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ABSTRACT

Aim: Climate change is altering forest disturbance regimes across Europe. Structural and species diversity are generally thought
to enhance disturbance resistance. However, how disturbances affect stand structure and tree species diversity remains untested
across broad spatial gradients and for multiple disturbance agents. Furthermore, determining how disturbance-induced changes
affect resistance to subsequent disturbances is critical for understanding forest dynamics in the face of global change.
Location: The forests of Finland, France and Spain.

Time Period: 1986-2020 CE.

Major Taxa Studied: Trees.

Methods: We examined the effects of tree size and tree species diversity on resistance to fire, wind, biotic and snow disturbances
using a National Forest Inventory dataset of 4827 disturbed plots. We quantified disturbance resistance as the tree mortality re-
sponse to different severity disturbances. We modelled the immediate disturbance-driven changes in structural and tree species
diversity, and predicted how these changes affect resistance to subsequent disturbances.

Results: High structural diversity increased stand resistance to snow disturbance, and high species diversity decreased resist-
ance to fire. Severe disturbances consistently decreased structural and species diversity across all disturbance agents. However,
both diversity metrics increased after low severity snow disturbances, and structural diversity increased after low severity
biotic disturbance. Resistance to subsequent disturbance increased after low severity fire and low to moderate severity wind
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disturbances. Biotic and snow disturbance had the opposite effect, with moderate severity disturbances decreasing resistance to

subsequent disturbance more than low severity disturbances.

Main Conclusions: Structural and species diversity had little effect on plot-level disturbance resistance. Severe disturbances

consistently decreased structural and species diversity, while low to moderate severity disturbances can increase these diversi-

ties. Resistance to subsequent disturbance is contrasted between disturbance agents and disturbance severity. Increasing distur-

bance severity may decrease structural and species diversity in future forests.

1 | Introduction

Disturbance regimes are changing across Europe. Evidence
of these changes includes an increased prevalence of specific
disturbance agents (e.g., wind; Senf and Seidl 2021b), chang-
ing geographic distributions of disturbance agents (Dupuy
et al. 2020), and more frequent recurrence of disturbances
(Senf and Seidl 2021a). Consequently, tree mortality is in-
creasing (Patacca et al. 2022; Senf et al. 2018). These changes
have the potential to alter forest structure (Haber et al. 2020)
and compromise ecosystem functionality (Messier et al. 2022)
and the provisioning of ecosystem services (Lecina-Diaz
et al. 2024). This calls into question the ability of forests
to remain unchanged, that is, to be resistant (Grimm and
Wissel 1997), under the changing disturbance regimes and
highlights the need to improve our understanding of distur-
bance resistance.

Research on forest disturbance resistance consistently shows
that disturbance intensity—such as wind speed (Valta et al.
2019) or the amount of energy released in a fire (Keeley
2009)—has an overriding effect on disturbance resistance,
with high-intensity disturbances causing the most tree mor-
tality (Halpern 1988). Besides disturbance intensity, factors
such as stocking, species composition and tree size influence
disturbance resistance, with varying effects between dis-
turbance agents (Schmitt et al. 2020; Siipilehto et al. 2020).
For instance, large trees may be fire resistant due to thick
bark (Michaletz and Johnson 2007; Trouvé et al. 2021), but
are more susceptible to wind than small trees (Gardiner
et al. 2010). In studies of algal or grassland communities,
disturbance resistance has also been attributed to ecosystem
complexity (Pimm 1984) and species diversity (Allison 2004;
Isbell et al. 2015), but whether this applies to forests is unclear.
Forest ecosystem complexity—interpreted here as structural
diversity—may influence disturbance resistance by, for ex-
ample, mediating how wind transmits through and between
stands (Kulha et al. 2024; Mitchell 2013), modifying snow ac-
cumulation through canopy stratification (Fahey et al. 2020),
or influencing fire spread through fuel continuity (Niklasson
and Granstrom 2000; Kafka et al. 2001). Species diversity—
interpreted here as tree species diversity—may influence
disturbance resistance by increasing the complementarity of
ecological traits and thus niche differentiation among species,
which affects the stands mean disturbance resistance (the in-
surance hypothesis; Yachi and Loreau 1999). Species diversity
may also influence disturbance resistance through the sam-
pling effect (Huston 1997; Tilman 1997), whereby a greater
number of species increases the likelihood that at least some
species in a stand will be resistant (Tilman 2001). Due to the
large number of disturbed stands required to empirically test

these theories, it remains largely unknown whether struc-
tural and species diversity uniformly increase forest resis-
tance to different disturbance agents across broad geographic
gradients.

Aspartofchanging disturbance regimes, the increasing distur-
bance frequency (Turner and Seidl 2023) suggests that distur-
bances are recurring faster than the time required for forests
to recover to a pre-disturbance state (Seidl and Turner 2022).
Thus, the ability of a stand to resist disturbance depends on
the structural and compositional legacies of the previous
disturbance. Different disturbances leave different legacies,
depending, for example, on disturbance agent, disturbance
severity and pre-disturbance stand characteristics (Alfaro-
Sanchez et al. 2024; Atkins et al. 2020; Gough et al. 2022). At
the stand level, high-severity disturbances typically reduce
structural (Ankori-Karlinsky et al. 2024; Bace et al. 2015) and
species diversity (Foster 1988; Halpin and Lorimer 2016; Reyes
et al. 2010) simply because these disturbances remove most
trees in the stand. In contrast, disturbances of low to moder-
ate severity (i.e., partial disturbances) can leave highly vari-
able structural and compositional legacies (Fahey et al. 2020;
Stuart-Haéntjens et al. 2015; Woods 2004) that strongly alter
the successional trajectory of the disturbed stand (Braziunas
et al. 2018; Gauthier et al. 2010; Kulha, Ahokas, et al. 2023).
The different structural and compositional legacies of dis-
turbances may lead to the development of stands with new
ecological properties (emergent properties sensu Mitchell
et al. 2023), for example, with respect to their adaptation to the
prevailing disturbance regime (Bace et al. 2015). To date, dif-
ferent structural and compositional legacies of disturbances
remain understudied over broad scales and for multiple dis-
turbance agents (Atkins et al. 2020). This limits our under-
standing of how increasingly frequent disturbances change
forest structure and tree species diversity.

The structural and compositional disturbance legacies influ-
ence the ability of stands to resist subsequent disturbances
(Buma 2015; Cannon et al. 2017; Simard et al. 2011). In many
cases, the occurrence of a disturbance reduces stand-level
resistance to a subsequent disturbance. For example, wind
disturbance may initiate a bark beetle outbreak (Hlasny
et al. 2021) or promote fire intensity (Cannon et al. 2019) by
providing breeding material or increasing flammability and
fuel load, respectively. However, this is not necessarily the case
for recurrent disturbances (i.e., the same disturbance occur-
ring again), as the trees remaining after the initial disturbance
event are theoretically the most resistant to the recurrence
of the same disturbance. For example, a storm that removes
only the top canopy trees may homogenise forest structure
and increase stand resistance to high winds (Mitchell 2013;
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Stovall et al. 2019). Similarly, fire can reduce susceptibility
to a subsequent fire by reducing fuel load and removing non-
fire-adapted species (Buma et al. 2020). However, it remains
untested whether these buffering effects of disturbance recur-
rence occur uniformly for different disturbance agents and
disturbance severities.

In this study, we used National Forest Inventory data and regres-
sion models to investigate the stand-level relationship between
structural and species diversity and disturbance resistance
separately for fire, wind, biotic and snow disturbance along a
latitudinal gradient from the Mediterranean to the Arctic. We
examined how stand structure and species diversity change
with disturbance severity, which we defined as the proportion
of basal area per hectare of trees that died due to a disturbance,
and modelled the associated changes in resistance to recurrent
disturbance. Specifically, we asked: (1) How does structural
and tree species diversity influence resistance to different dis-
turbance agents? (2) How do different disturbance agents and
severities change structural and tree species diversity? and (3)
How does the occurrence of disturbance change resistance to
subsequent disturbance?

2 | Materials and Methods
2.1 | National Forest Inventory Data

We used National Forest Inventory (NFI) data from three
European countries, Finland, France and Spain, to examine
plot-level disturbance resistance (Table 1). We chose data from
these three countries because they report observations of the
major disturbance agents in Europe from at least two invento-
ries and together cover a broad climatic gradient across the con-
tinent. In each country, the NFI is based on circular plots with
different sampling radii depending on tree size between the
countries (Table 1). Tree-level information includes data such
as tree diameter at breast height (hereafter DBH), species and
status (live, dead, or harvested). The time interval between two
inventories is systematically 5years in France, Syears on aver-
age in Finland and 10years on average in Spain. Measurements
were made between 2010 and 2020 in France, 2014 and 2020 in
Finland and 1986 and 2008 in Spain.

We only considered plots that were measured twice to quantify
true mortality events. Because we were interested in the effect of
structural and tree species diversity on disturbance resistance,
we excluded plots with fewer than four trees as they had low
structural and species diversity in our data (Figure S1). We se-
lected plots that had been disturbed by either fire, wind, biotic
agents, or snow between two censuses. We considered a plot dis-
turbed if a disturbance was recorded in the data and at least one
tree on the plot died between the censuses. Unlike fire and wind,
which were reported in all three countries, we could only use
data from Spain and Finland for biotic and snow, as these two
disturbances were not reported in separate categories in France.
In our data, biotic disturbances are caused by multiple agents. In
Finland, these agents were pathogens or fungi (78.0%), insects
(16.5%) and vertebrates (5.5%), mostly beavers. In Spain, biotic
disturbances were caused by insects (36.4%), pathogens or fungi
(31.6%), mistletoe (31.0%) and vertebrates (1.0%).

We removed all trees with a DBH of < 10cm at the first census to
harmonise the datasets, and retained only trees that were alive
at the time of the first census for further analysis. Most NFI-
based studies of natural tree mortality exclude plots that are har-
vested during the study period because it is not known whether
the trees were dead or alive at the time of harvest and/or be-
cause harvesting could affect the natural mortality rate (Kulha,
Honkaniemi, et al. 2023; Kunstler et al. 2021). However, be-
cause salvage logging is extremely common after disturbances
(Leverkus et al. 2018; Suvanto et al. 2025) and is even legally
required in some countries such as Finland (Finnish Damage
Prevention Act 1087/2013), such a criterion would exclude many
disturbance events and could bias the data towards stands of low
economic value and/or towards stands affected by low severity
disturbances. For these reasons, we chose to keep the disturbed
plots that had been harvested and assumed that the harvests
were salvage loggings (i.e., all the trees that died between cen-
suses were killed by the disturbance). In our data, harvested
plots accounted for 7% of the total number of plots and 6% of the
total basal area examined. Using these criteria, we examined a
total of 479, 560 and 3788 disturbed plots in Finland, France and
Spain, respectively (Table 1).

2.2 | Structural and Tree Species Diversity

We quantified plot-level structural diversity for diameter at
breast height (DBH) using the Gini coefficient (hereafter Gini),
a common diversity index that has been shown to be better at
examining size inequality in tree data than other indices such as
height diversity metrics (Valbuena et al. 2012; Valbuena 2015).
The Gini is usually conceptualised as the difference between
a diagonal line showing absolute equality in a cumulative per-
centage of a population attribute, in our case tree DBH, and the
observed cumulative percentage of the same attribute, repre-
sented by a Lorenz curve. The larger the area between the two
lines, the greater the inequality of the population attribute. See
Dorfman (1979) for a quantification of the coefficient. The Gini
can range from zero (all individuals of equal size) to a theoret-
ical maximum of one, which represents perfect inequality. In
our data, the Gini ranged from 0.010 to 0.448. In calculating the
Gini, we weighted each tree by the number of trees it represents
per hectare to account for differences in sampling design be-
tween countries.

We calculated tree species diversity at the plot level using
the Shannon Diversity Index (hereafter Shannon), a long-
established method for characterising species diversity in
a community and that considers the relative abundance of
species in the community (Hill 1973). The index is widely
used in ecology to quantify species diversity (Spellerberg and
Fedor 2003) and is particularly useful when estimating spe-
cies diversity using NFI data (Borghi et al. 2024). Because NFI
plots often contain few species, simpler metrics such as rich-
ness would poorly distinguish these plots. Thus, accounting
for relative abundance, which is accurately estimated in NFI
data, is key to capturing differences in species evenness be-
tween plots. We used the summed basal area per hectare of
each species as the abundance metric in the Shannon calcula-
tion. To compare pre- and post-disturbance species diversity,
we exponentiated the Shannon values following Jost (2006).
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This true diversity, or the effective number of types, refers to
the number of equally abundant types needed for the average
proportional abundance of the types to equal that observed
in the dataset of interest (where not all types are necessarily
equally abundant) (Hill 1973).

2.3 | Control Covariates

To account for the effect of stocking and tree size on disturbance
resistance, we calculated the stand basal area (m? ha) and quan-
tified mean DBH in cm, weighted by the number of trees a tree
represents per hectare.

We classified the plots as either coniferous (C=0) if >50% of the
basal area of the plot was coniferous at the time of the census,
or otherwise broadleaved (C=1) to account for the difference
in disturbance resistance between coniferous and broadleaved
species. We used this two-level categorical variable to represent
dominance type instead of the proportion of conifers or the clas-
sification as coniferous, broadleaved, or mixed because of the
covariance between the Shannon and these two dominance
variables (Pearson's correlation between the Shannon and the
proportion of conifers ranged —0.52 to —0.24, depending on the
disturbance agent) (Figures S2 and S3).

Disturbance intensity is one of the main drivers of disturbance-
induced tree mortality (Miquelajauregui et al. 2016; Greenwood
et al. 2017). However, disturbance intensity is rarely considered
in field studies because it is difficult to measure directly and ac-
curately at the time of disturbance. Disturbance intensity is also
difficult to quantify retrospectively, especially for datasets with
a wide geographic gradient, such as NFI, if the exact time of dis-
turbance occurrence is unknown. Nevertheless, we attempted
to control for the effects of disturbance intensity by calculating
climate indices related to fire, wind and snow disturbance in-
tensity between inventory measurements. For fire, we extracted
the daily Fire Weather Index (FWI)—an index related to the me-
teorological conditions favourable for fire ignition, spread and
persistence (Vitolo et al. 2020)—and calculated the 97.5% quan-
tile over the entire period between the two censuses for each
plot. For wind, we took the maximum monthly wind speed at
10m height between the two censuses at each plot. For snow, we
extracted the monthly snow water equivalent (SWE)—that is,
the resulting water column if a snowpack were to melt in place
(Takala et al. 2011)—and calculated the maximum monthly
value between the two censuses for each plot. These three cli-
mate indices were extracted from the Climate Data Store of
the Copernicus Climate Change Service and Climate Data
Store (2019) (Mufioz Sabater 2019). We were unable to account
for the intensity of biotic disturbances due to a lack of appropri-
ate data. We recognise that disturbance intensity, such as wind
gust speed (Laapas et al. 2023), can show considerable fine-
scale variability that is difficult to capture using coarse-grained
continental-scale data. However, since fine-scale disturbance
intensity data of consistent quality are not available throughout
our study area, we consider our approach to control for distur-
bance intensity to be the best possible compromise.

We calculated community-weighted means (with basal area per
hectare as the abundance metric) of the functional traits most

directly related to the resistance to each disturbance agent to
control for interspecific differences in disturbance resistance,
drawing from the results in Barrere et al. (2023). Accordingly,
we used bark thickness for fire, wood density for wind and
leaf nitrogen content for biotic disturbance. We did not quan-
tify community-weighted means for snow because no single
species-level trait was significantly related to resistance to snow
disturbance (Barrere et al. 2023). We calculated bark thickness
directly from the NFI data and extracted wood density from
the wood density database (Chave et al. 2009) and leaf nitro-
gen content from the TRY database (Kattge et al. 2011). For full
details on the calculation of these functional composition vari-
ables at species level, see Barrere et al. (2023) and the Supporting
Information S1 therein.

2.4 | Statistical Analyses

2.41 | The Effect of Structural and Tree Species
Diversity on Disturbance Resistance

To answer our first research question on how structural and tree
species diversity influence disturbance resistance, we calculated
the ratio of basal area (BA) per ha of trees that survived the dis-
turbance to the pre-disturbance basal area, hereafter referred
to as disturbance resistance and denoted with R. We modelled
the relationship between R and plot-level structural and species
diversity with beta regression models with a logit link function
separately for fire, wind, biotic and snow disturbance because
we expected the relationship between disturbance resistance and
structural and species diversity to vary by disturbance. In each
model, the main covariates were two diversity metrics: structural
diversity, quantified by the Gini coefficient (G) and tree species
diversity, measured by the Shannon diversity index (H). We ini-
tially included functional diversity (FD) (see its quantification in
Supporting Information S1, Figures S4 and S5) in the models, but
the correlation between H and FD was too high to keep both vari-
ables in the same model (Pearson's r 0.71-0.86, depending on the
disturbance; Figure S2), and the models with FD were rejected
based on AIC comparison (Table S1). In addition to structural and
species diversity, we included the control covariates described in
the previous section—that is, dominance type (DT) (coniferous or
broadleaved), total BA, mean DBH, community weighted means
(C) of bark thickness (fire), leaf nitrogen mass (biotic) or wood
density (wind), and the disturbance intensity indices (I) (fire
weather index, max wind speed or snow water equivalent) as ex-
planatory variables in the model, and a country-specific intercept.
We also included an interaction between BA and DT in the model
when significant. Accordingly, the models had the form:

Logit(Ri,) = & country + @1, DT, + @, ;BA, + a3 ;DBH, +a4;C,
+as;l,+ag;G,+ayHy+ag;BA,XDT, +¢+In(t,,)

@

where, Logit(R, p) is the logit-transformed disturbance resistance
ion plot p. « ¢, are coefficients specific to the disturbance i, and

ln(txp) is an offset that we used to control for different census
lengths between the two inventories.

For all disturbances except for fire, we observed mostly low
severity events, potentially leading to a disproportionate
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influence of low severity disturbances on the model param-
eters (Figure S6). To account for this uneven distribution,
we divided the data for each disturbance agent into 10 fixed-
interval classes of disturbance severity (proportions of basal
area of dead trees ranging from 0-0.1 to 0.9-1). Then, we
assigned each observation a weight equal to the ratio of the
average number of observations across the 10 classes to the
number of observations in that class so that disturbance se-
verity distribution does not bias the results. We also tested
whether the Pearson residuals of the models were related to
the average climate on the plot and looked for other patterns
in the residuals. The residuals were independent of climate
(Figure S7) but indicated that the models did not capture the
high extremes of the observed responses well (Figure S8),
which is not unexpected given the stochastic nature of dis-
turbance mortality. We also fitted country-specific resistance
models for each agent with sufficient data to examine whether
the country-specific parameter estimates were similar to those
of the global model. To examine the effect of salvage logging
on our results, we also fitted the resistance models using data
only from non-harvested plots. We fitted the beta regression
models for response data containing boundary observations at
1 using the betareg package (Kosmidis and Zeileis 2025) in R
version 4.4.3 (R Core Team 2024).

2.4.2 | The Effect of Disturbance on Structural
and Species Diversity

To examine how disturbances change plot-level structural and
species diversity, our second research question, we calculated an
index of change (IC) in structural diversity (IC(Gini)) and in spe-
cies diversity (IC(Shannon)) as the log-ratio of post-disturbance
value divided by pre-disturbance value of each diversity metric
(Gini coefficient and exponential of Shannon index). Log-ratio val-
ues above 0 indicate an increase in tree species or structural di-
versity after disturbance; values below 0 indicate a decrease, and a
value of 0 indicates no change. We fitted agent-specific models (i.e.,
one model for each disturbance: fire, biotic, wind or snow) using
GLMs with Tweedie error distributions and log link functions:

Ga
log< G P ) = B1iSp +BrSs+e 2)
bp
exp(H,,)
logl ——— | =71:S, + 725> +¢ 3
g< exp(Hb,p) Y1,i9p T V2,i9p 3

where, Gy, and H p,p are Gini and Shannon before and G, ap d and
H, after the dlsturbance on plot p, respectively. S, is the distur-
bance severity (i.e., the proportion of basal area per hectare of
trees that died due to a disturbance) on plot p, and 3, , and y, ,
are coefficients specific to disturbance agent i. We included a
quadratic effect of disturbance severity in the model to allow
for a nonlinear relationship and, similar to the model shown
in Equation (1), used the ratio of the average number of obser-
vations across the 10 disturbance severity classes to the num-
ber of observations in the class of the observation as statistical
weight in the models to account for the skewness of the data
(Figure S9). Since a disturbance that causes no mortality cannot

change structural or species diversity, we forced the model in-
tercepts to zero for a disturbance severity of zero. We excluded
plots that were initially monospecific from the tree species di-
versity model (Equation 3) because the species diversity of these
plots could not change between inventories in our data where
ingrowth were not counted. For this reason, our results depict
changes in diversity immediately after disturbance. In cases
where the effects of S and S? were not significant, we fitted one
model with only S and one model with only S?; we selected the
most parsimonious model based on AIC (Table S2). To verify
that our results were robust to the method of analysis, we also
fitted alternative models using the log of the diversity metric
(Gini or exponentiated Shannon) after disturbance as the re-
sponse variable and the diversity metric before disturbance as
an offset. We fit these models using the statmod package (Dunn
and Smyth 2018) in R version 4.4.3 (R Core Team 2024).

2.4.3 | The Effect of Disturbance on Resistance
to Subsequent Disturbance Through Structural
and Compositional Legacies

To study how disturbances affect resistance to subsequent dis-
turbance, our third research question, we used the predictions
of the models presented in Equation (1) to quantify disturbance
resistance to each disturbance agent i based on the trees alive
at the first inventory (initial resistance to disturbance i, R,) and
at the second inventory (resistance to disturbance i after distur-
bance j, R'i). Using these two predictions, we calculated an index
of change for disturbance resistance (IRC) in plot p following a
disturbance i as:

IRCyj, =

=100 x (Ri’ - Rip> SR @)
where, IRCl.jp is the percentage of change in resistance to dis-
turbance i on plot p caused by the occurrence of low (1%-25%
of initial basal area dead after the disturbance) to moderate
(26%-50% of initial basal area dead after disturbance) sever-
ity disturbance j. For example, if a plot disturbed by fire (dis-
turbance i) experienced a subsequent fire (disturbance j), an
IRCy, value of 20 means that fire occurrence increased resis-
tance to fire by 20%. Similarly, an IRCiJ.p value of —20 means
that fire decreased the plot's resistance to fire by 20%. For
simplicity, we only examined the change in disturbance re-
sistance to a repetition of the same disturbance. Because we
expected resistance to a subsequent disturbance to depend
on the severity of the disturbance, we examined the change
in disturbance resistance separately after a low and a moder-
ate severity disturbance. We used a one-sample t-test to test
whether the change in disturbance resistance before and after
the disturbance was significantly different from zero. We did
not include high severity disturbances (51%-100% of initial
basal area dead after disturbance) in this analysis because in
these plots the post-disturbance plot BA was mostly outside
the range of the data used to fit the disturbance resistance
models presented in Equation (1), and because the number
of plots with high severity disturbances was low (3.2% of the
whole data) compared to disturbances of low to moderate se-
verity (Figure S10).
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FIGURE1 | Parameter estimates for structural and species diversity and the control covariates in the regression models with disturbance resis-

tance, quantified as the plot-level ratio of basal area of trees that survived a disturbance (R), as a response variable for fire (a), biotic (b), wind (c) and

snow disturbance (d). Estimates are from the models fitted with scaled and centred covariates. Points are model parameter estimates and the error

bars are bootstrapped 95% confidence intervals for the estimates. Red dots indicate a significant increase, and blue dots indicate a significant de-

crease in disturbance resistance at the 0.05 level. Light grey dots are non-significant covariates. FWI and SWE are fire weather index and snow water
equivalent, respectively. The symbols in parentheses refer to those used in Equation (1). Numerical model parameter estimates are given in Table S3.

3 | Results
3.1 | Components of Disturbance Resistance

Disturbance resistance was generally not related to structural
or species diversity (see parameter estimates of Gini coefficient
and Shannon index in Figure 1, Table S3). For structural diver-
sity, the only exception we found was resistance to snow dis-
turbance, which increased with increasing structural diversity
(Figure 1d). For snow disturbance, structural diversity also had
the highest relative contribution in increasing disturbance re-
sistance among all statistically significant covariates (Figure 1d,
Table S3). For species diversity, the only exception we found was
for fire resistance, which decreased with increasing species di-
versity (Figure 1a).

Dominance type, that is, whether the plot was dominated by
broadleaved or coniferous species, had the highest relative con-
tribution to fire resistance and significantly interacted with plot
basal area (Figure 1a). Plots dominated by broadleaved trees and
with a basal area of approximately >40m?/ha were less resis-
tant to fire than similar coniferous plots, but this was reversed
between dominance types for plots with a basal area <40m?/
ha (Figure 1a, Figure S11a). Plots with high basal area were also
more resistant to biotic disturbances (Figure 1b), while plots
with low basal area were more resistant to wind (Figure 1c), but
only in coniferous-dominated plots (Figure S11b). In plots domi-
nated by broadleaves, wind resistance increased with increasing
basal area (Figure 1c, Figure S11b). However, dominance type
did directly affect wind disturbance resistance, possibly because

we did not categorise admixtures separately due to collinearity
with species diversity.

Higher bark thickness (Figure 1a) and wood density (Figure 1c)
increased resistance to fire and wind disturbance, respectively,
while the resistance to biotic disturbance decreased with increas-
ing mean leaf nitrogen mass (Figure 1b). Plots with high mean
DBH had higher resistance to fire (Figure 1a) but lower resis-
tance to snow disturbances (Figure 1d). Resistance to snow dis-
turbance decreased with increasing snow water equivalent, the
variable controlling for snow disturbance intensity (Figure 1d).
The other climate indices related to disturbance intensity (fire
weather index and maximum wind speed) had no significant ef-
fect on resistance to fire or wind, respectively (Figure 1).

In general, the parameter estimates of the global models were
consistent with those of the country-specific models, and with
those of the models fitted only to data from non-harvested plots
(Tables S3 and S4).

3.2 | Post-Disturbance Structural and Species
Diversity

Post-disturbance structural and tree species diversity was
typically lower than pre-disturbance structural and species
diversity when disturbance severity exceeded 30% (i.e., >30%
of plot basal area dead) (Figure 2a-d, Figure S12). However,
biotic, wind and snow disturbances that reduced plot basal
area by <30% increased structural diversity (Figure 2b-d).
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Post-disturbance tree species diversity was consistently lower 3.3 | The Effect of Disturbances on the Resistance
than pre-disturbance tree species diversity independent of  to Subsequent Disturbances

disturbance intensity except for snow disturbance, where dis-

turbance with severity less than approximately 35% increased The occurrence of a fire with a severity <25% (i.e., < 25% of plot

tree species diversity (Figure 2e-h). These results were con- basal area dead) or a wind disturbance with a severity <50%
sistent with the results of the model where we used the pre-  increased the plot-level resistance to a subsequent disturbance
disturbance diversity as an offset (Figure S13). by the same agent (p <0.01) (Figure 3). On average, resistance
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FIGURE2 | The predicted change in structural (a-d) and species diversity (e-h) as a function of relative disturbance severity for different distur-
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are the 95% confidence intervals of the predictions. Values above 0 on the y-axis indicate an increase in structural or species diversity; values below
0 indicate a decrease, and a value of 0 indicates no change. The numerical model parameter estimates are given in Table S5. Note that the structural
diversity model predictions are log-transformed to be consistent with the species diversity model predictions.
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to subsequent disturbance increased by 1.0% after a fire with a
severity below 25%, 1.6% after a wind disturbance with a sever-
ity below 25%, and 1.3% after a wind disturbance with severity
between 25% and 50% (Figure 3). Resistance to subsequent bi-
otic disturbance decreased by 5.8% and 10.9% after a biotic dis-
turbance with severity below 25% and between 25% and 50%,
respectively (p <0.01). Resistance to subsequent snow distur-
bance decreased by 7.1% and by 13.7% after a snow disturbance
with severity below 25% and with severity between 25% and
50%, respectively (p <0.01).

4 | Discussion

4.1 | Structural and Species Diversity Are Weakly
Related to Disturbance Resistance

Our results indicate an overall poor correlation between stand
resistance to disturbance and structural and species diversity.
However, we identified two significant relationships: struc-
tural diversity improved resistance to snow disturbance, and
high species diversity was associated with lower resistance to
fire. In contrast to the other disturbances we studied, snow
(and ice) is a top-down disturbance that affects canopies
from above (Atkins et al. 2020), causing mortality particu-
larly among trees with exposed crowns that collect the high-
est snow loads (Weeks et al. 2009; Fahey et al. 2020; Suvanto
et al. 2020). Stands with high tree size variability (and thus
high structural diversity in our analysis) typically have can-
opies in multiple layers (Georgi et al. 2022). In such stands,
the effects of a top-down disturbance are greatest in the upper
canopy layers, thereby reducing the severity of disturbance at
the stand level (Nykénen et al. 1997). The negative correlation
between species diversity and resistance to fire is consistent
with an analysis of a 20-year time series of the Spanish NFI
(Peris-Llopis et al. 2024). Increasing species diversity may re-
duce fire resistance through what can be thought of as the in-
verse of the sampling effect: the most diverse stands are most
likely to contain species with mixed fire-adaptation strategies.
This may favour the development of severe fires and thereby
increase tree mortality (Peris-Llopis et al. 2024; Stevens et al.
2020), a mechanism that is similar to associational suscepti-
bility in biotic disturbances (Jactel et al. 2017). In contrast,
tree mortality from fire can remain low in a monoculture of
fire-resistant species (Gonzalez et al. 2007).

Contrary to expectations, we found no evidence that structural
diversity increases the wind resistance of a stand, as shown in
previous studies (Hanewinkel et al. 2014; Pukkala et al. 2016).
Structural diversity may increase wind resistance because, for
example, wind speeds can remain high and detrimental to trees
within a uniformly sized stand (Morimoto et al. 2019). That
we found no evidence that structural diversity increases stand
wind resistance may be because the plot size in our data (radii
of circular plots between 5 and 25m) is too small to capture the
diversity effect, that we did not account for the effect of stand
neighbourhood on disturbance occurrence (Kulha et al. 2024),
and/or that the effect is overwhelmed by the other numerous
tree- and stand-level factors that contribute to wind resistance
(Gardiner et al. 2010).

While several studies across forest biomes have suggested a
positive effect of species diversity on resistance to biotic dis-
turbance (Jactel et al. 2021; Jactel and Brockerhoff 2007 and
references therein), such a dependence was not significant in
our data. This may partly result from the fact that biotic dis-
turbance in our data consists of disturbance by a broad group
of agents, including fungi, pathogens and phytophagous and
xylophagous insects (Aarnio et al. 2024), which may blur the
relationship between species diversity and resistance. For ex-
ample, the buffering effect of species diversity against insect
disturbance is manifested mainly for host-specialist insect
herbivores (Jactel et al. 2021) but is less clear in the case of
more generalist pests.

It is also evident that the lack of a significant relationship
between structural and species diversity and disturbance re-
sistance may be due to a correlation between diversity and
disturbance intensity that we could not fully control for due
to spatially and temporally coarse covariates that did not cap-
ture disturbance intensity at the time of disturbance occur-
rence with the precision relevant to our plot-level analysis (cf.
Laapas et al. 2023), except in the case of snow disturbance.
This may be particularly true for biotic disturbances, as pest
damage has been shown to peak in the least diverse stands
(Guyot et al. 2016). However, wind and fire disturbance in-
tensity would be expected to be less correlated with species
or structural diversity than biotic disturbance intensity. Thus,
the lack of spatially and temporally precise data on distur-
bance intensity should not bias our estimates of the effect of
diversity on disturbance resistance. Instead, the overall weak
effects of diversity we observed likely indicate that structural
and species diversity are poor predictors of forest resistance to
disturbance.

In contrast to the weak effect of diversity metrics, we found that
stand basal area, composition and mean functional traits had a
strong effect on resistance to all disturbances. However, mean
tree size decreased disturbance resistance to snow disturbance.
This may seem counterintuitive as structural diversity increased
resistance to snow disturbance in our results. In our data for
snow disturbance, mean tree size and structural diversity were
positively related only until the mean size (DBH) reached approx-
imately 17 cm, explaining the contrasting effects (Figure S14). An
individual-based study using the same NFI data that we used con-
cluded that disturbance resistance of individual trees is strongly
influenced by species traits (Barrere et al. 2023). Furthermore, a
meta-analysis focused on northern European forests also showed
that functional traits are among the most important contributors
to general disturbance resistance (Felton et al. 2024). Our results
are consistent with these recent studies, which together show that
compositional effects, mostly expressed in the traits of species
present in a plot, rather than plot-level diversity metrics, explain
disturbance resistance at this scale.

4.2 | Moderate to Severe Disturbances Decrease
Structural and Tree Species Diversity

Low to moderate severity disturbances increased struc-
tural diversity, while moderate to severe ones decreased it
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immediately after the disturbance. This pattern was consis-
tent for all disturbance agents except fire. Our observations
are consistent with other studies showing that low to mod-
erate severity disturbances can increase stand structural di-
versity (Choi et al. 2023; Fahey et al. 2020; Haber et al. 2020;
Peterson 2019), while high severity disturbances typically
decrease stand structural diversity (Sommerfeld et al. 2021).
This further suggests that forest structural diversity may
peak when intermediate severity disturbances are prevalent
(Nagel et al. 2021), consistent with the intermediate distur-
bance hypothesis (IDH). IDH, originally theorised for species
diversity, suggests that disturbances of intermediate severity
maintain the species diversity in ecological communities by
allowing the coexistence of both late and early successional
species (Connell 1978). Our results suggest that IDH may also
apply to the maintenance of forest structural diversity, for ex-
ample in cases where a disturbance removes average-sized
trees from a stand, thereby increasing tree size inequality.
This also suggests that low- to moderate-severity disturbances
are beneficial for biodiversity, which has been shown to gen-
erally increase with increasing forest structural diversity
due to increased niche availability (Gao et al. 2014; Hekkala
et al. 2023).

Our results showed that disturbances tend to reduce species
diversity, especially when the disturbance is severe. However,
snow disturbances with low to moderate severity increased
species diversity. Tree species vary in their disturbance re-
sistance (Barrere et al. 2023), which could theoretically lead
to two different effects of disturbance on species diversity,
depending on which tree species dominate. If disturbance-
resistant species dominate a stand, disturbance would reduce
its species diversity by removing the minority of sensitive
species. Conversely, if disturbance-sensitive species domi-
nate, disturbance would increase species diversity by reduc-
ing the proportion of dominant species. Our results clearly
show that most disturbances reduce species diversity, proba-
bly by increasing the relative abundance of already dominant,
disturbance-resistant species. However, it is interesting to
note that low to moderate severity snow disturbance promoted
species diversity, as predicted by the IDH (Connell 1978).
Snow increased species diversity, probably because this dis-
turbance particularly affects the canopy-forming species. In
our data, snow disturbance is most common in the north-
ern plots, which are often dominated by a single species.
Therefore, snow disturbance particularly reduces the relative
abundance of the dominant species. However, as disturbance
severity increases, tree mortality occurs regardless of species
disturbance resistance (Miquelajauregui et al. 2016). Thus, it
is likely that high severity disturbances reduce species diver-
sity (Viljur et al. 2022), which is consistent with our results.

The frequency of low severity disturbances, which increase
structural diversity in our results, and high severity distur-
bances, which decrease structural and species diversity in our
results, is changing across Europe (Patacca et al. 2022; Senf and
Seidl 2021a). Existing projections suggest an increase in dis-
turbance severity under the changing climate (Seidl et al. 2017,
2020). In this context, our results suggest that climate change
poses an increased risk of diversity loss as species increas-
ingly encounter disturbance regimes with which they have not

coevolved. Furthermore, temporal change in the disturbance
severity distribution will likely be a key parameter to consider
when predicting future changes in structural and species diver-
sity in forest ecosystems.

4.3 | Disturbances Have Varying Effects on
Resistance to Subsequent Disturbances

Stands affected by low (<25% of plot basal area dead) to mod-
erate (between 25% and 50% of plot basal area dead) severity
wind and fire disturbances showed increased resistance to
subsequent disturbances. In the context of intensifying distur-
bance regimes (Patacca et al. 2022; Senf and Seidl 2021a), this
suggests that certain stands may become more resistant to re-
peated disturbance. In general, the structural and compositional
legacies of disturbances influence the ability of stands to resist
future disturbances (Buma 2015; Cannon et al. 2017). For ex-
ample, the occurrence of fire can reduce fuel loads and remove
fire-sensitive species, thereby increasing resistance to imme-
diate reburn (Buma et al. 2020). While more severe fires could
also reduce fuel loads, they might also kill non-fire-sensitive
species, thereby offsetting the effect of increasing resistance
to reburn (Miquelajauregui et al. 2016). Similar to fire, low- to
moderate-severity wind disturbances are also selective in that
they primarily kill the most sensitive trees, which are often the
tallest exposed trees with the longest lever arms (Everham and
Brokaw 1996) and/or trees that are weakened by fungi or patho-
gens (Ldnnenpidi et al. 2008), potentially homogenising forest
structure. Trees in stands with homogeneous structure may ex-
perience relatively less wind loading and thus have higher re-
sistance to wind compared to stands with more heterogeneous
structure (Mitchell 2013). Consistent with previous findings
(Gardiner et al. 2010), we also observed that coniferous plots
with high basal area were less resistant to wind than broad-
leaved plots. Therefore, as disturbance reduces the total basal
area of these plots, their resistance to subsequent wind distur-
bance increases.

Our results for biotic and snow disturbances showed that the oc-
currence of these disturbances decreased plot-level resistance to
subsequent disturbances. These results contrast with previous
studies that showed increased resistance to successive insect dis-
turbances (Bouchard et al. 2006; Sommerfeld et al. 2021) and no
change in resistance to subsequent ice storms, which are analo-
gous to snow disturbances (Fahey et al. 2020). The occurrence
of biotic disturbances by specialist agents should exert negative
feedback on repeated disturbance due to changes in tree spe-
cies composition and reduced host availability (Hart et al. 2015).
However, because biotic disturbance in our data consists of dis-
turbance by a broad group of agents, including both generalists
and specialists, the effect of host reduction on disturbance resis-
tance is difficult to disentangle. For snow, our results show that
these disturbances reduced plot-level structural diversity, which
was the most important covariate explaining resistance to snow
disturbance. As a top-down disturbance, snow disturbance is
particularly detrimental to the uppermost canopy layer (Atkins
et al. 2020). In a stand with a multilayered canopy structure,
snow disturbance exposes the subcanopy layers to the distur-
bance (Nykénen et al. 1997), thereby reducing the resistance of
the stand to repeated snow disturbance.
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5 | Conclusions

Our analysis of 4827 disturbed plots in three countries spanning
a latitudinal gradient from the Mediterranean to the Arctic re-
vealed some important general trends in the interplay between
structural and species diversity and disturbance resistance in
European forests. First, structural diversity is more important
than tree species diversity for disturbance resistance, but in gen-
eral structural and tree species diversity explain disturbance re-
sistance at the plot level only weakly and only for some agents,
with a stronger effect of species composition, stocking and func-
tional traits. Second, severe disturbances reduce stand structural
and tree species diversity regardless of the disturbance agent, but
low to moderate disturbances can also increase structural and
species diversity. Third, post-disturbance resistance to subse-
quent disturbances is contrasted among disturbance agents: low
to moderate severity fire and wind disturbances increase resis-
tance, whereas biotic and snow disturbances decrease resistance.
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