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A B S T R A C T

Forests across Europe are experiencing higher rates of tree mortality while many insect populations are declining, 
but the links between these two ecological changes are not well understood. While pulses of tree mortality from 
natural disturbances can enhance structural complexity through canopy openings and deadwood accumulation – 
both key elements for high value insect habitats – post-disturbance tree removal may reduce habitat quality. We 
systematically investigated the impact of natural disturbances and post-disturbance logging on total insect di
versity across major European forest types, comparing triplets of undisturbed, disturbed, and cleared forest 
patches. Using metabarcoding and a newly developed phylogeny, we quantified taxonomic and phylogenetic 
diversity (standardized by sample coverage along Hill numbers) for 21,218 insect OTUs from 347 families and 19 
orders. Disturbances and post-disturbance clearing increased taxonomic diversity by up to 12 % in disturbed and 
26 % in cleared patches compared to undisturbed patches. However, phylogenetic diversity increased only for 
rare species. Spaceborne data identified canopy openness as the primary driver of this increase, but responses 
varied by feeding guilds, with parasitoids and fungivores showing the strongest diversity increase. Overall, our 
findings show that current post-disturbance logging of small-scale disturbances in Central Europe amplifies 
canopy openings created by natural disturbances. This leads to a positive response of insect diversity shortly after 
disturbance, yet effects vary among feeding guilds and phylogenetic lineages. Our combination of innovative 
spaceborne and metabarcoding information provides new insights into the complex impacts of increasing tree 
mortality on insect diversity in Central European forests.

1. Introduction

1.1. Natural disturbances and insect decline are an increasing challenge

A prominent impact of ongoing climate change are more frequent 
and severe drought events in temperate regions (Spinoni et al., 2018), 
which can cause more frequent natural disturbances in forest ecosystems 
(Gazol and Camarero, 2022). In Europe, Norway spruce forests (Picea 
abies (L.) Karst.) are particularly susceptible to drought (Thom et al., 

2023). Ongoing drought stress often leads to bark beetle infestations, 
which can occur at high severities and can cover large areas (Senf and 
Seidl, 2021; Potterf et al., 2025). However, increasing tree mortality can 
be observed also in other major forest types of Europe, such as in pine 
(Pinus sylvestris L.), oak (Quercus robur L.) and beech (Fagus sylvatica L.) 
forests (Bose et al., 2020; Haavik et al., 2015; Thom et al., 2020). At the 
same time, climate change and land-use changes are driving insect de
clines in North America and Europe (van Klink et al., 2020). Concerns 
over biodiversity loss and ecosystem functions have spurred political 
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action (Felgentreff et al., 2023) and intensified research (Haase et al., 
2023; van Klink et al., 2024; Hallmann et al., 2017; Didham et al., 2020). 
However, the causes of insect decline remain unclear and likely involve 
multiple interacting factors (“death by a thousand cuts”; (Wagner et al., 
2021)), including land use (Uhler et al., 2021), climate change 
(Beaumont et al., 2011; Harvey et al., 2023), and unfavourable weather 
conditions over many years (Müller et al., 2024). However, it remains 
unclear how insect decline is affected by increasing disturbances. Insect 
declines are known to occur in forests as well as agricultural areas, yet 
tree mortality seems to buffer these negative trends in temperate forests 
(Seibold et al., 2019).

1.2. Natural disturbances change ecosystems

Natural disturbances (i.e. pulses of tree mortality) have distinct im
pacts on forest ecosystems. They can lead to increased structural di
versity (Senf et al., 2020; Svoboda et al., 2010), open canopies (Thom 
et al., 2020), an accumulation of dead wood resources (Mayer et al., 
2022; Svoboda et al., 2010) and an increase in ground vegetation 
(Zehetgruber et al., 2017). Hence, naturally disturbed forests are of high 
conservation value, fostering conditions which resemble unmanaged 
forests (Bässler and Müller, 2010; Müller et al., 2008; Procházka et al., 
2020; Donato et al., 2012; Swanson et al., 2011), shaped by post- 
disturbance legacies like dead and dying trees as well as by a new 
cohort of regenerating trees (Kortmann et al., 2018; Winter et al., 2017).

Nevertheless, in Central Europe, most forest disturbances are 
actively managed – typically through salvage logging or clearing – for 
economic reasons and pest control (Müller et al., 2019). Such manage
ment alters disturbance legacies by removing dead and dying trees and 
can further disturb the forest floor due to the use of heavy machinery. In 
some cases, it increases disturbance severity through the extensive 
removal of trees (Leverkus et al., 2021; Lindenmayer and Noss, 2006), 
while also influencing the structure and composition of post-disturbance 
tree regeneration (Seidl et al., 2024). Consequently, post-disturbance 
logging is considered an additional disturbance following a natural 
event (Leverkus et al., 2018; Lindenmayer et al., 2017).

Both natural disturbances and post-disturbance management shape 
species communities and assembly patterns in disturbed forests in 
different ways (Thorn et al., 2018; Thorn et al., 2016; Georgiev et al., 
2022). Many studied taxa, such as Hymenoptera, hoverflies, saproxylic 
beetles, and Hemiptera, generally respond positively to natural forest 
disturbances (Viljur et al., 2022). In contrast, salvage logging is often 
expected to have negative effects on insect communities (Thorn et al., 
2018), though different taxonomic groups exhibit varying thresholds of 
logging intensity at which species richness declines (Thorn et al., 2020). 
How species or taxa respond to disturbance and salvage logging depends 
on their habitat requirements and life history (Beudert et al., 2015; 
Kortmann et al., 2024; Thom and Seidl, 2016; Viljur et al., 2022).. Ul
timately, we would expect that the response of insect communities to 
post-disturbance clearing is negative if communities are mainly 
resource-driven, like saproxylic species, and that the response is positive 
if communities are mainly light-limited (Thorn et al., 2014). Especially if 
naturally disturbed patches are small, post-disturbance logging should 
lead to more intense canopy opening and hence could promote light 
demanding species.

1.3. Metabarcoding to analyse insect diversity

Insects are an exceptionally diverse class of species. To identify this 
vast number of species across all families, metabarcoding has become an 
increasingly popular tool for studying insect communities. Currently, 
metabarcoding is the only method that allows the inclusion of under
studied and “dark” taxa, adding further depth to ecological analyses 
(Kortmann et al., 2022; Leroy et al., 2022; Morinière et al., 2019). While 
metabarcoding allows the comprehensive identification of communities, 
a key limitation is its lack of reliable abundance estimates (Liu et al., 

2020). However, recent advances have improved the standardized 
analysis of metabarcoding data, including the use of phylogenetic di
versity metrics (Kortmann et al., 2025).

Recently, a controlled experiment across 11 sites in broadleaved 
forests dominated by beech in Germany found that insect diversity was 
highest in canopy gaps containing dead trees (Rothacher et al., 2025). 
However, it remains unclear whether these experimental results mirror 
real-world conditions in disturbed forests across major Central European 
forest types (Jochum et al., 2020). Specifically, we expect that the size 
and severity of canopy openings and post-disturbance clearing are not 
independent and hence interact to influence insect diversity. To address 
this question, we conducted insect sampling using Malaise traps in a 
replicated natural experiment with triplets of three treatments, undis
turbed forest, disturbed forest, and cleared forests after disturbance, 
across stands dominated by spruce, pine, oak, and beech (Seidl et al., 
2024).

Given the natural variability in disturbance size and severity, we 
used satellite-derived canopy openness values to quantify changes in 
light availability across treatments. Building on previous experimental 
findings by Rothacher et al. (2025), we hypothesized that disturbed 
forests without post-disturbance clearing would show the strongest 
positive effects on overall insect diversity. At the same time, we expected 
that particularly non-feeding insects (in their adult stage), predators, 
and phytophagous insects to also benefit from clearing due to increased 
light availability in comparison to undisturbed forests. In terms of 
phylogenetic diversity, we anticipated higher values in disturbed 
patches, driven by the combined effects of increased deadwood and 
light. In contrast, we expected similar or lower phylogenetic diversity in 
cleared patches, where positive responses may be limited to a narrower 
range of taxa.

2. Methods

2.1. Study design

We focused on forests that experienced moderate- to high-severity 
tree mortality from drought and bark beetles in 2018 and 2020 (for 
details see Seidl et al. (2024)). Sites were selected in which tree mor
tality in 2018–2020 exceeded 300 % of the mean rate of canopy opening 
between 1986 and 2015. Within 40 sites of high tree mortality, triplets 
of patches were selected (Fig. 1), including (i) a disturbed patch that was 
unmanaged (standing and downed deadwood remaining on site), (ii) a 
disturbed patch that was managed (salvage-logged, often planted), and 
(iii) an undisturbed reference patch, representing the composition and 
structure prior to the onset of mortality in 2018. The patches within a 
triplet were located in close proximity to each other (mean distance 372 
m), in order to ensure constant site conditions. The minimum patch size 
requirement was 625 m2, with the smallest side of the patch exceeding 
25 m. The elevation range of the sites was from 128 m to 971 m asl. 
Average patch size was 6558 m2, and thus close to the long-term average 
of disturbance patch size in Germany of 7300 m2 (Senf and Seidl, 2021). 
All sites were located in Bavaria, Germany.

2.2. Remote sensing

For each of the 120 patches we extracted information on total canopy 
cover for the sampling year 2022 from parameters of forest structure 
derived from spaceborne remote sensing data. A combined modelling of 
multispectral and radar data joined with samples from a LiDAR system 
(Light detection and ranging) was used to describe forest total canopy 
cover at 10 m spatial resolution in 2022 (Kacic et al., 2023). We used a 
50 m (local) and 250 m (neighbourhood) radius around each patch 
centre to extract the mean value for total canopy cover in close prox
imity to the patch centre and within a larger radius. In the following, the 
inverse of total canopy cover was calculated to characterize reduced 
canopy cover, which is named canopy openness in the following.
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2.3. Insect sampling and identification

On each patch, we installed a Malaise trap based on the Townes 
Malaise trap model with black roof and a slightly smaller size then the 
Townes model (Uhler et al., 2021). Traps were operated from the 
beginning of May until the end of July in 2022. Traps were equipped 
with collection bottles filled with ethanol (70 %) to ensure high DNA 
quality for metabarcoding. Bottles were exchanged biweekly with slight 
variations in individual sampling periods. This resulted in a total of six 
completed samples on each patch. Excluding some malfunctions, we 
collected a total of 702 samples. We separated the captured arthropods 
of each sample in two size classes using a sieve (mesh size: 8 mm) to 
avoid underrepresentation of small specimens with relatively low 
biomass during metabarcoding. Species identification was performed 
using CO1-5P (mitochondrial cytochrome oxidase 1) metabarcoding. 
DNA metabarcoding followed the laboratory and bioinformatics pipe
lines as reported in (Hausmann et al., 2020). A detailed description of 
the metabarcoding and bioinformatic procedures can be found in Sup
plement 1 (Metabarcoding).

2.4. Statistical analyses

In our 702 insect samples, we identified 21,218 OTUs from 347 
families and 19 orders. All statistical analyses were conducted in R 4.3.1 
(R Core Team, 2023) following the data processing protocol outlined by 
Kortmann et al. (2025). Sequencing errors were removed using a sta
tistical approach, and the final read frequency distribution per sample 
was used to assess sample completeness.

To estimate standardized taxonomic and phylogenetic diversity 

along Hill numbers, we used iNEXT.3D (Chao et al., 2021). Phylogenetic 
diversity calculations were based on a phylogeny combining meta
barcoding sequence data with a backbone phylogeny for insect families 
(see Supplement 1 (iNEXT calculations) for details). Feeding guilds were 
assigned at the family level using published classifications along the 
backbone phylogeny (Rainford and Mayhew, 2015) (see Supplement 
Table S1.1).

2.5. Generalized additive models

We used generalized additive models (GAMs) from the mgcv package 
to assess the effects of disturbance and forest type on taxonomic and 
phylogenetic diversity along Hill numbers. Diversity values were 
modelled with a negative binomial error term, including disturbance 
categories (undisturbed, disturbed-unmanaged, and disturbed- 
managed) and forest type (spruce, beech, oak, pine) as predictors. To 
account for seasonality, we included a smoothed spline for sampling 
date and an offset for sampling length, along with site- and patch- 
specific random effects (smooth term for random effects (bs=”re”). 
Analyses were repeated separately for different feeding guilds.

Additional GAMs with a binomial error term tested effects of the 
same predictors (disturbance category, forest type, sampling date and 
length, site and patch) on sample coverage, while models incorporating 
canopy openness (from remote sensing) instead of treatment categories 
were used to analyse the effect of disturbance severity in more detail. 
Since Malaise traps capture highly mobile insects, we considered canopy 
openness within both local and neighbourhood surroundings. These 
models used a negative binomial error term and included canopy 
openness, forest type, sampling date, sampling period length, and site- 

Fig. 1. Study area (Bavaria, southern Germany) and the 40 study sites. Our sites included four major forest types: Norway spruce (Picea abies (L.) Karst.) forests 
(n = 17 sites | 51 patches), Scots pine (Pinus sylvestris L.) forests (n = 5 | 15), European beech (Fagus sylvatica L.) forests (n = 13 | 39), and forests dominated by oak 
species (Quercus robur L. and Q. petraea (Matt.) Liebl., n = 5 | 15). Each site comprised a triplet of patches, A) undisturbed forest, B) disturbed forest and C) disturbed 
and cleared forest. Right panels shows the change in canopy openness (i.e. inverse of total canopy cover) in disturbed (B) and cleared (C) patches in comparison to 
undisturbed patches (A) within a 50-m and a 250-m radius, derived from remote sensing. Lower case letters indicate significant differences between the manage
ment categories.
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and patch-specific random effects. We build separate models for either 
local or neighbourhood surroundings. Finally, GAMs tested differences 
in local and landscape canopy openness between forest types and 
disturbance categories, incorporating site- and patch-specific random 
effects, using a Gaussian error term (Müller et al., 2024).

To illustrate how canopy openness differs among forest types 
following disturbance and clearing, we calculated changes in canopy 
cover between undisturbed and disturbed patches, as well as between 
disturbed and cleared patches within each site. Since changes in canopy 
openness were rather subtle in the neighbourhood surrounding, we 
focused only on the local surrounding in this step. These differences 
were then plotted against the corresponding changes in insect diversity. 
Canopy cover changes were expressed as percentage point differences, 
for example, an increase from an openness of 40 % to 50 % canopy cover 
was coded as 10 percentage point change. Changes in insect diversity 
were calculated as percent increases or decreases relative to the undis
turbed or disturbed patches, respectively. To test the impact of canopy 
cover changes we calculated linear models with percentage point 
change and elevation as predictors for changes in taxonomic and 
phylogenetic diversity (Fig. 4).

3. Results

Insect samples in disturbed and cleared patches had significantly 
lower sample coverage than those in undisturbed forests. After stan
dardization for a coverage of 99 %, results of the generalized additive 
models showed higher taxonomic diversity in disturbed and cleared 
forests compared to undisturbed forests (Fig. 2). In disturbed forests, 
taxonomic diversity was significantly higher than in undisturbed sites 
for q = 0 (t = 3.784; p < 0.001). In cleared forests disturbance-induced 
changes in taxonomic diversity were significant for q = 0 and q = 1 (t =
7.704; p < 0.001 and t = 3.883; p < 0.001). Generally, diversity re
sponses were more pronounced in cleared than in disturbed forests 
(Fig. 1).

Phylogenetic diversity was significantly higher in disturbed and 
cleared patches compared to undisturbed for q = 0 (t = 3.254; p = 0.005 
and t = 6.888; p < 0.001). In contrast, for q = 1 and q = 2 phylogenetic 
diversity did not differ significantly from the undisturbed reference in 
disturbed and cleared patches. Detailed model results can be found in 

Supplement 1 Table S1.2.
Results at the level of different feeding guilds were similar to those of 

the entire dataset. One notable difference was that the phylogenetic 
diversity of parasitoids increased for q = 1 in disturbed and cleared 
patches, in contrast to other feeding guilds and the full dataset (Fig. 3).

Results of the GAMs with canopy openness and forest type as pre
dictors indicated clear differences in the effect of canopy openness be
tween forest types for both local and neighbourhood surroundings. Oak- 
dominated forests had the lowest values in canopy cover, but distur
bance severity was moderate with canopy openness remaining <60 % 
even after disturbance (Supplement Fig. S1.3 and S1.4). While pine 
forests were also open and had moderate disturbance severity, beech 
and spruce forests had closed canopy before disturbance and experi
enced high disturbance severity. Increasing canopy openness only 
significantly affected taxonomic and phylogenetic diversity in beech and 
spruce forest types. Especially a disturbance-induced increase in canopy 
openness in spruce forests in a 250 m radius around the sampling 
location had significantly positive effects on taxonomic and phyloge
netic diversity. In contrast, phylogenetic diversity for q = 1 decreased 
significantly with increasing canopy openness in spruce stands (50 m 
radius). In contrast, taxonomic and phylogenetic diversity for q =
0 increased with increasing canopy openness in beech stands (50 m 
radius).

Since the effects of disturbance-induced canopy openings were most 
pronounced for taxonomic diversity at q = 0 and for phylogenetic di
versity at q = 2, we focused on these metrics in further analyses (Fig. 4). 
We found that for most patches, increased canopy openness is associated 
with higher taxonomic diversity, most notably in spruce stands. Still, the 
positive effects of canopy openness due to clearing (additional canopy 
opening in cleared compared to disturbed patches) decreased with 
increasing openness (Fig. 4A, right panel). Negative effects of distur
bance on taxonomic diversity were observed only in oak and pine 
patches (Fig. 4A, left panel). However, oak and pine patches generally 
exhibited positive responses in phylogenetic diversity (Fig. 4B, right 
panel). The additional canopy opening caused by clearing led to a range 
of changes in both taxonomic and phylogenetic diversity (Fig. 4A and B, 
right panels). In some cases, however, the effects of disturbance and 
clearing on canopy cover were small (Fig. 4).

Fig. 2. Partial effects of natural disturbance and post-disturbance management on taxonomic and phylogenetic diversity. Changes are in comparison to 
undisturbed forests and are based on estimates from generalized additive models. Disturbed = tree mortality from drought and bark beetles; Cleared = tree mortality 
from drought and bark beetles, followed by post-disturbance salvage logging. Letters indicate statistical differences at p < 0.05 between the different disturbance 
types within each order of q.
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4. Discussion

Our study revealed predominantly positive effects of disturbance and 
post-disturbance management on taxonomic diversity, with increases of 
up to 12 % in disturbed patches and up to 26 % in cleared patches 
compared to undisturbed forests. Conversely, phylogenetic diversity 
showed only significant increases for rare species (9 % and 19 % in 
disturbed and cleared patches). Disturbed and cleared patches also had 
lower sample coverage, suggesting the presence of more undetected 
species despite standardized sampling efforts, a pattern already 
observed by Rothacher et al. (2025) under conditions of experimental 
disturbance. Importantly, we also found that increasing canopy open
ness, particularly in beech- and spruce-dominated forests, was strongly 
associated with higher taxonomic insect diversity.

4.1. Taxonomic and phylogenetic diversity

The strong diversity increase in cleared patches in our study con
tradicts our initial expectations and differs from findings in experi
mentally disturbed broadleaf forests, where gaps of controlled size with 
deadwood supported higher diversity than those where trees were 
removed (Rothacher et al., 2025). Our results also contrast with those of 
Sire et al. (2022) and (Wang et al. (2021), both of whom reported that 
climate- or pest-induced dieback did not significantly alter overall insect 
species richness. Instead, these studies found that canopy opening and 
associated structural changes primarily drove shifts in community 
composition, with the strongest responses often observed among rare or 
habitat-sensitive taxa.

Generally, post-disturbance management, such as salvage logging, is 
considered detrimental to biodiversity due to deadwood removal and 

Fig. 3. Partial effects of natural disturbance and post-disturbance management on the taxonomic diversity of different feeding guilds. Changes are in 
comparison to undisturbed forests and are based on estimates from generalized additive models, fit at the level of feeding guilds. Letters indicate statistical dif
ferences at p < 0.05 between the different disturbance types within each order of q.

M. Kortmann et al.                                                                                                                                                                                                                             Biological Conservation 313 (2026) 111647 

5 



the additional disturbance it causes, e.g. to the soil and to residual 
vegetation (Lindenmayer and Noss, 2006; Leverkus et al., 2018; Lin
denmayer et al., 2017; Hyvärinen et al., 2006). For saproxylic insects in 
particular, this expectation has been consistently confirmed (Thorn 
et al., 2018). However, our study included a broad range of insect taxa 
across multiple feeding guilds, many of which are also influenced by 
herb-layer vegetation and light availability, in addition to deadwood 
resources. These factors may partly explain the observed patterns.

Furthermore, while taxonomic diversity increased, phylogenetic di
versity declined among common and dominant species, aligning with 
experimental findings from beech forests (Rothacher et al., 2025). This 
suggests that disturbance and especially post-disturbance management 
may selectively benefit certain evolutionary lineages.

Taken together, these results point to a more nuanced picture of 
insect diversity responses, potentially shaped by interacting factors such 
as light conditions, resource heterogeneity, and disturbance scale, which 
we will explore in the following sections.

4.2. Drivers and effects of disturbance and post-disturbance management

Two of the main resources altered by drought induced disturbances 
are light and deadwood. Deadwood is consistently abundant in 
disturbed patches and heavily reduced in cleared patches, while still 
being considerably higher compared to undisturbed forests (Priewasser 
et al., 2013). Canopy openness, and thus light availability, vary sub
stantially across disturbed areas, as patch size and disturbance severity 
differ within and between forest types. To explore this variation further 
and better understand the underlying processes driving insect responses 

to disturbance, we analysed satellite-derived changes in canopy cover at 
both local and broader spatial scales around each trap. For shade- 
tolerant species such as spruce and beech, disturbances led to signifi
cant increases in light availability. These changes were accompanied by 
consistently positive responses in taxonomic diversity relative to un
disturbed patches (Fig. 4, Fig. S1.3, Fig. S1.4). In contrast, light- 
demanding tree species like pine and oak already had relatively open 
canopies before disturbance, and disturbances only moderately 
increased canopy openness further (Fig. 4). Consequently, the response 
of taxonomic diversity in oak and pine forests to disturbance was more 
mixed.

Cleared plots generally exhibited greater canopy openness than those 
that were disturbed but remained untreated, an effect that likely 
contributed to the strong positive response of taxonomic insect diversity 
in these areas (Fig. 4). In our study, canopy openness serves as an in
dicator of disturbance intensity, as clearing after natural disturbances 
removes additional canopy cover beyond what the disturbance itself 
created. This pattern, i.e. higher canopy openness in cleared sites, re
flects the amplifying effect of post-disturbance management such as 
salvage logging. Similar mechanisms may explain global observations 
that disturbance patches within managed forests are often larger and 
more severe than those in forests without management (Sommerfeld 
et al., 2018; Krüger et al., 2025). In many cases, this difference likely 
arises not from the natural disturbance regime itself, but from man
agement interventions (e.g., salvage logging) that expand or intensify 
disturbance effects in unprotected, managed forests. Importantly, 
although this greater openness was associated with higher insect taxo
nomic diversity in the short term in our study, the long-term ecological 

Fig. 4. The effect of changes in canopy cover in the local surrounding on changes in taxonomic (A) and phylogenetic diversity (B). Left panels show changes 
between undisturbed and disturbed patches and right panels between disturbed and cleared patches. Changes in taxonomic diversity (A) were calculated for q0 
(species richness or rare species) and for phylogenetic diversity (B) for q2 (the inverse of Simpson's concentration index or dominant species). Points are based on raw 
data, prediction lines and confidence bands are based on linear models controlled for elevation, showing only significant (p < 0.05) effects of canopy cover change.
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implications of such management-driven canopy alteration remain un
certain and should be carefully considered when balancing biodiversity 
conservation with post-disturbance interventions.

It is important to note that the positive effects of clearing after 
disturbance observed here are contingent on the relatively small 
disturbance patches that are typical for our study area. This is under
scored by the observation of the strongest changes in canopy cover 
within a 50-m radius from the sampling location (Fig. 1 and Fig. S1.3). 
We also observed that the positive effects of clearing were especially 
high for relatively small additional canopy openness (Fig. 4 A) right 
panel). The fact that disturbances in our study are predominantly small 
is representative for Central Europe, where the average disturbance 
patch size over the past decades was approximately 0.73 ha (Senf and 
Seidl, 2021). It is important to note that as climate change intensifies 
and disturbances potentially become larger, the beneficial effects of 
salvage logging on insect diversity reported here may change. Further
more, our findings do not indicate a universally positive effect of post- 
disturbance clearing but rather highlight that outcomes are highly 
context-dependent and contingent on the prevailing disturbance regime 
and forest type.

Positive effects of post-disturbance management on insect diversity 
were also observed in previous research. A study on post-windthrow 
insect diversity over 20 years found that salvage logging had minimal 
impacts on most taxa, except saproxylic beetles, which benefited from 
unsalvaged sites (Wermelinger et al., 2025). Similarly, a meta-analysis 
reported significant species richness declines in only eight out of 24 
species groups following salvage logging, whereas 13 taxa showed no 
significant response and three taxa increased in species richness (Thorn 
et al., 2018). Moreover, prior research suggests that post-disturbance 
management can accelerate deadwood diversification in early post- 
disturbance years (Thorn et al., 2014), as managed sites provide a 
quicker and more varied supply of deadwood compared to natural 
decay, especially in commercial forests where damaged trees tend to be 
of uniform age, size and species.

It is also important to recognize that substantial amounts of dead
wood often remain in patches that were cleared post-disturbance. For 
example, windthrown sites in Switzerland retained approximately 70 m3 

ha− 1 of deadwood after clearing, which is considerably more deadwood 
than in most commercial forests of Central Europe (Priewasser et al., 
2013; Müller and Bütler, 2010). The effects of deadwood and light were 
recently disentangled in a dedicated experiment (Rothacher et al., 
2025), but also here the effect of canopy openings was identified as the 
overall strongest driver of insect diversity.

Still, the positive effects of canopy openings might only last for a 
limited time after disturbance. Forests in Europe recover their pre- 
disturbance canopy cover within 30 years (Senf and Seidl, 2022), and 
local recovery can even be considerably faster (Mandl et al., 2024). 
Consequently, disturbance effects on insect diversity are subject to 
change over time. For example, a study in Finland focusing on forest fire 
and clearing showed that open patches initially had the highest species 
richness, but that this effect diminished over time with resource deple
tion. After a decade, disturbed sites that were not cleared exhibited 
greater species richness than cleared ones (Heikkala et al., 2016). Since 
changes in forest structures in the early successional phase are extremely 
dynamic, temporal changes in insect communities do not occur linearly 
and differ between taxonomic groups with different habitat re
quirements (Gazzea et al., 2025; Wermelinger et al., 2025). We note that 
the ecological benefits of post-disturbance legacies, such as standing and 
downed deadwood, diverse decay stages, and regenerating vegetation 
(including diverse early-seral plant communities), develop only gradu
ally and were not captured in our study.

4.3. Effects on different feeding guilds

A range of different feeding guilds exhibited consistently positive 
responses in taxonomic diversity to disturbance, with the most 

pronounced increase observed in parasitoids, with common species 
increasing by 45 % in cleared patches. The strong taxonomic response of 
parasitoids may reflect enhanced host availability and a subsequent 
increase in trophic complexity. Similar trends have been documented in 
boreal forests under various management regimes, that found higher 
parasitoid richness in early successional forests than old-growth forests 
(Rodríguez et al., 2019) and in expanded host–parasitoid networks 
following clear-cutting (Eckerter et al., 2022). Another study from the 
Italian Alps showed increased species richness and abundance in 
Tachinidae the following five years after windthrows linking it to higher 
availability of host species (Gazzea et al., 2025). In contrast, phyloge
netic diversity revealed divergent patterns across guilds: while parasit
oids, non-feeding insects (as adults), and fungivores maintained or 
increased their diversity after disturbance, detritivores, predators, and 
ectoparasites declined, an effect that was particularly strong for com
mon species from these guilds.

Phytophagous insects and predators appeared particularly sensitive 
to changes in canopy openness. Previous research suggests that taxo
nomic diversity in these groups increases in open-canopy conditions, 
likely due to improved access to plant resources (Bouget and Duelli, 
2004). In our study, cleared patches exhibited greater canopy openness 
than disturbed ones, which likely explains the more pronounced in
crease in taxonomic diversity for these guilds on cleared patches. Sup
porting this notion, (Seibold et al., 2016a; Seibold et al., 2016b) found 
that sun exposure was strongly beneficial for phytophagous species 
especially in the absence of deadwood, likely due to a higher cover of 
herb layer. This proliferation of herbivores may in turn support a higher 
abundance of predators through increased prey availability (Bouget and 
Duelli, 2004). However, the benefits appear taxon-specific, as reflected 
by the mixed responses in predator phylogenetic diversity (Fig. 3). While 
literature remains limited on such patterns, studies on damselflies 
(Shelly, 1982), robber flies (Shelly, 1984), and Vespidae (Shure and 
Phillips, 1991) hint at similarly nuanced responses to canopy density 
and resource availability.

Fungivores exhibited significant increases in both taxonomic and 
phylogenetic diversity in cleared compared to undisturbed patches. One 
possible mechanism is the response of wood-inhabiting fungi, a key food 
resource for fungivores, which may benefit from cutting dead trees into 
several pieces during post-disturbance logging. The resultant diversifi
cation in deadwood resources can reduce competitive exclusion, which 
is a known driver of fungal diversity (Juutilainen et al., 2016; Hottola 
et al., 2009; Heilmann-Clausen and Christensen, 2004). Our results also 
align with previous findings showing that Collembola thrive in forest 
gaps and benefit from understory removal (Perry et al., 2018). Non- 
feeding insects, in contrast, likely responded to increased canopy 
openness and the associated rise in temperature, rather than changes in 
resource availability, given their minimal reliance on feeding during 
adult life stages.

Overall, these patterns underscore the complex biodiversity re
sponses to disturbance, particularly when considering both taxonomic 
and phylogenetic dimensions of all insect families. While taxonomic 
diversity increased across most feeding guilds, phylogenetic diversity 
revealed more nuanced patterns, suggesting that canopy openings 
selectively benefit specific evolutionary lineages. Notably, phylogenetic 
diversity gains were largely restricted to rare species, indicating that 
among common and dominant taxa only a few lineages benefit from the 
altered conditions post disturbance. Similar patterns were observed by 
Sire et al. (2022), who reported that climate-induced forest dieback 
caused pronounced shifts in insect community composition, with the 
strongest responses also occurring in rare species. Evidence from 
controlled experiments with artificial gaps further supports this pattern, 
as Rothacher et al. (2025) found that phylogenetic diversity increased in 
both gap types, but again only among rare species. Together, these re
sults underscore the importance of considering both abundance and 
evolutionary history when assessing disturbance effects and points to 
the need for further research on the drivers of phylogenetic diversity 
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across functional guilds.

5. Conclusions

Our study offers novel insights into the disturbance response of 
biodiversity in major Central European forest types, considering a wide 
range of insect species via a standardized approach for assessing both 
taxonomic and phylogenetic diversity. By incorporating spaceborne 
data into our analysis, we were able to analyse the detailed effects of 
changes in canopy cover after natural disturbance and post-disturbance 
management, and their respective impacts on insect communities. We 
found that salvage logging extends natural disturbances in size and 
severity. Shortly after the event (2–4 years), both natural disturbances 
and subsequent management increased insect diversity, with canopy 
opening identified as the primary driver of these gains.

Responses to disturbance differed among feeding guilds, with para
sitoids, non-feeding insects, and fungivores showing the most pro
nounced increase in diversity. Our findings suggest that disturbance acts 
as filter on species composition, promoting richness within certain 
phylogenetic lineages.

From a management perspective, these results highlight the impor
tance of scale, forest context, and temporal perspective. In managed 
forests where sanitation felling is often mandatory, additional clearing 
after small-scale disturbances may not be as detrimental to insect di
versity in the short term as commonly assumed. However, this finding 
should not be misinterpreted as a general argument for clearing after all 
disturbances. In larger-scale events, canopy openness is already exten
sive, and further clearing is unlikely to provide ecological benefits. 
Moreover, the long-term value of allowing natural disturbance legacies 
to remain, such as deadwood and structural heterogeneity, remains 
critical for sustaining forest biodiversity, particularly in protected areas.

Looking ahead, future research should focus on studies that capture 
both disturbance and post-disturbance management effects across an 
extended time since disturbance. Rather than relying on long-term 
monitoring alone, carefully applied space-for-time substitution can 
provide critical insights into long-term ecological trajectories, without 
having to wait for decades to obtain relevant data. In the face of accel
erating environmental change, such timely and integrative approaches 
are essential for informing effective conservation management 
strategies.
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Altermatt, F., Álvarez-Cabria, M., Amatulli, G., Angeler, D.G., Archambaud- 
Suard, G., Jorrín, I.A., Aspin, T., Azpiroz, I., Bañares, I., Ortiz, J.B., Bodin, C.L., 
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Lehmann, P., Le Lann, C., López-Uribe, M.M., Ma, C.-S., Ma, G., Moiroux, J., 
Monticelli, L., Nice, C., Ode, P.J., Pincebourde, S., Ripple, W.J., Rowe, M., 
Samways, M.J., Sentis, A., Shah, A.A., Stork, N., Terblanche, J.S., Thakur, M.P., 
Thomas, M.B., Tylianakis, J.M., van Baaren, J., van de Pol, M., van der Putten, W.H., 
van Dyck, H., Verberk, W.C.E.P., Wagner, D.L., Weisser, W.W., Wetzel, W.C., 
Woods, H.A., Wyckhuys, K.A.G., Chown, S.L., 2023. Scientists' warning on climate 
change and insects. Ecol. Monogr. 93.

Hausmann, A., Segerer, A.H., Greifenstein, T., Knubben, J., Morinière, J., Bozicevic, V., 
Doczkal, D., Günter, A., Ulrich, W., Habel, J.C., 2020. Toward a standardized 
quantitative and qualitative insect monitoring scheme. Ecol. Evol. 10, 4009–4020.

Heikkala, O., Martikainen, P., Kouki, J., 2016. Decadal effects of emulating natural 
disturbances in forest management on saproxylic beetle assemblages. Biol. Conserv. 
194, 39–47.

Heilmann-Clausen, J., Christensen, M., 2004. Does size matter? For. Ecol. Manag. 201, 
105–117.

Hottola, J., Ovaskainen, O., Hanski, I., 2009. A unified measure of the number, volume 
and diversity of dead trees and the response of fungal communities. J. Ecol. 97, 
1320–1328.

Hyvärinen, E., Kouki, J., Martikainen, P., 2006. Fire and green-tree retention in 
conservation of red-listed and rare deadwood-dependent beetles in Finnish boreal 
forests. Conservation biology: the journal of the Society for Conservation Biology 20, 
1711–1719.

Jochum, M., Fischer, M., Isbell, F., Roscher, C., van der Plas, F., Boch, S., Boenisch, G., 
Buchmann, N., Catford, J.A., Cavender-Bares, J., Ebeling, A., Eisenhauer, N., 
Gleixner, G., Hölzel, N., Kattge, J., Klaus, V.H., Kleinebecker, T., Lange, M., Le 
Provost, G., Meyer, S.T., Molina-Venegas, R., Mommer, L., Oelmann, Y., Penone, C., 
Prati, D., Reich, P.B., Rindisbacher, A., Schäfer, D., Scheu, S., Schmid, B., Tilman, D., 
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