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Abstract
1.	 Forest disturbances are increasing in many parts of the globe, posing a consid-

erable challenge for forest management. Simultaneously, setting aside forests 
for conservation is considered an important approach to halt ongoing biodiver-
sity loss. While the potential for increasing disturbances is often invoked as an 
argument against creating forest reserves within the matrix of managed forest 
landscapes, quantitative evidence for the impact of conservation areas on forest 
disturbance regimes remains scarce.

2.	 Here, we contrasted forest disturbance regimes in actively managed and set-aside 
areas throughout Germany. We made use of a network of strict forest reserves 
protected for at least 35 years (i.e. set-aside areas) and identified comparable 
managed forests by controlling for differences in species composition, climate 
and topography (n = 314 pairs of managed and set-aside areas with 20 ha in size). 
A remote-sensing-based forest disturbance map with annual disturbance records 
for the years 1986 to 2020 was used to quantify disturbance regimes. Within the 
context of the coupled human and natural disturbance regimes of Central Europe, 
we here focused on canopy openings initiated by naturally occurring agents like 
wind-throw, drought and bark beetle infestations. Our main objective was to 
identify the impact of setting aside forests on disturbance rate, frequency, patch 
density, patch size and severity.

3.	 We found that set-aside areas had, on average, a 22% lower disturbance rate 
and a 32% lower disturbance severity compared with actively managed forests, 
with no significant differences detected for disturbance patch size, patch density 
and frequency. Lower disturbance activity in set-aside areas was particularly pro-
nounced in mixed and broadleaved forest types. The dampening effect of strict 
forest reserves strengthened in pulse disturbance years, that is years with very 
high disturbance activity caused by extreme storm or drought events.

4.	 Synthesis and applications: We found no evidence that setting aside forests for 
biodiversity conservation amplifies disturbances in temperate forests of Central 
Europe. Conversely, we found that strict forest reserves had lower disturbance 
activity, particularly in years affected by severe climatic extremes. We conclude 
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1  |  INTRODUC TION

Disturbances are an integral component of forest ecosystem dy-
namics (Kulakowski et al., 2020) and make an important contribu-
tion to forest ecosystem complexity (Seidl et al., 2011). However, 
forest disturbance regimes are changing around the globe 
(McDowell et  al.,  2020), posing an important challenge for eco-
system management. Central Europe has been a hotspot of distur-
bance change, with more than a doubling in disturbance rates over 
the past 35 years (Patacca et al., 2022; Senf et al., 2018), and an 
unprecedented wave of tree mortality from drought and bark bee-
tles affecting the area since 2018. Climate change is anticipated 
to further amplify disturbance activity in the coming decades 
(Seidl et  al.,  2017). A better understanding of changing distur-
bance dynamics is a key prerequisite for addressing disturbance 
change in forest policy and management (Hanewinkel et al., 2011; 
Seidl, 2014).

Besides changes in disturbance regimes, rapid biodiversity loss 
is a key concern in science and policy (Richardson et al., 2023). A 
combination of habitat loss, climate change, pollution and over-
exploitation of natural resources drives the observed biodiversity 
decline (Oliver,  2018). The conservation of biodiversity is thus 
an objective of growing importance also for forest management 
(Thorn et al., 2018). A key tool of biodiversity conservation is to 
set-aside areas, that is define conservation areas that are no lon-
ger actively managed (Johnson et  al.,  2017). In this context, the 
Kunming–Montreal Global Biodiversity frameworks seek to re-
spond to the biodiversity crisis by protecting 30% of the terrestrial 
land area (UNEP, 2022). Achieving this target requires a consider-
able increase in areas under protection compared with the current 
situation.

Set-aside areas are often argued to undermine the ef-
forts to reduce forest disturbance risks on the landscape due 
to the absence of risk management in these areas (Fettig & 
Hilszczański, 2015; Stadelmann et al., 2013). No or minimal risk 
management routines in set-aside areas, for example against 
bark beetles, can result in higher spread rates of biotic distur-
bances (Stadelmann et al., 2013) and a spillover of outbreaks to 
managed forests. However, Valeria et  al.  (2016) demonstrated 
that set-aside areas act as sinks rather than sources for bark 
beetle populations due to the active population control mea-
sures in the matrix that surrounds them. Simultaneously, the 
absence of regular harvesting reduces the amount of stand 
edges in set-aside areas, making them less prone to wind-throws 

(Zeng et  al.,  2009). Furthermore, naturally developing forests 
often exhibit more heterogeneous canopy structures (Seidel & 
Ammer, 2023), which are less prone to wind disturbance (Díaz-
Yáñez et al., 2017; Mohr et al., 2024; Wohlgemuth et al., 2022). 
Based on the available evidence, it thus remains unclear whether 
set-aside areas have higher or lower disturbance activity com-
pared with actively managed forests (here defined as forests 
managed to supply provisioning, regulating and cultural ecosys-
tem services to society).

The main natural agent of disturbance in Central Europe's for-
ests is wind, which accounts for approximately 46% of the total 
timber volume disturbed (Patacca et al., 2022). Bark beetles are 
the most important biotic disturbance agents and also the agents 
increasing most rapidly in past years. The most important bark 
beetle species in Europe is Ips typographus L., which primarily tar-
gets Norway spruce [Picea abies (L.) Karst] (Jakoby et al., 2019). 
A few extreme wind events cause large pulses of tree mortality 
and make a disproportionately large contribution to the overall 
area disturbed (Senf & Seidl,  2021b). Likewise, bark beetle dis-
turbances occur in waves, triggered by abiotic extremes such as 
wind and drought. In the following, we will distinguish between 
years with peak disturbance activity as ‘pulse years’ and years 
with low disturbance activity as ‘background years’. This distinc-
tion is important in the context of management, as some evi-
dence suggests that active disturbance management measures 
are less effective in pulse years (Mathes et al., 2023). However, 
forest management can also have a pre-empting effect on dis-
turbances by reducing the amount of vulnerable stands (Frelich 
et al., 2018). It is thus of particular relevance to understand how 
setting aside areas for conservation affects disturbance activ-
ity in pulse disturbance years, especially since the climatic ex-
tremes that trigger them will likely increase in the future (Seidl 
et al., 2017).

Disturbance regimes change along multiple dimensions, with 
disturbance rate, patch size, patch density, frequency and severity 
responding to global change simultaneously (Turner & Seidl, 2023). 
Addressing these multiple dimensions requires a look beyond the 
stand scale (e.g. Jactel et  al.,  2009), as disturbance regimes are 
landscape-scale phenomena (Turner et al., 2001). Remote sensing 
is a powerful tool to consistently quantify disturbance regimes at 
the landscape scale (Senf, 2022). Recent advances in remote sens-
ing provide analysis-ready datasets of forest disturbances across 
large spatial and temporal scales (Hirschmugl et  al.,  2017; Senf 
& Seidl,  2021a), which enable analyses of disturbance regimes 

that considerations of disturbance should not limit the incorporation of reserves 
into landscape management in temperate forests.
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forest conservation, forest disturbances, forest management, protected areas, remote sensing, 
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across forests managed for different objectives (such as set-aside 
areas for conservation and forests managed to supply ecosystem 
services).

Here, our objective was to compare the disturbance regime 
of the years 1986 to 2020 in managed forests and set-aside areas 
across Germany. Using satellite-derived disturbance information 
for strict forest reserves and managed forests with comparable to-
pography, forest type and climate, we (i) quantified differences in 
disturbance rate, patch size, patch density, frequency and severity 
between managed and set-aside forests and (ii) analysed whether 
the effects of setting areas aside differed in years with disturbance 
pulses compared to years with background disturbance activity. We 
hypothesized that (1) set-aside areas are less disturbed than man-
aged forests due to the absence of planned canopy openings (Seidl 
& Senf, 2024). The alternative hypothesis is that management suc-
cessfully reduces disturbance risk and contains disturbance spread, 
resulting in lower disturbance rates and smaller disturbance patch 
sizes (Giuggiola et al., 2013). We further hypothesized (2) that set-
aside areas have lower disturbance rates than managed forests, 
particularly in pulse disturbance years (i.e. years with strong wind 
or drought events) (Díaz-Yáñez et  al.,  2017; Mohr et  al.,  2024). 
Alternatively, forest risk management measures are also able to 
dampen the impact of extreme disturbance events in managed for-
ests (Stadelmann et al., 2013).

2  |  MATERIAL S AND METHODS

2.1  |  Study area and data

2.1.1  |  Study area

We studied disturbance regimes in forest landscapes across 
Germany, covering a wide gradient in forest types and climate. 
Germany's forest area (approximately 32% of the total land area) 
is dominated by Norway spruce, Scots pine (Pinus sylvestris L.), 
European beech and deciduous oak species [Quercus robur. L. and 
Quercus petraea (Mattuschka) Liebl.] (Blickensdörfer et al., 2024). 
Environmental conditions vary and range from northern lowland 
plains, across central uplands with mountain ranges up to 1500 m 
a.s.l., to mountain forests in the south, including the northern 
front range of the Alps. Climatic conditions range from oceanic in 
north-western regions to a continental climate, which predomi-
nates in the east of Germany (Zöller et al., 2017). After a century-
long history of even-aged forest management focused on conifers 
(mainly Norway spruce and Scots pine) (Spiecker, 2003), the silvi-
cultural paradigm is shifting towards continuous cover manage-
ment of mixed forests, employing thinning at regular intervals and 
selection cutting (Juutinen et al., 2022). Overall, 22% of German 
forests are single-layered, 61% have two canopy layers, and 17% 
are multi-layered (Riedel et al., 2024). They are predominantly pri-
vately owned (48%) and are managed for a variety of ecosystem 
services under a paradigm of multi-purpose forest management. 

Only 3.1% of the forest area is conserved in strict forest reserves 
and national parks (Steinacker et al., 2023).

2.1.2  |  Disturbance data

To quantify disturbance regimes, we used the European forest dis-
turbance map (Senf & Seidl, 2021a), which identifies forest distur-
bances based on Landsat satellite data on an annual basis between 
1986 and 2020. The spatial resolution is 30 × 30 m. Disturbance 
severity is mapped per pixel as the probability of stand-replacing 
disturbance, with zero indicating no change in the dominant can-
opy and one indicating the complete removal of the forest canopy 
(Senf & Seidl, 2021a). We here used a disturbance agent attribu-
tion (Senf & Seidl,  2021b) to subset disturbances to those trig-
gered by naturally occurring agents (e.g. wind-throw and bark 
beetle). Planned canopy openings resulting from forest manage-
ment were not included in our analyses. We note that the forest 
disturbance regime in Europe is a coupled human and natural sys-
tem (Seidl & Senf, 2024), with management frequently responding 
to disturbances from natural agents, for example via salvage log-
ging (Leverkus et al., 2021). We here considered all disturbances 
that were triggered by natural agents (i.e. unplanned canopy open-
ings), regardless of post-disturbance management responses.

2.1.3  |  Set-aside areas

A set of protected areas set aside for conservation was compiled, 
consisting of strict forest reserves and core zones of national parks 
across Germany (Figure  1). The minimum forest area for inclusion 
was 20 ha. This follows the finding by Urban et  al.  (1987) that in 
order to capture disturbance regimes, study areas should exceed 
disturbed areas by a factor of 50 (median disturbance patch size for 
Germany: 0.45 ha). The size of set-aside areas under study varies 
strongly and is skewed towards small reserves (46% of areas <40 ha). 
Timber harvesting ceased in all areas prior to 1986, that is the first 
year for which disturbance information is available. Overall, we stud-
ied 151 set-aside areas, covering a forest area of 31,483 ha, com-
prising 148 strict forest reserves, the core zones of Berchtesgaden 
National Park, Bavarian Forest National Park and a subset of Hainich 
National Park. The largest protected area included was 12,782 ha 
(Bavarian Forest National Park). Nearly half of all set-aside areas rep-
resent spruce-dominated forests (48% or 15,984 ha), 21% are beech 
forests (6896 ha), 2% oak forests (669 ha), 0.5% pine forests (185 ha), 
9% conifer-dominated mixed forests (2905 ha), 6% broadleaved-
dominated mixed forests (1948 ha), 6% mixed forests of broadleaves 
and conifers (1897 ha) and 8% other forest types (2673 ha). The over-
arching goal of these set-aside areas is conservation. Consequently, 
active human interventions are reduced to a minimum and include 
game management, fire protection and debarking or removal of bark 
beetle-infested trees (estimated for less than 2% of the area under 
study).
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2.1.4  |  Auxiliary data

We used the European Digital Elevation Model (EU-DEM) by the 
Copernicus service (25 m resolution) and resampled it to the resolu-
tion of the European forest disturbance map to obtain information 
on elevation, aspect and slope for our study sites. To account for 
differences in climate and site conditions, we used a fine-grained 
set of ecoregions for Germany (Thünen-Institut, 2022). Ecoregions 
were defined as areas having similar geomorphological conditions 
(bedrock type and terrain formation), climate and land-use history 
(Gauer et al., 2012). The median ecoregion size was 326,649 ha, and 
in total, 82 ecoregions were distinguished within Germany (Thünen-
Institut,  2022). To obtain tree species information consistently 
across all study areas, we used a remotely sensed tree species map 
(10 × 10 m resolution), considering 11 different tree species as well 
as mixture classes (Blickensdörfer et al., 2024). We aggregated tree 
species information to 1 ha resolution using a rule-based majority 
vote (details in Text S1) and resampled the resultant map to the for-
est disturbance map for further analyses.

2.2  |  Analyses

2.2.1  |  Sublandscape selection and matching

We identified for each set-aside area a managed forest with compa-
rable environmental conditions, enabling a pairwise comparison of 
disturbance regimes. First, we randomly drew sublandscapes from 
set-aside areas. The initial size of the sampled sublandscapes was 
15 × 15 pixels of 0.09 ha, that is 20.25 ha, but due to the varying 
shapes of protected areas, the sampling window was adapted, and 
the realized sublandscapes varied between 19.2 and 24.6 ha. We al-
lowed for a maximum of 50% overlap of sampled sublandscapes and 
down-sampled the core areas of national parks and large strict for-
est reserves so that they did not dominate the analysis due to their 
large extent. We sampled one sublandscape in the smallest size bin 
of set-aside areas (20–30 ha) and progressively increased the num-
ber of sublandscapes up to a maximum of 10 in the largest protected 
areas (details in Table S1). We used the subsample.distance function 
of the spatialEco R package (Evans et al., 2023) for the sublandscape 

F I G U R E  1  Location of the paired sublandscapes in managed forests and set-aside areas across Germany. Different ecoregions are shown 
in grey. Close-up (a) shows a sublandscape in a set-aside area with a high disturbance rate, (b) is the paired managed sublandscape. Close-up 
(c) shows an undisturbed sublandscape from a set-aside area, while (d) is the paired managed sublandscape.
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selection. In total, we sampled 314 set-aside sublandscapes (6281 ha 
of forest area) from the 151 protected areas described above.

Subsequently, we identified sublandscapes from managed for-
ests with similar environmental conditions. For this, we assumed 
that all forests not strictly protected are managed, disregarding 
potential differences in management intensity. We controlled for 
environmental variables in selecting suitable pairs of managed 
forests and set-aside areas. The variables considered were mean 
elevation, mean slope and north-westernness (representing wind 
exposure and different solar radiation regimes), the shares of for-
est types on the landscape, as well as ecoregion (representing sim-
ilar soil and climate conditions). The main analysis was done based 
on a 1:1 matching between managed and set-aside areas (Text S1). 
In total, we analysed 628 sublandscapes, of which 50% were 
managed and 50% were set aside. However, to consider the vari-
ation in managed forests throughout Germany (e.g. with regard to 
management objectives, management intensity) we repeated the 
analysis also with a matching scheme in which we compared each 
selected sublandscape from a set-aside area with multiple man-
aged sublandscapes of similar environmental conditions (1:Many). 
The results of this additional analysis did not differ substantially 
from the pairwise comparison and are presented in Table S4.

2.2.2  |  Disturbance metrics

For each sublandscape, we extracted five disturbance metrics to 
characterize the disturbance regime. The metrics included (i) dis-
turbance rate (percent of the sublandscape disturbed annually), 
(ii) maximum disturbance patch size, that is the single largest dis-
turbance patch within the landscape in the period 1986–2020, (iii) 
patch density, describing the number of disturbance patches per 
landscape, (iv) frequency, that is how often the landscape was dis-
turbed in the observation period, and (v) high severity rate. High 
severity rate describes the percentage of disturbed pixels that are 
disturbed with a severity ≥0.8. A sensitivity analysis of the high 
severity threshold revealed robust results also for other values 
(see Table S5). We provide a detailed description of all disturbance 
metrics and their interpretation in Table  S2. All data processing 
was performed with the terra package (Hijmans et al., 2023) in R 
(R Core Team, 2022).

2.2.3  |  Statistical analyses

For hypothesis 1—testing for differences between managed forests 
and set-aside areas—we estimated annual mortality rates using a 
beta binomial model with a logit link function to account for over-
dispersion in the observed counts. The probability of observing a 
given number of disturbed forest pixels was modelled as a function 
of treatment (managed and set-aside), with random intercepts for 
the combination of year and site (paired landscape ID). Furthermore, 
to investigate the interaction between treatment and forest type, 

we included the forest types in the model and allowed for an in-
teraction term between treatment and the share of forest types on 
the landscape. We modelled each response variable as a function of 
the fixed effect (treatment) and random intercepts for site. For the 
response variables disturbance frequency and patch density, we fit-
ted truncated Poisson models, for maximum patch size, a lognormal 
model, and for high severity rate, a beta binomial model with a logit 
link.

To test hypothesis 2—assessing the effect of set-aside in pulse 
and background years—we extended the models described above 
with the classification of the respective years in pulse and back-
ground years. We labelled years as pulse disturbance years when 
the overall disturbed area in Germany exceeded the average area 
disturbed between 1986 and 2020 by more than 100% (Figure S8). 
We identified the years 1990, 2000, 2007, 2018, 2019 and 2020 as 
pulse disturbance years, with all other years considered background 
years. We estimated model uncertainty by bootstrapping 80% of 
the input data 100 times to build 100 models estimating the distur-
bance rate for pulse and background years in managed forests and 
set-aside areas. We evaluated all models by simulation-based model 
checks using the glmmTMB package (Brooks et al., 2017).

3  |  RESULTS

3.1  |  The effect of setting aside forests on the 
disturbance regime

We found that set-aside areas had a 22% (95% confidence interval: 
9%–33%) lower disturbance rate than managed forests (Figure  2). 
The average disturbance rate of set-aside sublandscapes was 0.06% 
year−1, while managed sublandscapes were disturbed at a rate of 
0.08% year−1. We tested whether this finding was driven by specific 
ecoregions but found no region-specific patterns (see Figure  S7). 
The 1:Many comparison did not reveal substantially different re-
sults than the 1:1 comparison of sublandscapes (see Table S4). Of 
the 628 sublandscapes analysed, 274 (44%) were disturbed, of which 
156 were managed and 118 were set-aside (57% and 43% of the 
disturbed landscapes, respectively).

The only other disturbance metric that was significantly dif-
ferent was the rate of high severity disturbances, which was 32% 
(95% confidence interval: 12%–48%) lower in set-aside areas com-
pared with managed forests (36% vs. 45%). All other metrics did 
not differ significantly, with a similar number of disturbed patches 
(on average 3.5 vs. 3.2 patches), similar disturbance frequency (on 
average 1.8 vs. 1.7 disturbances in the observation period) and 
similar maximum disturbance patch size (on average 1.66 ha vs. 
1.72 ha) in managed forests and set-aside areas (see Table S4 for 
the 1:Many comparison).

The effect of forest management on disturbance rate varied with 
forest type. Disturbance rates generally increased with increasing 
share of spruce and mixed coniferous forests on the landscape, and 
decreased with increasing share of beech and mixed broadleaved 

 13652664, 2025, 5, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70036, W

iley O
nline L

ibrary on [05/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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forests (Figure  3). While for low shares of spruce, set-aside areas 
had a lower disturbance rate than managed forests, this difference 
decreased with increasing spruce share, with similar disturbance 

rates for spruce shares >90% (Figure 3). For mixed and broadleaved 
forest types, set-aside areas were consistently less disturbed than 
managed forests.

F I G U R E  3  Disturbance rate in different forest types and treatments. The line represents the mean disturbance rate; the coloured ribbons 
represent the 5th–95th quantile of the simulations. The rug represents the data used for fitting the models. Note that three forest types 
with low representation were excluded from the figure.
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3.2  |  Disturbances in pulse and background years

Disturbance dynamics were strongly driven by pulse disturbance 
years. We found that 56% of the cumulative disturbed area oc-
curred in just six pulse disturbance years (i.e. 1990, 2000, 2007 
and 2018–2020) during the 35-year study period. In background 
years, the annual disturbance rate did not substantially differ be-
tween managed (average 0.043% year−1) and set-aside areas (aver-
age rate 0.040% year−1). In pulse disturbance years, however, the 
difference was pronounced: Set-aside areas experienced on aver-
age a 40% lower disturbance rate than managed forests, with an 
average disturbance rate of 0.135% year−1 compared with 0.228% 
year−1 (Figure  4). While in set-aside areas the disturbance rate 
more than tripled in pulse disturbance years compared with back-
ground years, we observed a 5.2 times higher disturbance rate in 
managed forests in pulse years.

4  |  DISCUSSION

4.1  |  Management impacts on disturbance regime

Here, we analysed disturbance regimes in managed forests and set-
aside areas in Germany, showing that forests set aside for conser-
vation have significantly lower disturbance rates and severity than 
managed forests. This finding supports our first hypothesis (H1) that 
in set-aside areas, disturbances caused by natural agents manifest at 
a lower rate. Three processes could contribute to this result: First, 
set-aside areas are likely more structurally complex, which results 
in higher resistance to disturbances (Meigs et al., 2017). The pres-
ence of multiple canopy layers and an uneven-aged structure was, 
for instance, found to reduce the likelihood of wind disturbance 
in previous analyses (Díaz-Yáñez et  al.,  2017; Mason,  2002; Mohr 
et  al.,  2024). Second, active forest management for ecosystem 

service supply could increase susceptibility to disturbances, with 
canopy openings created by management interventions increasing 
susceptibility to disturbances such as wind-throw and bark beetle 
outbreaks (Jactel et al., 2009; Seidl & Senf, 2024; Stritih et al., 2021). 
Increased edge density from harvesting, for instance, increases the 
risk of wind disturbance (Zeng et al., 2009), as do interventions such 
as thinnings (Albrecht et al., 2012; Stritih et al., 2021). Furthermore, 
recently exposed edge trees have increased susceptibility to bark 
beetles (Kautz et al., 2013). Third, post-disturbance management re-
sponses can modify disturbance regimes, for example by increasing 
disturbance severity and disturbance rates through salvage logging 
operations. Salvage logging is a widespread management response 
to disturbances in Central Europe, conducted to remove potential 
breeding material for bark beetles and to recuperate the economic 
value of disturbed trees (Fettig & Hilszczański, 2015; Wermelinger 
et al., 1999). However, in salvage logging operations, also surviving 
trees are often cut, either for operational or economic reasons, which 
can increase disturbance severity and modify the biological legacies 
of disturbances (Leverkus et al., 2021; Lindenmayer et al., 2017). We 
note that we cannot disentangle the contributions of these different 
mechanisms to the signal found in our data. Hence, the finding of 
higher disturbance rates and severity in managed areas compared 
with set-aside areas could also be at least partly the result of post-
disturbance management. We suggest that future works could use 
experimental and simulation approaches to elucidate what drives 
the differences between managed forests and set-aside areas. Also, 
while a dedicated analysis using terrestrial data on forest structure 
was not possible here (as no systematic terrestrial inventory is avail-
able for strictly protected areas in Germany), it would be desirable to 
further investigate the role of differences in structural development 
trajectories between the investigated strata. Overall, our results 
of higher disturbance impacts in managed forests compared with 
set-aside areas are in line with findings from other parts of Europe 
(Potterf et al., 2023; Stritih et al., 2021) and the globe (Sommerfeld 

F I G U R E  4  (a) Timeseries of mean annual disturbance rates in managed and set-aside sublandscapes. Pulse disturbance years are 
highlighted in grey. (b) Comparison of disturbance rates in managed and set-aside sublandscapes in pulse and background disturbance years. 
The boxplot corresponds to the distribution of the bootstrapped models' estimated disturbance rates.
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et  al.,  2018). A novel finding of this contribution is that set-aside 
areas dampen disturbance activity, particularly in mixed and broad-
leaved forests (Figure 3), as well as in pulse disturbance years trig-
gered by climatic extremes (Figure 4).

4.2  |  Effects in pulse and background years

In pulse disturbance years, we observed an on average 40% lower 
disturbance rate in set-aside areas compared with managed forests. 
The observed reduction in disturbance rates in set-aside areas thus 
approximately doubled in pulse years compared with all observa-
tions, supporting our second hypothesis. In pulse years, the ability of 
management to contain disturbances is often exceeded, reducing the 
positive effect of active risk management (Hlásny et al., 2021). At the 
same time, the high visibility of disturbances for the general public 
in pulse years also increases political and public pressure to conduct 
salvage and sanitation logging (Müller,  2011), which might further 
increase disturbance severity in managed forests. Furthermore, the 
potential dampening effects of a more complex stand structure in 
set-aside forests might become more prominent in pulse years, as 
spatial variability can effectively dampen the spread of disturbances 
(Seidl et  al.,  2016). Overall, our results indicate that setting aside 
areas for conservation dampens peak disturbance pulses and re-
duces the contribution of pulse years to total disturbance activity.

4.3  |  Limitations

Important methodological aspects need to be considered when in-
terpreting our results. First, the agent attribution used to identify 
disturbances triggered by natural causes (Seidl & Senf, 2024) is as-
sociated with uncertainties (Senf & Seidl, 2021b). But as the distur-
bance attribution achieved an overall classification accuracy of 93% 
in a European-scale validation (Seidl & Senf, 2024), we expect the 
impact of these uncertainties on our analyses to be limited. To fur-
ther test for different disturbance detection probabilities between 
managed and set-aside forests, we conducted an additional valida-
tion (Figure  S9), indicating no differences between the analysed 
strata. A further limitation of our approach is that the 30 m × 30 m 
resolution of the Landsat-based disturbance map results in the omis-
sion of small disturbed patches. This likely affects estimates of dis-
turbance rate, patch size and frequency, and could bias results as 
we generally expect smaller disturbance patches in protected areas 
(Krüger et al., 2024). Furthermore, we note that the disturbance data 
analysed here do not include low-severity disturbances, and hence 
only capture a subset of the disturbance regime. Importantly, the 
reserves and natural parks studied here are not primary forests 
(Sabatini et  al.,  2018). Frequently, they were managed in the past 
and are characterized by considerable land-use legacies (Frelich 
et al., 2018). To reduce this effect, we selected reserves where for-
est management had ceased already by 1986, balancing sample size 
and the potential influence of past management.

5  |  CONCLUSIONS

Three important implications arise from our work: first, we found 
that strict forest reserves do not experience higher rates of dis-
turbance than managed forests; hence, setting aside forests for 
biodiversity conservation does not amplify disturbance activity. The 
latter is an argument frequently voiced among managers in Central 
Europe, yet it is not supported by our data. In contrast, our finding 
of lower disturbance rates and severities in set-aside areas suggests 
that including reserves in landscape-scale forest planning in Central 
Europe could even dampen forest disturbance pulses. It is notewor-
thy that significant differences could already be found 35 years after 
reserves were set aside, underlining the effect of naturally develop-
ing forests already in the first decades after the cessation of manage-
ment (Albrich et al., 2021; Potterf et al., 2023). Second, our analyses 
underline the high importance of forest reserve networks for Central 
Europe. These reserves are usually much smaller than higher profile 
protected areas such as national parks but are also easier to instate 
and maintain. They can serve as nuclei of natural development in a 
landscape strongly modified by humans and cover a much broader 
range of forest types than large protected areas do. This is impor-
tant as forest management in Central Europe generally aims to move 
‘closer-to-nature’ (Larsen et  al.,  2022), yet references for natural 
conditions are often absent. Lastly, our results indicate that tradi-
tional ways of managing disturbances have not reduced disturbance 
risk over the counterfactual of a development without active risk 
management in set-aside areas. This suggests that we need to ex-
plore new ways of addressing disturbances in forest management. 
One approach could be to more strongly embrace disturbances in 
management by actively utilizing their patterns and legacies in sil-
viculture (Aszalós et al., 2022) and by considering a compensation 
between natural and human canopy openings (Seidl & Senf, 2024). 
While forest management in Central Europe has focused strongly 
on preventing disturbances in the past (Fettig & Hilszczański, 2015; 
Stadelmann et al., 2013), an important future focus of management 
could be to foster disturbance resilience (Messier et al., 2019), that is 
strengthening the response to and recovery from disturbances while 
utilizing post-disturbance reorganization to shape the future of our 
forests.
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