris on spruce P. sylvestris
Borers on A. alba 1.00
Borers on P. abies 0.63 1.00
Borers on P. sylvestris 0.73 0.88 1.00
Defoliators on P. abies 0.04 0.00 0.00 1.00
Defoliators on P. sylvestris 0.03 0.04 0.03 0.02 1.00

Note: Red values indicate statistical significance at a <0.001.

4 | Discussion

Forest insect disturbances respond strongly to climate and land-
use change and vary across geographical gradients, yet it remains
unclear how these trends manifest across different insect species
and their host trees. We revealed contrasting temporal trends be-
tween major insect feeding guilds and between gymnosperms and
angiosperms across Europe, and consistently higher disturbance
levels in warmer and drier regions. Apart from novel ecological
insights, these findings carry important implications for adapta-
tion and bioeconomy strategies in Europe—for example, they can
inform tree species selection not only with respect to current and
future site suitability but also in relation to evolving biotic risks.
These findings are based on a novel disturbance dataset with sev-
eral unique features that can effectively complement existing data-
sets and support future research on forest disturbance dynamics
across Europe. Below, we explore the drivers of these trends, their
implications for ecosystem management, and the limitations of
our newly developed dataset.

4.1 | Temporal Disturbance Trends

Consistent with our initial hypothesis, we found a clear in-
creasing trend in borer disturbance to gymnosperms across all
studied host species in the 21st century. In contrast, both borer
and defoliator disturbance to angiosperms declined, with this
pattern consistently observed across all examined insect spe-
cies. Although such patterns have been reported previously for
specific regions for both borers (e.g., Hallas et al. 2024; Hlasny,
Zimov4, et al. 2021; Kdrvemo et al. 2023) and defoliators (e.g.,
Johnson et al. 2010), we provided the first comprehensive assess-
ment confirming these contrasting trends across temperate and
boreal biomes of Europe.

The disturbance caused by borers in both gymnosperms and an-
giosperms occurred in two distinct mortality peaks culminating
in 2005 and 2019, closely linked to the extreme drought events of
2003 and 2018 (Schuldt et al. 2020; Peters et al. 2020). A similar
mortality pattern was identified by George et al. (2022) using
data from the International Cooperative Program on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP Forests;
Lorenz 1995), although their assessment considered a broader
range of mortality causes. While processes behind the 2005
disturbance peak were complex (e.g., Rouault et al. 2006), the
peak in 2019 was, to a large extent, attributed to the wave of

drought-induced outbreaks of I. typographus, which affected
countries throughout Europe, including Germany (Obladen
et al. 2021), Czechia (Hlasny, Konig, et al. 2021), Austria (Hallas
et al. 2024), and Sweden (Kdrvemo et al. 2023).

Although the increasing trend in insect disturbance to P. sylves-
tris was not statistically significant (annual increase of 2.25%),
the trend aligns well with the widely reported mortality of the
species over the last two decades, which has gradually extended
from the species’ arid distributional limits to the center of its cli-
matic niche (Bose et al. 2024). The disturbance on P. sylvestris
was mainly caused by P. cyanea, I. acuminatus, and Tomicus
spp., which all have been found to increase their impacts under
increasingly hot and dry conditions (Chinellato et al. 2014;
Grégoire and Evans 2007; Hlavkova and Dolezal 2022; Papek
et al. 2024). Consistent with our results, George et al. (2022)
found a positive yet insignificant temporal trend in P. sylvestris
mortality in the ICP Forests monitoring network.

A surprising finding was the sharp increase in disturbance
caused by borers affecting A. alba (an annual increase of 15.3%),
primarily caused by species of the Pityokteines family. Although
this disturbance accounted for only 1.1% of the total distur-
bance to gymnosperms (reflecting the modest proportion of A.
alba in the European forests of around 5% of forest area), this
trend deserves attention. Mortality dynamics of A. alba are un-
derstudied (but see, for example, Knizek et al. 2023; Oliva and
Colinas 2007; Podlaski et al. 2020), while the current and future
ecological importance of the species is high (Tinner et al. 2013).
We note that George et al. (2022) did not observe any significant
trend in A. alba mortality over the past 25years and that Vitasse
et al. (2019) suggested that the species might thrive in a warmer
climate and potentially serve as a viable replacement for more
vulnerable conifer species such as P. abies. The significant dis-
turbance trend observed in this study, combined with the ambi-
guity of previous findings, suggests that further research on the
disturbance dynamics in A. alba is needed.

A specific pattern was observed in borers on angiosperms,
particularly Agrilus spp. and Scolytus spp., which contribute
to sporadic decline events of Quercus spp. in Europe (Thomas
et al. 2002). The disturbance exhibited two clear peaks, similar
to other borers, suggesting an association with the previously
mentioned extreme droughts. However, contrary to bark borers
on gymnosperms, the overall temporal trend for borers on an-
giosperms was negative. The mechanisms driving these trends
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0.15 1.00

0.01

Tomicus spp.

1.00

0.36 0.01

0.68

Ips acuminatus

1.00

0.28

0.23 0.20

0.34

Pityogenes chalcographus

0.17 0.01 1.00

0.00 0.44

0.07

Tortrix viridana

1.00

0.15 0.19

0.07

0.00 0.38

0.02

Geometridae on oaks

0.61 1.00

0.06 0.31

0.06

0.00 0.34

0.03

Lymantria dispar

0.20 1.00

0.56

0.00 0.39 0.02

0.01 0.20

0.01

Lymantria monacha

Note: Red values indicate statistical significance at a <0.001.

are not fully understood, as borers feeding on angiosperms are
understudied compared to their gymnosperm counterparts (but
see, for example, Haavik et al. 2015; Machacovd et al. 2022).

Insect defoliations showed significant negative trends in the
21st century, with L. dispar (=3.2% per year) and L. monacha
(=7.0% per year) being the most impactful species. The defolia-
tion time series (Figure 2) exhibited three peaks in both insects,
showing characteristic cyclic fluctuations typical for many for-
est Lepidoptera (Myers and Cory 2013). In the case of L. dispar,
the last peak culminating in 2019 was considerably dampened,
possibly as a result of the proliferation of the non-native Asian
entomopathogen E. maimaiga, which has recently affected
moth populations across Europe (Georgieva et al. 2013; Zubrik
et al. 2018). The identified decrease in defoliation by L. monacha
contradicts some previous studies indicating a possible increase
in moth populations and a northward expansion under climate
change (e.g., Félt-Nardmann et al. 2018; Melin et al. 2020; Rindos
et al. 2024). The decreasing disturbance trend was even more
pronounced for T. viridana and the group of geometrid moths
feeding on oaks, with annual declines of —8.9% and —15.6%, re-
spectively. Nonetheless, the possible mechanisms behind these
trends can only be hypothesized: for example, climate warming
can induce collapses of cyclicity (Johnson et al. 2010), warming-
driven phenological asynchrony between larval eclosion and
oak budburst can negatively impact some insect populations
(Ivashov et al. 2002), and aggravating drought conditions may
elevate levels of defensive compounds and reduce foliage palat-
ability (Gely et al. 2020; Jactel et al. 2012). Still, the trends iden-
tified here need to be interpreted with caution since our data
cover only a 23-year period, and hence extend over a limited
number of population cycles.

Finally, although our species-level analyses involved important
defoliators such as L. dispar, L. monacha, T. viridana, and the
group of Geometrids, significant disturbance was also caused by
other species, such as cockchafers (Melolontha spp.), which ac-
counted for 13.5% of total defoliation, woodwasps (Diprionidae)
on pine (8.2%), and Dendrolimus pini on pine (7.3%) (Figure 3).
However, these species were reported from only a few coun-
tries (either due to an actual absence of significant disturbance
or limitations in national survey systems), limiting the ability
to analyze their Europe-wide dynamics. Nonetheless, the high
absolute levels of disturbance reported for these species under-
score their importance and the need for further research.

4.2 | Large-Scale Disturbance Trends

Our analyses did not support the initial hypothesis of a con-
sistent decrease in insect disturbance with latitude, as trends
varied substantially across host tree species and feeding guilds
(Figure 5). In contrast, we observed a strong and consistent dis-
turbance response to the large-scale VPD gradient—an integra-
tive climatic variable capturing both temperature and moisture
constraints (Nagavciuc et al. 2024). Contrary to expectations,
this response was more pronounced in defoliators than in borers
on gymnosperms (Figure 5).

The variable disturbance responses to latitude and the predomi-
nantly positive response to VPD (except for Tomicus spp. and L.
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dispar, Table 3) imply that regional climatic variation (e.g., due
to orographic effects and the proximity of oceans, de Frenne
et al. 2013) may have influenced disturbance levels more signifi-
cantly than the continent-wide latitudinal gradient. This is in
agreement with Valdés-Correcher et al. (2021), who found that
climatic factors rather than latitude per se were the best predictors
of insect herbivory on Q. robur across Europe. At the global scale,
however, insect herbivory on woody plants was found to signifi-
cantly increase with latitude (Liu et al. 2024), though this pattern
may be substantially influenced by associational resistance linked
to variation in tree species richness and other factors (Kambach
et al. 2016). A noteworthy pattern was identified in I. typographus,
the most impactful borer species in Europe, which showed a sig-
nificant negative response to latitude (i.e., a northward decline in
disturbance) and an insignificant response to VPD. This only partly
aligns with the body of evidence on strong thermal controls over
the development of the species (Baier et al. 2007) as well as the
positive effect of drought on host susceptibility (Huang et al. 2020).
We assume that this varied response is likely due to the strong
interaction of I typographus outbreaks with windthrow events
(Wermelinger 2004) and the recent appearance of outbreaks
initiated by extreme drought spells (Das et al. 2025; Kédrvemo
et al. 2023). Neither of these drivers shows a clear latitudinal pat-
tern or aligns with continental-scale aridity gradients represented
by VPD in our analysis. Our findings thus suggest that the con-
cept of decreasing insect impact with increasing latitude (e.g., Lim
et al. 2015; Liu et al. 2024) may hold only partially true for forest
insect disturbances in Europe. Instead, regional climate variability,
combined with stochastic events such as droughts and windthrows
that influence insect populations (Myers and Cory 2013; Potterf
et al. 2025; Raffa et al. 2008; Seidl, Miiller, et al. 2016), can override
broader continent-wide geographical gradients.

4.3 | Synchrony in Disturbance Dynamics

Consistent with our initial hypothesis, we identified significant
temporal correlations within insect feeding guilds but not across
guilds. The highest correlations were identified for borers on P.
abies, P. sylvestris, and A. alba (Table 5); as well as for borers on
angiosperms and borers on gymnosperms (Table 4). The pattern
of greater synchrony among populations of species with similar
life history traits was previously also observed among defoliating
insects (Raimondo et al. 2004). This correlation structure suggests
the presence of shared drivers within borers, acting across insect
species and/or host trees. This synchrony in disturbance is evi-
dent, for example, in the occurrence of two major peaks within
all borer disturbance series (Figure 2), corresponding to the pre-
viously mentioned extreme droughts of 2003 and 2018 (Peters
et al. 2020), as well as in the consistently increasing trend in borer
disturbance to gymnosperms. Although analyzing the drivers of
these patterns explicitly was beyond the scope of our study, grow-
ing evidence suggests that subcontinental anomalies of heat and
drought are synchronizing forest disturbances across Europe
(Senf and Seidl 2017, 2021) and globally (Hammond et al. 2022).

4.4 | Data Limitations

While the data used here provide unique information about
temporal trends and spatial patterns of forest insect disturbance

across Europe, their use presents several challenges that need
to be considered. There are no standardized protocols for data
acquisition to ensure transnational comparability, survey meth-
ods may change over time in response to national priorities, and
the extent of forest area covered by assessments varies between
countries (see Hlasny, Perunova, et al. 2025 for a more com-
prehensive overview). In addition, the accuracy of disturbance
attribution to specific agents depends on the training and exper-
tise of field personnel and forest agency staff, and differs among
countries. While some of these inconsistencies could be ad-
dressed through automatized gap filling procedures exploiting
correlation patterns within the dataset (e.g., Patacca et al. 2023),
we opted for an approach that involved iterative consultations
with national experts to address issues of harmonization, com-
pleteness, and consistency (Sections 2.1 and 2.2, Appendix D).
Moreover, we incorporated country as a random effect in our
models, inherently addressing possible inconsistencies in survey
effort, data quality, and other factors. We further mitigated un-
certainty in the source data by focusing our analyses on the most
impactful insect species and species groups, and on dominant
host trees and tree groups. This strategy minimized the impact
of potential misattribution of disturbance during field data col-
lection, which is more likely for less common or emerging spe-
cies. We conclude that the plausibility of the identified temporal
trends, spatial and correlation patterns, as well as consideration
of country effect in the statistical models, suggest that key un-
certainties have been addressed, supporting the validity of our
inferences.

4.5 | Implications for Climate Change Adaptation

Although the accelerating disturbance by borers in gymno-
sperms and the declining defoliation trends in angiosperms
have been reported in previous studies, these dynamics remain
insufficiently addressed in forest management across Europe.
Our assessment provides strong support for the need to integrate
knowledge of insect disturbance dynamics into adaptation strat-
egies and actions, rather than attempting to suppress or ignore
them. Specifically, the increasing disturbance to gymnosperms
should be exploited as a catalyst of forest transformation away
from conifer-oriented management, with mortality pulses open-
ing the windows of opportunity for adaptation (Thom et al. 2017).
The evidence of declining disturbance to angiosperms provides
an additional incentive for their use in management, even if they
have not performed as well as gymnosperms in economic terms
in the past (Knoke et al. 2008). Such an approach would broadly
align with adaptation priorities of the EU (Hlasny et al. 2014;
Lindner et al. 2010). Importantly, the fact that these insights are
derived from disturbance data already used to inform national
policy and planning—and are trusted by key stakeholders—
may significantly enhance their uptake compared to previous
assessments. At the same time, we acknowledge considerable
variation within the broad groups of angiosperms and gymno-
sperms, which warrants careful consideration when developing
effective adaptation strategies. For example, F. sylvatica shows
high drought sensitivity and even increased mortality follow-
ing severe droughts (e.g., Obladen et al. 2021), whereas some
Quercus species exhibit comparatively greater drought tolerance
(Nosenko et al. 2025). Substantial differences also exist among
gymnosperms—for example, we identified a great variation in
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average annual relative disturbance (Table 2), though distur-
bance trends were positive across all gymnosperm species. In
addition, we did not account for the potential effects of invasive
organisms or the roles of both native and non-native pathogens
(Jactel et al. 2020; Santini et al. 2013), which may interact with
the native insect herbivores considered in this study and there-
fore warrant attention in the development of forest adaptation
strategies.

Further, the distinct synchrony in borer disturbance across all
host trees suggests that future disturbance dynamics may be
manifested in recurrent pulses of tree mortality, such as those
following the 2003 and 2018 droughts (Senf and Seidl 2021; Senf
et al. 2020). Specifically, synchronous borer disturbance implies
that disturbance fluctuations in P. abies—which is extensively
monitored across Europe—vary in lockstep with fluctuations in
less monitored species affecting P. sylvestris, A. alba, and other
gymnosperms. This synchrony poses significant challenges to
forest economies and timber markets, which have limited capac-
ity to absorb such shocks (Knoke et al. 2021). Our findings thus
highlight the urgency of fostering social-ecological resilience as
a core strategy for managing ecosystems under increasing biotic
disturbance.
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