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ABSTRACT

Natural disturbances from wind and bark beetles have increased strongly in recent decades across Central
Europe. As climate change will likely amplify disturbance activity further, disturbances are increasingly
threatening the sustainable supply of ecosystem services to society. Management strategies to mitigate distur-
bances are thus urgently needed. In Central Europe, managing for complex, uneven-aged forests has been sug-
gested as a measure to reduce disturbance risk. However, the scientific evidence for a dampening effect of
uneven-aged management on disturbances remains weak and inconclusive. Here, our objective was to assess
differences in the disturbance regimes of uneven-aged and even-aged conifer forests during the years 1986 to
2020. We used remote sensing to quantify wind and bark beetle disturbances across four study sites in Austria.
The sites span a large environmental gradient and have been under uneven-aged management for many decades.
Here, we contrast them with surrounding even-aged forests with similar environmental conditions (uneven-aged
forests: 13,440 ha, even-aged forests: 27,910 ha). Specifically, we used a paired-landscape approach, matching
uneven-aged with even-aged forests at the level of sublandscapes and controlling for differences in elevation,
slope, exposition, topography and the proportion of coniferous species. For each pair of sublandscapes (n= 5000)
we quantified differences in disturbance rate, frequency, size and severity between uneven-aged and even-aged
forests. Our findings revealed that in uneven-aged forests, disturbance rates were on average 31.3% lower,
disturbances returned with a 36.3% lower frequency, and maximum patch sizes were 15.7% smaller than in
surrounding even-aged forests. The proportion of high severity disturbance patches was only marginally influ-
enced, being 3.8% lower in uneven-aged versus even-aged forests. Topography strongly modulated the effect of
management on disturbance regimes. While disturbance rate was lower in uneven-aged forests overall, it
exceeded the rate of surrounding even-aged forests on steep slopes >20° and elevations >1500 m asl. In
conclusion, our results suggest that uneven-aged management may partly counteract increases in natural dis-
turbances in Central European forests. However, we also caution that uneven-aged management is not a silver
bullet solution for managing forest change, and highlight that adapted forest management approaches should be
tailored to local needs and conditions.

1. Introduction

activity (Lindner et al. 2010; Seidl et al. 2017), threatening the supply of
forest ecosystem services to society (Thom and Seidl, 2016; Stritih et al.

In past decades natural disturbances, i.e. pulses of tree mortality 2021; Bastit et al. 2023). Thus, a key challenge for foresters is devel-
caused by abiotic and biotic agents such as wind and bark beetles, have oping management approaches to better cope with forest disturbances.
substantially increased in Europe’s forests (Senf et al., 2020; Patacca This entails both increasing resistance (i.e. the ability of ecosystems to
et al., 2023). Climate change is expected to further amplify disturbance withstand disturbance) and resilience (i.e. the capacity of ecosystems to
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recover their processes and functions after disturbance) of forest eco-
systems to disturbance.

One mechanism through which forest management can influence
disturbance regimes is by modulating the structure of forests. Forest
structure describes the number, size, age and spatial arrangement of
trees in a forest. Particularly the decision to manage stands in an even-
aged or uneven-aged fashion has a strong influence on forest structure.
Even-aged management systems typically clear a cohort of trees of the
same age simultaneously, while uneven-aged management harvests in-
dividual trees or small groups of trees based on their respective prop-
erties and functions in the system. The two systems differ in their within-
stand variation in tree heights and diameters (low under even-aged
management, high under uneven-aged management) as well as in the
size of canopy openings (large under even-aged management, small
under uneven-aged management). Consequently even-aged manage-
ment is typically associated with low structural complexity within a
stand. In contrast, uneven-aged management promotes variability in
diameter classes and the number of canopy layers at small spatial scale,
resulting in high structural complexity at stand level (McElhinny et al.
2005; Peck et al. 2014; Sharma et al. 2016). However, there is consid-
erable variation even within forest management strategies, as modu-
lated e.g. by topography. Uneven-aged forests are typically managed by
single-tree selection (Schall et al. 2018). In steep terrain, however,
single-tree selection systems are often not feasible, and group-selection
systems are employed because logging frequently requires cable yarding
systems to extract harvested trees. Under such conditions, groups of
trees are selected in irregular shapes (“slit-shaped gaps™) adjacent to
cable yarding tracks (Streit et al. 2009) to achieve an uneven age
structure within stands.

Uneven-aged forests remain less common in Europe compared to
even-aged forests, yet they are widely perceived to have many benefits.
Currently, uneven-aged forests account for approximately one quarter of
the total forest area of Europe (Forest Europe, 2020), with the highest
prevalence in areas where timber production is not the dominant service
provided by forests (e.g., in southern Europe). Yet, the proportion of
uneven-aged forests is increasing in Europe (Forest Europe, 2020), as
they might better fulfil multiple demands of society than even-aged
forests (Kuuluvainen et al. 2012; Pukkala and Gadow, 2012; Hane-
winkel et al. 2014; Diaci et al. 2017; Schall et al. 2018). Furthermore,
high canopy rugosity and variation in rooting depth enable comple-
mentary use of resources by trees (Ramo and Tahvonen, 2014; Bohn and
Huth, 2017; Gough et al. 2019), potentially yielding higher pro-
ductivities (Bohn and Huth, 2017; Gough et al. 2019). In addition,
uneven-aged forests usually regenerate well naturally (Diaci et al.
2017). High productivity in combination with low regeneration costs
may thus provide higher economic revenues in uneven-aged forests
compared to even-aged forests (Knoke, 1997, 2012).

The effect of uneven-aged forest management on disturbance re-
gimes remains controversially discussed. With regard to resilience, ev-
idence points towards decreased recovery time after disturbance with
increasing canopy complexity (Diaci et al. 2017). This also results in
higher economic resilience of uneven-aged stands compared to
even-aged stands (Knoke et al. 2023). With regard to resistance, it is
frequently hypothesized that uneven-aged forests are less impacted by
natural disturbances (O’Hara and Ramage, 2013; Hanewinkel et al.
2014; Diaci et al. 2017; Diaz-Yanez et al. 2017; Ma et al. 2023). Yet, the
quantitative evidence is limited (Nolet et al., 2018; Bauhus et al., 2013),
as most studies (e.g., Mohr and Schori, 1999; Hanewinkel et al. 2014)
focus on small spatial extent (i.e., tree to stand level), which makes it
difficult to assess disturbance characteristics that only emerge at larger
spatial scales (e.g., patch size). The mechanisms assumed to be
responsible for increased resistance are higher individual-tree stability
(e.g., against windthrow, Mason, 2002; Bodin and Wiman, 2007),
improved vitality (e.g., tree defenses against insect attacks), and, with
regard to drought, less direct solar radiation for subcanopy trees (Ma
et al. 2023). However, disturbance susceptibility remains largely
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constant over time in uneven-aged forests, while susceptibility of
even-aged systems varies with stand development stage (e.g., early
stages of stand development characterized by small trees are less prone
to windthrow and bark beetle infestation, Schmidt et al. 2010). Reset-
ting stand development in even-aged management might thus lead to
periods of low disturbance susceptibility compared to uneven-aged
forests (Seidl et al. 2008), and ultimately to lower disturbance rates.

Large-scale datasets on forest disturbance derived from remote
sensing offers new opportunities to study the effects of forest manage-
ment systems on disturbance activity. Remote sensing data, such as the
European forest disturbance map (Senf and Seidl 2021a), enable the
standardized investigation of management effects across wide environ-
mental gradients and with a larger number of observations compared to
previous empirical assessments (e.g., Mohr and Schori, 1999; Dvorak
et al. 2001; Hanewinkel et al. 2014; Pukkala et al. 2016). Disturbance
characteristics that are difficult to quantify at the plot level can be easily
assessed with remote sensing, e.g., the effects of uneven-aged manage-
ment on the size of disturbed patches (Jin and Sader, 2005; Senf and
Seidl 2021a). Yet, to date remotely sensed data remains underutilized in
the context of assessing management effects on forest disturbance
regimes.

Here, we harnessed remotely sensed information on forest distur-
bances between 1986 and 2020 to quantify the divergence in distur-
bance regimes (i.e., the rate, frequency, size, and severity of
disturbances) between forests under uneven-aged vs. even-aged man-
agement. In particular, we addressed the following research questions:
(Q1) Do natural disturbance regimes differ by management system
(even-aged versus uneven-aged forests) in Central European forests?
(Q2) Does topography modulate the effect of forest management on
disturbance regimes? We hypothesized that (H1) uneven-aged forests
are less affected by natural disturbances (Mohr and Schori, 1999;
Dvorak et al., 2001; Hanewinkel et al., 2014). The alternative hypothesis
was that uneven-aged forests experience equal or higher disturbance
activity than even-aged forests. Furthermore, we hypothesized (H2) that
the mitigating effect of uneven-aged management on disturbances de-
creases with increasing topographic ruggedness. Our rationale behind
this assumption comes from the necessity to do group selection rather
than single tree selection in steep terrain, and because of the linear
canopy openings (cable yarding tracks) needed for forest operations
under such conditions, which are both factors that make uneven-aged
forests in rugged terrain less different from even-aged forests.

2. Methods and materials
2.1. Study area

To study the effect of forest management on disturbances, we
focused our analyses on four forestry companies managing uneven-aged
forests (henceforth referred to as study sites). All sites are located in
Austria, spanning a wide range of conditions representing Central Eu-
ropean forests from the colline to the subalpine elevation belt (Fig. 1),
with elevations ranging from 280 to 1700 m above sea level. Forest
composition is dominated by Norway spruce (Picea abies [Karst.]), with
silver fir (Abies alba [Mill.]) and European beech (Fagus sylvatica [L.]) as
admixed species (Figure S1). Individual sites range from 1346 ha to
6739 ha in size, covering a total of 13,440 ha of uneven-aged forests
(Table 1). Two of the four sites are owned by the church, one by the
state, and the forth is a private forest company. All four sites have a long
local tradition of uneven-aged silviculture and have conducted uneven-
aged management for at least 35 years, but frequently much longer. The
companies aim for multifunctional forest management with timber
production as the main management objective. The sites differ in
topography, with high (sites A and B) or low (sites C and D) topographic
ruggedness as characterized by elevation and slope (Table 1 and
Figure S2). Here, the term topographic ruggedness refers to sites
dominated by steep slopes, a high elevation range and frequent local
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Fig. 1. : A: Study sites under uneven-aged management and their approximate location in Austria. Examples for typical forest structures under B: uneven-aged

management, and C: even-aged management in the study region.

Table 1
Characterization of the four study sites of uneven-aged forest management. Average values and ranges (in parentheses) are provided for elevation, slope, and conifer
share.
Study sites
A B C D
Ownership Private State Church Church
Size 1917 ha 1346 ha 3432 ha 6739 ha
Geology Mixed crystalline and calcareous bedrock Predominately calcareous bedrock Predominately crystalline Predominately crystalline
bedrock bedrock
Elevation 1373 m 1198 m 1115 m 896 m
(680 m, 1874 m) (761 m, 1708 m) (256 m, 1780 m) (520 m, 1368 m)
Slope 20.5° 18.2° 12.6° 10.2°
(0.3°, 39.3°) (0.2°, 54.9°) (0.0°, 38.2°) (0.0°, 39.2°)
Conifer share ~ 97.0% 93.4% 95.3% 83.0%
(0.0%, 100.0%) (0.0%, 100.0%) (0.0%, 100.0%) (0.0%, 100.0%)
Management  Continuous cover forestry, Continuous cover forestry, Continuous cover forestry, Continuous cover forestry,

mixed single-tree selection and group

selection selection

mixed single-tree selection and group

mainly single-tree selection
(Plenter forestry)

mainly single-tree selection
(Plenter forestry)

shifts in aspect and terrain position. All four enterprises apply uneven-
aged forest management, yet the implementation differs with terrain.
In topographically simple sites, single tree selection is the main silvi-
cultural approach. A large portion of those forests have been managed in
a “Plenter” forest system, that is, a specific type of single tree selection
system targeting a reverse J-shaped diameter distribution of trees
(Schiitz 2002b). In rugged terrain and on steep slopes, uneven-aged
management often takes the form of a modified group selection sys-
tem with slit-shaped gaps. Wind and bark beetles are the dominant
disturbance agents across all four sites (Thom et al. 2013; Sebald et al.
2021). In particular, the sites have been affected by severe storms in
recent years, notably in 2007 (Kyrill), 2008 (Emma and Paula) and 2014
(Yvette), with variable bark beetle activity in the years following storms.
Since fires do not play an important role in the natural disturbance re-
gimes of Austria (Miiller et al. 2013) and Central Europe (Senf and Seidl
2021b), we didn’t include forest fires in our analysis (cf. Sebald et al.
2021).

We compared uneven-aged study sites to surrounding forests that are
almost exclusively even-aged. In Austria the share of Plenter forests
(Schiitz, 2001) is estimated to be 2% of the total forest area (Rohrig
et al., 2006; Schiitz 2002a). A very low prevalence of uneven-aged for-
ests in Austria is furthermore supported by the results of the Austrian
national forest inventory, which classifies all high forests into distinct
age-classes (BFW, 2023). We thus assumed that areas outside of our
study sites (which were deliberately selected for their uneven-aged
management) are managed as even-aged forests. Surrounding forests

thus serve as the counterfactual for assessing the effect of uneven-aged
management in our study sites on forest disturbance regimes. Typical
conifer-dominated stands under even-aged management are initiated by
planting between 2000 and 2500 stems per hectare, although stem
densities can also be considerably higher when natural regeneration is
utilized (Weinfurter, 2013). The thinning regime typically consists of
one pre-commercial thinning and several commercial thinnings, con-
ducted as selective thinnings from above and aimed at fostering the
growth and stability of between 300 and 400 crop trees. Final harvesting
is done either in small (~0.5 ha) clear cuts (e.g., small strip cuts), or
using gap cut or shelterwood cut systems with subsequent clearing if
natural regeneration is desired (Weinfurter, 2013). We note that some
ambiguity exists with regard to the silvicultural terminology used in the
literature. What we here describe as uneven-aged forests has also been
referred to as continuous cover forests (Pommerening, 2023), irregu-
larly structured forests (Schiitz 2002b), and full-storied forests (Ekholm
et al. 2023) in other contexts. We use the term uneven-aged (see e.g.,
Schall et al. 2018), as it best discriminates our four study sites from the
surrounding control group. Surrounding forests are, for instance, often
managed in small strip- or shelterwood cuts aimed to establish advanced
regeneration before clearing, and thus often also feature two canopy
layers and a continuous forest cover. Yet, these forests are managed in a
rotation system and have a homogeneous age structure within stands,
which clearly distinguishes them from the uneven-aged stands of our
study sites (cf. Fig. 1 B, C).
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2.2. Data

2.2.1. Disturbance

We extracted disturbance information from the European forest
disturbance map (Senf and Seidl 2021a). The map is based on Landsat
satellite data and manual satellite image interpretation for more than
19,000 locations throughout Europe. It provides information on canopy
openings across Europe for the period 1986-2020 at 30 m spatial grain.
While Senf and Seidl (2021a) mapped all canopy openings in Europe
regardless of their cause, subsequent work has attributed canopy
openings to specific disturbance agents. We here focused our analysis
exclusively on natural disturbances, using the agent attribution of
Sebald et al. (2021). This study trained a random forest model to attri-
bute disturbance agents based on the spectral signal, patch form and
landscape context of each patch, using an empirical disturbance data-
base from Austria. Specifically, we focused on wind and bark beetle
disturbances, the two most important disturbance agents in Austria
(Thom et al. 2013). The mean share of wind disturbance was 87% of all
natural disturbances in uneven-aged forests and 86% in even-aged for-
ests (Figure S3).

We studied the effect of uneven-aged forest management on four
indicators of the forest disturbance regime: disturbance rate, distur-
bance frequency, maximum patch size, and the proportion of area
disturbed with high severity. Having n years of observations (1986 —
2020) and m 30 m cells in a sublandscape, we calculated disturbance
rate as (Eq. 1)

" disturbed;
) )

1
Zx inkiehtetl
n m

i=1

with disturbed; being the number of disturbed cells in year i. Disturbance
frequency was derived as (Eq. 2)

1 n
z f 2
n*;even )

with event; being the binary value indicating if a disturbance event
occurred in year i. Disturbance patch size was calculated as the number
of connected cells (queens’ contiguity) affected by disturbances in the
same year or the following year (to account for errors in the predicted
disturbance year, see Senf and Seidl, 2021a) multiplied by cell size
(0.09 ha). Only patches that had their centroid within the sublandscape
were considered in the analysis. Maximum disturbance patch size was
calculated as (Eq. 3):

maXie(1,....n} (Sizei) 3

with size; being the maximum disturbance patch size in year i. Finally,
we calculated the proportion of high severity disturbances on the total
area disturbed. For this we used the severity indicator provided by the
European forest disturbance map, ranging from zero to one and indi-
cating the probability of complete canopy loss (Senf and Seidl 2021a).
Here, we classified disturbances as highly severe if the severity indicator
exceeded 0.8. The proportion of high severity disturbances was calcu-
lated as (Eq. 4)

n
> severe;

Ill: l (4)
>~ disturbed;

i=1

with severe; being the number of cells severely disturbed in the year i.
We note that the disturbance rate is by definition correlated with
disturbance frequency and patch size (Pearson’s correlation coefficients
in our dataset: 0.57 and 0.77, respectively). Nonetheless, the frequency
and size metrics provide complementary information about different
processes within the disturbance regime, since the same disturbance rate
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may result from a single large or several small events. We hence retained
all four metrics in our analysis.

2.2.2. Auxiliary information

We used a digital elevation model provided by the Austrian gov-
ernment on a spatial grain of 10 m (Geoland, 2015) to characterize
topography. We aggregated this data to 30 m spatial resolution to match
the disturbance map and subsequently computed slope and aspect for
each cell. We further calculated topographic exposure (topex) following
the method proposed by Mikita and Klimanek (2010) as the stack-sum of
low-angled (5°) hillshades from eight different directions. A
north-westerness index (representing the dominant wind direction in
the area) was calculated by taking the cosine of aspect rotated by 45
degrees counterclockwise. All raster calculations were done using the
terra package (Hijmans, 2023) within the R programming environment
(R Core Team, 2022). Information on species composition was obtained
from the Copernicus dominant leaf type map (Copernicus, 2020). This
map contains information on whether the dominant leaf type of a 10 m
cell is coniferous or deciduous. The information was aggregated to
match the resolution of our disturbance information by calculating the
proportion of dominant coniferous species for each 30 m cell.

2.3. Study design

We conducted a pairwise comparison of sublandscapes sampled from
our study sites representing uneven-aged forests (i.e., treatment group)
to similar (in terms of environmental conditions and species composi-
tion) forests in their proximity, representing even-aged forests (i.e.,
control group). Specifically, we randomly sampled (without replace-
ment but possibly overlapping) 2500 sublandscapes with 36 ha in size
(20 by 20 pixels of 30 x30 m in size) from each uneven-aged study site.
Sublandscape size was chosen to be more than 50 times the mean
disturbance size (i.e., 0.69 ha in Austria according to Sebald et al. 2021),
following recommendations for equilibrium landscape sizes by Urban
et al. (1987). Analyses focused only on forested pixels within subland-
scapes, and sublandscapes with a forest cover of less than 30 ha (83.3%)
were excluded. To each uneven-aged sublandscape we matched an
even-aged counterpart from a moving window of 20 x 20 km outside
our uneven-aged study sites. We chose this relatively short distance
between paired landscapes to ensure similar geological and climate
conditions, and to safeguard that the same climatic extremes (e.g.,
storms) affected both landscapes. We conducted a sensitivity analysis to
assess the effect of the matching window size on our results and found
only minor differences (Figure S4).

We used elevation (because both climatic conditions and disturbance
regimes change with elevation), slope (representing accessibility and
soil conditions), topographic exposure (as an indicator of exposure to
strong winds) and north-westerness (representing wind exposure in the
main wind direction as well climatic differences due to solar radiation)
as site conditions in the matching process (see Table 1 and the section on
auxiliary information above). Conifer share was included as an impor-
tant stand-level variable because conifers are considerably more sus-
ceptible to disturbances in our study area than broadleaved species
(Thom et al. 2013; Pasztor et al. 2014; Jactel et al. 2017).

We calculated the similarity between sublandscapes using the
Mahalanobis distance across the five indicators of site and stand con-
ditions. For every uneven-aged sublandscape, the even-aged subland-
scape with the lowest Mahalanobis distance was selected as the
matching sublandscape. Next, potentially poor matches were filtered out
by considering only sublandscape pairs with a Mahalanobis distance of
one or lower, retaining the 80% best matches. In a sensitivity analysis,
we found only small differences in our results when applying other
distance thresholds (Figure S5). From the remaining set of matching
sublandscapes we randomly sampled 1250 pairs per study area. This
approach gives equal weight to the four study sites despite their differ-
ences in size (Table 1).
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Fig. 2. : Visual explanation of the four metrics used to characterize disturbance regimes in this study. Note that the illustration does not represent the true size of the
analysis units in terms of number of cells analyzed but was simplified here for illustration purposes (created with BioRender.com).

Overall, the sublandscape pairs had similar site conditions and spe-
cies compositions (Table 2, Figure S1). The careful matching of sub-
landscapes thus controls for differences in site conditions and species
composition, ensuring that differences in disturbance metrics obtained
from this comparison can be attributed to the differences in uneven-aged
and even-aged forest management. For each of the 5000 sublandscape
pairs, we computed disturbance metrics (see above), and compared
them between uneven-aged and even-aged systems. We note that un-
certainty exists with regard to the attribution of canopy disturbances
detected by remote sensing to different disturbance agents. To account
for this uncertainty (overall attribution accuracy was 63%, Sebald et al.
2021) we performed a Monte Carlo Simulation in which we assigned the
disturbance agent of each disturbed cell in our study area with a prob-
ability determined by the user’s accuracy in the original attribution
study (Sebald et al. 2021). We then calculated the resulting mean values
of annual disturbance rates for uneven-aged and even-aged forests in

Table 2

Summary statistics of the sublandscapes analyzed for the two different man-
agement systems (see also Figure S1 for a graphical representation). Presented
are median values and the 5th and 95th percentiles (in parentheses). n= number
of sublandscapes analyzed.

Variable Uneven-aged Even-aged

(n= 5000) (n= 5000)
Elevation 1191 m (700 m, 1 549 m) 1213 m (707 m, 1537 m)
Slope 16.1° (3.8°, 25.3°) 16.7° (4.2°, 25.0°)
Topex 5.0 (4.5, 7.6) 4.9 (4.5,7.6)
North-westerness 0.1 (-1.0, 1.0) 0.2 (-1.0, 1.0)

Share of conifers 99.0% (76.7%, 100.0%) 98.1% (75.0%, 100.0%)

each Monte Carlo run and analyzed the variation in disturbance rates
and the effect of attribution uncertainty on our findings.

2.4. Analyses

We analyzed differences in the disturbance regime between pairs of
uneven-aged and even-aged sublandscapes. First, we compared uneven-
aged and even-aged forests for each of the four disturbance metrics: (i)
disturbance rate, (ii) frequency, (iii) maximum patch size and (iv) pro-
portion of high severity (question 1). To test for statistical significance,
we calculated the differences of each disturbance metric within each
sublandscape pair. After a visual inspection for normality (Figure S6),
we employed two-sided t-tests to identify statistically significant dif-
ferences, with the null hypothesis that uneven-aged and even-aged
forests have the same disturbance regime (cf. our question 1). We,
however, focus our interpretation on ecological rather than statistical
significance, as even small differences can be statistically significant
when using remote sensing data due to the high sample size. Subse-
quently, we visually assessed variation in disturbance rates over time. To
investigate whether and how topography modifies management effects
on disturbance regimes (question 2), we fitted separate generalized
additive models (GAMs) for even-aged and uneven-aged forests, with
disturbance metrics as response variables and site variables as pre-
dictors. In addition, we controlled for conifer share as a confounding
factor to improve the interpretation of the effects of topography on
management effects. We fitted GAMs with three knots for each predictor
to avoid overfitting, using quasibinomial as distribution family and logit
as link function. We assessed model fits using residual plots, which
yielded distributions close to normality (Figure S7). The predictors were
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tested for multi-collinearity by calculating concurvity values. After
excluding topex as a predictor variable, all concurvity values were <0.7,
indicating no issues with multi-collinearity (Dormann et al. 2013). The
four models explained between 13.1% and 24.9% of the deviance of the
data.

We used the software R (R Core Team, 2022) for all analyses, spe-
cifically employing the packages dplyr (Wickham et al. 2022) and tidyr
(Wickham and Girlich M. 2022) for data preparation, terra (Hijmans,
2023) for spatial analyses, Matchlt (Ho et al. 2011) for the matching of
sublandscapes with different management and mgcv (Wood, 2011) for
fitting GAMs. For visualization we used the packages ggplot2 (Wickham,
2016) and ggpubr (Kassambara, 2022) as well as rnaturalearth (Massi-
cotte and South, 2023).

3. Results
3.1. Management effects on the forest disturbance regime

Uneven-aged forests were overall less affected by natural distur-
bances than even-aged forests. The average disturbance rate in uneven-
aged forests was 31.3% lower compared to even-aged forests across all
four study sites (uneven-aged: 0.10% yr '; even-aged: 0.14% yr ')
(Fig. 3). Uneven-aged forests experienced disturbances 36.3% less
frequently on average (uneven-aged: 0.033 events yr '; even-aged:
0.051 events yr’l) and had on average 15.7% smaller maximum
disturbance patch sizes (uneven-aged: 0.80 ha; even-aged: 0.95 ha). The
average proportion of high severity disturbance events was only
marginally lower (3.8%) in uneven-aged forests compared to even-aged
forests (uneven-aged: 30.3%; even-aged: 31.5%). All differences were
highly statistically significant (p < 0.001) (Table 3). Uncertainties due to
potential misclassification of disturbance agents did not substantially
alter our findings (Figure S8)

Disturbance rates in the four study sites showed high temporal
variability, mainly as a result of major storm events in the years 2007,
2008 and 2014. In background years (i.e., years without a major storm
event), uneven-aged forests mostly had lower disturbance rates than
even-aged forests (Fig. 4). In some storm years, uneven-aged forests
exhibited higher disturbance rates in study sites characterized by rugged
terrain (sites A and B), while uneven-aged forests in comparatively
simple terrain (sites C and D) were always less affected by disturbance.

3.2. Factors modulating management effects

Differences in disturbance regimes between management strategies
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were substantially modulated by topography. While the disturbance rate
was generally lower in uneven-aged forests, it exceeded the rate of even-
aged forests in areas with slopes >20° and elevations >1 500 m asl
(Fig. 5). This effect was mainly driven by an increase in disturbance
frequency on steeper slopes and larger disturbance patch sizes in higher
elevations. However, the proportion of high severity disturbances
decreased on steep slopes, indicating more but less severe disturbances
in uneven-aged mountain forests.

Uneven-aged forests also had a higher disturbance rate than even-
aged forests in sublandscapes below 700 m in elevation. This was
mainly the effect of an elevated disturbance frequency, yet maximum
disturbance patch sizes were very small in both uneven-aged and even-
aged low-elevation forests. For all other site conditions uneven-aged
forests had lower disturbance rates than even-aged forests. Lower
disturbance rates in uneven-aged forests were particularly pronounced
in mid-elevation forests and on gentle slopes. Apart from a small in-
crease in high severity disturbances in northwest-exposed forests, north-
westerness had no notable modulating effect on the disturbance regime.

4. Discussion

Changing disturbance regimes pose a major challenge for the sus-
tainable management of forest ecosystems (Kulakowski et al. 2017;
Turner and Seidl, 2023). We here show that uneven-aged management
can substantially mitigate the impact of natural disturbances on forests
in Central Europe. Our findings are in line with previous studies (Mohr
and Schori, 1999; Dvorak et al., 2001; Hanewinkel et al., 2014; Pukkala
et al., 2016; Diaci et al., 2017; Diaz-Yanez et al., 2017) and support our
hypothesis of a positive effect of uneven-aged management on resistance
to disturbance. Managing for structural complexity (Pommerening and
Murphy, 2004; Keeton, 2006; Ehbrecht et al. 2017) can thus be an
efficient means for coping with increasing disturbances in the
conifer-dominated forests of Central Europe. Depending on disturbance
metric, we found that disturbance activity was reduced by between 3.8%
and 36.3%, with the strongest dampening effect of uneven-aged man-
agement on disturbance frequency. However, disturbance rates have
also increased by between 55% and 78% in Central and Eastern Europe
since 1986 (Senf et al. 2021); the reduction of disturbance rates by 29%
in uneven-aged forests found here is thus unlikely to completely cancel
future changes in forest disturbance regimes. This is underscored by the
finding that severe storms do affect forests regardless of their manage-
ment (Fig. 4), with sometimes even higher disturbance impacts in
uneven-aged compared to even-aged forests. Increasing structural
complexity through uneven-aged forest management can thus make an

Fig. 3. Uneven-aged forests are less affected by natural disturbances than even-aged forests. Differences in the disturbance regimes of uneven-aged and even-aged
forests: a) disturbance rate, b) disturbance frequency, ¢) maximum patch size, and d) the proportion of high severity disturbances. Mean values are depicted as
points, medians as horizontal lines, and interquartile ranges (IQR) as boxes, while whiskers illustrate data points within the range of Q1 — 1.5IQR to Q3 + 1.5IQR,

with Q1 and Q3 representing the first and third quartiles, respectively.
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Table 3
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Results of two-sided t-tests to test for differences in the disturbance regime of uneven-aged and even-aged forests. Please note that we computed severity only when
disturbances actually occurred, resulting in a lower degree of freedom (df) for the proportion of high severity disturbances.

Disturbance metric t-value df p-value
Rate -10.692 4999 < 0.001
Max. patch size -3.343 4999 < 0.001
Frequency -18.047 4999 < 0.001
Proportion of high severity -3.788 1699 < 0.001

Mean difference 95% confidence interval

lower upper

-0.044% year ! -0.052% year ! -0.036% year !

-0.149 ha -0.237 ha -0.062 ha
-0.019 year ! -0.021 year ! -0.017 year !
-3.194% -4.849% -1.540%

Fig. 4. : Temporal trajectories of disturbance rate in the four study sites. Lines indicate the average disturbance rate across all sublandscapes of a study site while
ribbons show the interdecile range (range between the 10th and 90th percentile of the data). Sites A and B are characterized by rugged terrain, whereas the terrain of

Sites C and D is comparatively simple.

important contribution to address increasing disturbances, but it needs
to be applied in concert with other silvicultural measures (e.g., con-
verting species compositions to more climate-adapted tree species,
Kuuluvainen et al. 2012; Jactel et al. 2017; Messier et al. 2019; Aszalds
et al. 2022).

4.1. Study design and limitations

A key strength of this study design is the paired-landscape approach,
which identifies comparable sublandscapes with similar attributes
except for the treatment effect under study. Similar approaches of
comparing a special management case to a surrounding counterfactual
of business as usual management has been successfully applied previ-
ously to assess the effect of uneven-aged management on biodiversity
(Schall et al. 2018), and the effect of the cessation of management on
disturbance regimes (Sommerfeld et al., 2018). Here, we go beyond
these previous analyses by explicitly controlling for differences in site
and stand conditions between the two strata via a pairwise comparison
of carefully matched sublandscapes (Ho et al. 2007). We note that our
pairwise comparison deliberately controlled for differences in the share
of conifers, i.e., we here only analyzed the effect of structural differences
between uneven-aged and even-aged forests, while controlling for po-
tential differences in species composition.

Nonetheless, important limitations should be considered when
interpreting our findings. First, we identified uneven-aged forests via the
general management system applied at the company level and did not
analyze forest structure of each sampled sublandscape explicitly
(Ehbrecht et al. 2017). Specifically, we implicitly assumed that forests

surrounding our uneven-aged study sites represented a meaningful
counterfactual for our analysis. Given that the share of uneven-aged
forests in general and of Plenter forests in particular is very low in
Austria (cf. Schiitz, 2001, 2002a, 2002b; BFW 2023), we conclude that it
is highly likely that areas randomly selected from the surrounding of our
study sites are even-aged forests. A further limitation is that we do not
have information on disturbance history prior to 1986 for our study sites
and hence could not control for potential differences in disturbance
legacy on current disturbance dynamics (Sommerfeld et al., 2021).

Uncertainty in our results also stems from the use of remote sensing
data. Specifically, uncertainties include the risk of misclassification of
disturbed areas (e.g., the omission of small disturbed patches in the
satellite analysis) and incorrect disturbance agent attribution (e.g.,
attributing regular management interventions to natural disturbances).
Previous work found that especially the differentiation between distur-
bances caused by bark beetles and those caused by wind is challenging
(Sebald et al. 2021). As a consequence, we here analyzed both agents
jointly. Furthermore, we performed a Monte Carlo analysis to quantify
the effect of attribution uncertainty on our analysis, finding that our
results were robust to potential errors in the agent attribution of the
underlying disturbance data. We also note that we here solely focused on
management-related differences in the natural disturbance regime.
Future studies could use similar approaches as the one presented here to
also study the imprint of management interventions on forest canopies
in more detail, e.g. studying differences between managed and un-
managed ecosystems.

Our results were derived from four forest enterprises situated span-
ning a range of elevations and geological conditions in the forests of
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Fig. 5. : Topography modulates disturbance regimes in forests under even-aged and uneven-aged management. Rate: disturbance rate in % area disturbed
per year, Frequency: disturbance frequency per year, Size: maximum patch size per year, and Severity: proportion of high severity disturbances. Ribbons indicate
average responses and standard errors derived by GAMs. Each panel shows the variation of disturbance metrics over one site variable, while the other two site
variables were set to the median values of their distribution (see Table 2).
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Central Europe. Whether our findings on the effect of uneven-aged
management can be generalized to e.g., low-elevation forests, remains
unclear and should be the focus of future investigations. For instance,
most forests investigated here were dominated by coniferous species,
which are particularly prone to disturbances by wind and bark beetles
(Jactel et al., 2017; Scherrer et al., 2022; Patacca et al., 2023). How
uneven-aged management would affect broadleaved-dominated forest
types in Central Europe remains largely unknown. More broadly, we
here quantified disturbance differences between two management sys-
tems, while elucidating the underlying mechanisms leading to these
differences was beyond the scope of our analysis. Previous work indi-
cated that structural complexity and high single tree vitality increase the
resistance against wind and snow of uneven-aged conifer forests (Dia-
z-Yanez et al. 2017). Further research is required to assess whether these
or other factors are driving the lower disturbance rates of uneven-aged
forests observed in this study. We also note that focusing on the past
provides limited insights into how uneven-aged forests will be affected
by novel disturbance regimes emerging under climate change (Turner
and Seidl, 2023). Therefore, further work is needed to better understand
the underlying mechanisms and conclusively answer whether
uneven-aged forests will also be less impacted by natural disturbances
under future climate.

4.2. Implications for forest management

We found that uneven-aged management had a distinct effect on
forest disturbance regimes (Fig. 3), leading to a substantial reduction in
disturbance rate. Therefore, uneven-aged management could be an
important tool in the arsenal of forest managers for addressing ongoing
changes in disturbance regimes (Pommerening and Murphy, 2004;
Turner and Seidl, 2023; Thom and Spathelf, 2023). Forest disturbances
are expected to increase further in the coming decades, with projections
for our study area suggesting a two- to six-fold increase in disturbances
by the end of the 21st century (Seidl et al. 2009; Thom et al. 2022).
Considering these drastic changes expected for the future, it is unlikely
that the adoption of uneven-aged management alone will be sufficient to
mitigate the effects of increasing forest disturbances. Reducing the share
of coniferous tree species may, for instance, additionally dampen
disturbance activity (Jactel et al. 2017; Aszalos et al. 2022). The fact that
uneven-aged management cannot substitute such a species change to
broadleaved forests particularly in low elevation areas is underscored by
our finding of high disturbance activity in uneven-aged, low-elevation
conifer forests. We thus see uneven-aged management as but one
element of a broader strategy to address the emerging novel disturbance
regimes in forest management (Leverkus et al. 2021; Thom and Spathelf,
2023; Turner and Seidl, 2023).

Our results emphasize that management decisions to mitigate
increasing disturbances need to be tailored to local context. We here
found that terrain strongly modulated the effect of management on
disturbances. Specifically, on steep slopes and in high elevations,
uneven-aged forests were more prone to disturbance than even-aged
forests. This could result from increased canopy roughness in uneven-
aged forests on steep slopes, e.g. increasing the exposure to wind
(Bodin and Wiman, 2007). Partly, this could also be an artifact of the
remotely sensed disturbance data, as irregular management in an
already highly patchy system (i.e. subalpine forests in our study area)
could lead to analysis thresholds (e.g., the 1 800 m? minimum mapping
unit of the disturbance map used) being crossed more frequently,
resulting in larger apparent patch sizes with lower shares of severe
disturbances (cf. Fig. 5). Furthermore, there are differences in how
uneven-aged forests are achieved by management in different terrain:
High elevation forests are often managed in a group selection approach
using cable yarding systems (Schonenberger, 2001; Spinelli et al. 2015),
which increase stand edges that potentially lead to higher disturbance
impacts compared to single tree selection systems (Matlack and Litvaitis,
2001; Kautz et al., 2013).
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The reduction of disturbance impacts in uneven-aged forests was
very effective in simpler terrain (<20° slopes) and in mid-elevation
areas, where single-tree selection is feasible. However, managing for
uneven-aged stand characteristics in group selection systems has many
other benefits in steep, high elevation mountain forests (e.g., in the
context of protection against gravitational natural hazards, Moos et al.
2016). It might thus still be the desirable management approach also in
rugged terrain, as e.g., the ability of forests to recover ecosystem func-
tioning after disturbance (i.e., disturbance resilience, not assessed here)
is considerably elevated in uneven-aged stands (Diaci et al. 2017).

The advantages and disadvantages of uneven-aged management
have been intensively discussed among forest scientists and manage-
ment decision makers (Kuuluvainen et al. 2012; Redon et al. 2014; Nolet
etal. 2018; Schall et al. 2018; Ekholm et al. 2023). Our results show, that
uneven-aged management is no silver bullet solution for managing
forest change (Kuuluvainen et al. 2012; Messier et al. 2019), and high-
light that the benefits and drawbacks of each management system need
to be assessed against and adapted to local needs and conditions.
However, we found evidence that in Central Europe, forests under
uneven-aged management are less affected by natural disturbances than
even-aged forests. Managing for uneven-aged conditions and associated
structural complexity can therefore be an important element in a
broader management strategy of addressing increasing disturbances in
the future.
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