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ABSTRACT

Aim: Global change alters many ecological processes simultaneously. Yet, the interactive and compound effects of these changes
remain difficult to quantify. Here, we addressed the question of how changes in disturbance and regeneration processes interac-
tively alter temperate forest landscapes across three continents.

Location: Temperate forests of the Northern Hemisphere.

Time Period: 21st century.

Major Taxa Studied: Trees.

Methods: We conducted a simulation experiment to (i) disentangle the effects of interacting disturbance and regeneration pro-
cesses on forest structure and composition and (ii) quantify how a changing climate modulates these interaction effects.
Results: Simultaneously changing disturbance and regeneration processes led to a tenfold amplification of forest change com-
pared to changes in either disturbance or regeneration. Interaction effects were context-dependent: At low to intermediate dis-
turbance rates (< 1% of landscape disturbed per year), high rates of regeneration buffered against declines in forest structure.
In contrast, the interactions of high disturbance and high regeneration rates amplified changes in forest composition. Climatic
changes dampened structural change while amplifying compositional change. At high disturbance rates, however, the modulat-
ing effects of climate change were small, and forest change was primarily driven by disturbances.

Main Conclusions: We conclude that the consequences of changing disturbance and regeneration need to be assessed jointly to
understand their outcomes. Our findings highlight the importance of interaction effects of simultaneously changing ecological
processes in shaping the future of forest ecosystems.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Forests are experiencing drastic shifts in their structure and
composition due to global change (McDowell et al. 2020).
Climate warming as well as changes in precipitation sums and
seasonality influence important demographic processes such as
tree mortality and regeneration (Nigro et al. 2025)—which in
turn fuel forest change. However, attributing observed changes
to individual underlying processes remains difficult (Baltzer
et al. 2021). For instance, a decrease in stem density can result
from increased tree mortality or decreased tree regeneration.
Disentangling the root causes of change and understanding how
individual processes influence forest ecosystems are prerequi-
sites to addressing change in ecosystem management effec-
tively (Siegel et al. 2023). To illustrate with the above example:
Should preventing old trees from dying—to buffer increasing
mortality—or planting young trees—to counteract regeneration
loss—be the focus when responding to decreasing stem den-
sity in management? Managing changes in forest structure and
composition is important because they profoundly influence
important ecosystem services (Rasche et al. 2013). For exam-
ple, forest structure is intricately linked to the ability of forest
ecosystems to sequester and store carbon from the atmosphere
and thus is important for regulating the climate system (Thom
and Keeton 2019), whereas forest composition is closely linked
to habitat value and strongly determines the species that dwell
in forest ecosystems (Barnagaud et al. 2014).

Two key processes of forest demography with strong leverage
on forest structure and composition are tree mortality and re-
generation. In forest ecosystems, tree mortality often happens
in pulses termed disturbances (e.g., caused by wildfire, insect
outbreaks or windthrow, Pickett and White 1985). Disturbances
influence forest structure and composition in the short term
(e.g., affecting certain tree species or structural cohorts dis-
proportionately, Burton et al. 2020) as well as in the long term
(e.g., by changing light availability on the forest floor and pro-
moting light-demanding and fast-growing early-seral species,
Mazon et al. 2023). Disturbances have increased in frequency
and size over past decades in many parts of the world and are
expected to continue changing in the coming decades across
temperate forest ecosystems (Kasischke and Turetsky 2006;
Patacca et al. 2023; Senf and Seidl 2021). Regeneration is the
process of germination and establishment of trees, resulting
from seed production and dispersal, as well as seed germina-
tion, establishment and early growth. It is influenced by climate,
light availability on the forest floor and biotic interactions (e.g.,
with herbivores and forest floor vegetation). Tree regeneration
strongly determines forest structure and species composition,
for example, via the rate, identity and spatial patterns at which
trees establish (Donato et al. 2016). As a result of global change,
tree regeneration is changing, with distinct effects of increasing
drought and temperatures (Hansen et al. 2018) as well as inva-
sive alien species (Dey et al. 2019); therefore, future changes in
regeneration processes are likely (Clark et al. 2021).

Forest disturbance and tree regeneration are intricately linked
and can have compound effects on forest structure and compo-
sition (Turner and Seidl 2023). Increasing rates of disturbance
(i.e., higher percentages of landscape area disturbed per year), for
instance, might be buffered in systems with high regeneration

rates (Davis et al. 2023). Similarly, reduced rates of regenera-
tion might only have minor impacts in systems where canopy
openings from disturbance are small and infrequent. Because
of their interactive nature, disturbance and regeneration must
be analysed in concert to understand their ecosystem-level con-
sequences. Moreover, simultaneous directional changes in both
disturbance and regeneration hold the potential for substan-
tial compound effects. For example, if global change results in
increased disturbance activity (e.g., more wildfires due to in-
creased temperature and drought, Wang et al. 2025) while si-
multaneously reducing the capacity of trees to regenerate (e.g.,
because more frequent and severe post-fire drought reduces the
success of tree establishment, Hansen and Turner 2019), tipping
points could be crossed, resulting in major ecosystem transi-
tions (Rammer et al. 2021). However, the contexts and condi-
tions that cause such thresholds to be exceeded remain difficult
to quantify and a major current challenge of ecological research
(Jackson et al. 2009).

Process-based simulation models offer a unique opportunity to
disentangle the effects and context dependencies of individual
processes and understand their compound impacts. Specifically,
conducting experiments in silico allows us to manipulate
some processes individually while keeping all others constant
to assess the effects of process-level changes across different
contexts. Manipulating processes such as disturbance and re-
generation at the scale of forest landscapes (i.e., the spatial scale
at which their interactions unfold) remains challenging in real-
world experiments, not least because of the limits in replicating
landscapes (Phillips 2007). Observational approaches, in turn,
are challenged by the lack of a true counterfactual, as the effects
of global change are pervasive, and unchanged reference condi-
tions are increasingly difficult to find. Simulation models enable
us to study the interactive effects of simultaneously changing
ecological processes in isolation and in combination with the ef-
fects of a changing climate, so as to assess landscape-scale con-
sequences for forest structure and composition relative to the
counterfactual of the absence of climate change.

Tostudy theinteractive effects of potential changesin disturbance
and regeneration as drivers of forest structure and composition,
we investigated three temperate forest landscapes—Shiretoko
National Park (Japan), Berchtesgaden National Park (Germany)
and Grand Teton National Park (USA). These landscapes repre-
sent a gradient from low to high disturbance activity, covering
a broad range of disturbance regimes found in temperate forest
landscapes of the Northern Hemisphere. For these landscapes,
we (i) quantified the individual effects of disturbance and regen-
eration on forest structure and composition, (ii) assessed their
interactive effects, and (iii) analysed the modulating effect of cli-
mate on these processes and interactions. Our specific research
questions were (i) ‘How do changes in individual processes of
disturbance and regeneration (e.g., increases in disturbance
patch size, decrease in seed production) affect forest change?’
We hypothesised that effects of changing disturbance and re-
generation are contingent on the system-specific baseline, with
landscapes with high disturbance rates being most sensitive to
increases in disturbance, and landscapes with low regenera-
tion rates being most sensitive to decreasing regeneration. We
subsequently asked, (ii) ‘How do changes in disturbance and
regeneration processes interact to drive forest change? We
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FIGURE1 | World map showing the location of the three study landscapes and their extent as well as example forest conditions. Disturbance and

regeneration rates are based on simulations under reference conditions. Image credit: Grand Teton—Timon T. Keller; Berchtesgaden—Rupert Seidl;

Shiretoko—Kureha F. Suzuki. Figure adapted from Dollinger et al. (2024).

expected interactions to result in additive or synergistic change
(Ratajczak et al. 2018), indicating compound effects of changing
disturbance and regeneration processes on forest structure and
composition. Finally, we asked (iii) ‘How does climate modulate
the interactive effects of changing disturbance and regenera-
tion processes?” We expected climate to have both amplifying
(e.g., drier conditions leading to regeneration failure, Hansen
et al. 2018) and dampening (e.g., warming temperature leading
to increased forest productivity, Emmett et al. 2019) effects on
forest change. Additionally, we hypothesised that the effects of
climate change would be most pronounced at low disturbance
rates and high regeneration rates.

2 | Methods
2.1 | Study Landscapes

We studied three temperate forest landscapes representing
distinct levels of disturbance activity, identified via a remote
sensing analysis across 50 temperate forest ecosystems on five
continents (Sommerfeld et al. 2018). The landscape represent-
ing the lowest disturbance activity is Shiretoko National Park
(Japan, 44°10’33.6” N, 145°11'43” E, from here on referred to
as Shiretoko), located on the northeastern tip of Hokkaido
(Figure 1). The forests are species-rich, mixed conifer-broadleaf
forests dominated by Sakhalin fir (Abies sachalinensis) and
Erman's birch (Betula ermanii). The main disturbance agent
is wind, creating frequent but very small patches of tree mor-
tality. Berchtesgaden National Park (Germany, 47°32'56.4” N,
12°55'4.8" E, referred to as Berchtesgaden), located at the south-
eastern tip of Germany, represents landscapes with moderate
disturbance activity. The forests are mixed conifer-broadleaf
forests dominated by Norway spruce (Picea abies) and European

beech (Fagus sylvatica). The main disturbance agents are wind
and bark beetles (European spruce bark beetle, Ips typographus,
host tree Norway spruce). Grand Teton National Park (United
States of America, 43°48'50.4” N, 110°38'27.6” W, referred to as
Grand Teton) represents landscapes with high disturbance ac-
tivity, affected by large, infrequent wildfires and fine-grained
bark beetle disturbances (mountain pine beetle, Dendroctonus
ponderosae, host tree mainly lodgepole pine Pinus contorta
var. latifolia) during fire-free intervals. The forests are conifer-
dominated with lodgepole pine and Douglas-fir (Pseudotsuga
mengziesii var. glauca) as dominant species. The three study
landscapes also represent distinctly different rates of tree re-
generation. Specifically, regeneration rates (here defined as the
number of saplings recruited into the tree layer per hectare and
year) are low in Shiretoko and Berchtesgaden and high in Grand
Teton. All landscapes were designated as IUCN Category II pro-
tected areas in the 20th century. For more details on the three
study landscapes, see Dollinger et al. (2024).

2.2 | Simulation Model

Forest landscape responses to changing disturbance and regen-
eration processes were studied using the simulation model iLand
(‘the individual-based forest landscape and disturbance model’,
Rammer et al. 2024; Seidl et al. 2012). iLand is based on first
principles of ecology, with forest dynamics emerging from the
interactions of individual trees among themselves and with their
abiotic and biotic environment. Processes are modelled at nested
spatial and temporal scales, with processes at broader scales (e.g.,
resource availability) constraining processes at finer scales (e.g.,
individual tree growth). Primary productivity is dependent on
local light availability (calculated from an individual tree's position
within a continuous field of light availability, created by overlaying
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the shading influence of neighbouring tree crowns) and limited
by climate and soil conditions. Tree mortality can occur due to
aging, carbon starvation or disturbance agents, which are mod-
elled spatially explicitly on the landscape. Tree regeneration is
modelled by considering spatially explicit seed availability, estab-
lishment probabilities influenced by abiotic drivers as well as light
availability, and the competition and growth of trees in the sapling
stage. Extensive model documentation on iLand can be found at
https://iland-model.org and the full model source code is available
at https://github.com/edfm-tum/iland-model. Here version 1.9 of
iLand was used. Initial forest vegetation conditions, representing
the state of the landscapes in the year 2020, were derived from a
combination of forest inventory data, remote sensing information
and model spin-up (Dollinger et al. 2024). Non-forest habitats were
not considered in the simulation. iLand has been parameterised
and evaluated against independent data in all three study land-
scapes, indicating that the model is well able to simulate forest dy-
namics across systems (Dollinger et al. 2024; Hansen et al. 2020;
Thom et al. 2022).

2.3 | Experimental Design

We conducted a manipulative experiment in silico, studying
changes in four processes in a full factorial design. Specifically,
we varied two processes of disturbance (disturbance frequency
and size) and two processes of tree regeneration (seed produc-
tion and sapling growth; Table 1). We simulated three levels of
change for each process in addition to a reference level repre-
senting historical conditions (see below on how reference con-
ditions were set). Changes in each process were unidirectional,
consistent with the expected effects of global change on these
processes as reported in the literature (i.e., increasing distur-
bance frequency and size, and decreasing seed production and
sapling growth, Clark et al. 2021; Hansen and Turner 2019;
Patacca et al. 2023; Senf and Seidl 2021). We modified processes
individually and in combination under current climate to an-
swer research questions Q1 and Q2 (Table 2). In addition, we ran
simulations under projections of climate change (see below for
details) to investigate how climate change modulates effects of

TABLE1 | Experimentally modified processes: rationale, direction and change levels.

Driver Process modified Rationale and references Direction Change levels
Disturbance change Disturbance frequency Increasing disturbance Increase Reference, 2, 5, 10
frequency (Baltzer et al. 2021;
Patacca et al. 2023)
Disturbance size Increasing disturbance size
(Kasischke and Turetsky 2006;
Senf and Seidl 2021)
Regeneration change Seed production Declining capacity to produce seeds Decrease  Reference, 1/2, 1/5, 1/10

(Clark et al. 2021; Gill et al. 2021)

Sapling growth

High sensitivity of saplings to

abiotic stressors (Grubb 1977;
Hansen and Turner 2019)

TABLE 2 | Simulation design employed to answer research questions (Q).

Research question

Simulation design

Q1: Individual effects of changing disturbance and
regeneration processes

Q2: Interactive effects of changing disturbance and
regeneration processes

Q3: Climate change impacts on the interactive effects of
changing disturbance and regeneration processes

Only one process modified at a time (i.e., disturbance frequency
and size, seed production and sapling growth)

Other processes kept at reference level (corresponding to current
values)

Current climate

N=80 per landscape

Full-factorial design:

o 4 processes a 4 change levels

o All combinations: 4*=256 scenarios

Disturbances and regeneration change simultaneously
Current climate

N=1280 per landscape

Full-factorial design

Disturbance and regeneration change simultaneously

Severe climate change (representing the change expected under
RCP 8.5 scenarios)

N=1280 per landscape

Abbreviation: N, number of simulations.
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changing disturbance and regeneration processes (Q3, Table 2).
Overall, we considered four levels for four processes—resulting
in 4% (i.e., 256) combinations in our experiment, which we sim-
ulated under two different climate scenarios (reference climate
and a scenario of severe climate change, see section below for
more details). To account for stochasticity (e.g., in tree mortal-
ity), five replicates were simulated per factor combination, re-
sulting in a total of 2560 simulations per landscape. Simulations
were run for 80years (2021 to 2100), as uncertainties about pro-
jected future climate change mount beyond the 21st century.

2.3.1 | Experimental Implementation of Disturbance
and Regeneration Change

Reference conditions for disturbance regimes under historical
climate were simulated dynamically for each landscape, using
the process-based disturbance modules of iLand (Seidl, Rammer,
and Blennow 2014; Seidl, Rammer, and Spies 2014; Seidl and
Rammer 2017). The approach used to independently manipulate
disturbance frequency and size to obtain the levels of change of
our experiment (Table 1) while at the same time retaining real-
istic patch shapes is described in more detail in the Supporting
Information (Section A1l). We simulated near stand-replacing
disturbances, while keeping agent- and landscape-specific dis-
turbance characteristics intact. Within fire patches, only pixels
with combustible fuel exceeding 500kgha~! burned; on these,
all saplings and 90% of mature trees were killed, and 10% of stem
biomass and 50% of branch biomass combusted (Fahnestock and
Agee 1983). On bark beetle patches, 90% of basal area of the host
species (Norway spruce in Berchtesgaden and lodgepole pine in
Grand Teton) with a diameter at breast height (DBH) > 15cm were
targeted, while saplings remained unaffected. On wind patches,
90% of the basal area of trees with a DBH >15cm were killed re-
gardless of species, while saplings remained unaffected. As only
susceptible trees were considered for disturbance mortality, the
actually disturbed basal area and spatial patterns of tree mortality
within a patch were constrained by the forest conditions present
on the patch. To assess the implications of this choice in simu-
lated severity, we conducted an additional set of simulations with
a broader severity gradient (50%, 75% and 99% targeted basal area;
see Section A3 in Supporting Information). Similarly to our exper-
imental implementation of disturbance change, we also generated
an experimental gradient in regeneration change, using dynamic
simulations with the default iLand parameterisation—evaluated
successfully for the three study landscapes (Dollinger et al. 2024;
Hansen et al. 2020; Thom et al. 2022)—as reference. More details
on how iLand simulates regeneration and the experimental imple-
mentation of regeneration change can be found in the Supporting
Information (Section A1l).

2.3.2 | Climate Change

Reference climate was defined as the climate for the period
1991-2020, resampled with replacement to obtain an 80-year time
series for simulation. For each landscape, reference climate was
obtained from downscaled climate model data matching well
with observations from the recent past (Dollinger et al. 2024).
Research questions Q1 and Q2 were addressed under reference
climate conditions (Table 2). To assess how the effect of climate

change modulates the effects of experimentally changed distur-
bance and regeneration processes (Q3, Table 2), we also simulated
all runs of the experiment under severe climate change (RCP
8.5), using locally downscaled climate scenario data. A scenario
of severe climate change was chosen to capture the maximum
effect of climatic changes on forest change but results under less
severe climate change scenarios can be found in the Supporting
Information (Section A4). While iLand is designed to simulate the
effect of climate change on disturbance and regeneration change
dynamically, we here decoupled disturbance and regeneration
from changes in climate. In other words, disturbance and regen-
eration processes were modified by the same amounts regardless
of climate scenario in the experiment. The altered climate regime
simulated for research question Q3 considered changes in climate
and atmospheric CO, concentrations, and affected simulated tree
growth, establishment success and inter-species competition to
interactively influence forest change. More details on the climate
models used and their projected climatic changes can be found in
the Supporting Information (Section Al).

2.4 | Analyses

Forest change was analysed for forest structure and composi-
tion, quantifying their deviation from reference conditions (i.e.,
simulations at default process rates under reference climate)
in the last year of the 80-year simulation period. As we were
mainly interested in the landscape-level consequences of differ-
ent levels of disturbance and regeneration, we calculated forest
change as a binary response at cell level (100 X100m), subse-
quently aggregating these binary values to the landscape level
by calculating the percentage of cells that experienced change.
A value of 100% thus means that the complete landscape area
undergoes change, while a value of 0% indicates a landscape that
did not deviate from reference conditions. A basal area reduc-
tion of more than 50% from reference levels indicated structural
change. A sensitivity analysis on different threshold values can
be found in the Supporting Information (Section A2). As we
investigated unidirectional changes in process parameters, we
solely focused on a reduction in basal area in our analyses (i.e.,
corresponding to a one-sided statistical test). We chose basal
area as an indicator of structural change because it is sensitive to
changes in stem numbers as well as tree diameter distributions.
Compositional change was assumed when the most dominant
species differed from that under reference conditions. Species
dominance was derived as the species with the highest species
importance value, calculated as the mean over relative species
proportions based on both basal area and stem density.

Forest change was analyzed in response to the individual pro-
cesses investigated in our experiment (i.e., increased distur-
bance frequency and size, reduced seed production and sapling
growth), and aggregated for disturbance change and regenera-
tion change. Disturbance change was calculated as the percent
of landscape area disturbed by year (disturbance rate, % year™),
which integrates across disturbance frequency and size, and re-
generation rate as the mean number of saplings recruited into the
tree layer (height >4 m) per hectare and year (regeneration rate,
n ha~lyear™), which integrates across seed production and sap-
ling growth. The area base for all calculations was the stocked
forest area which, in Grand Teton, was subject to change over
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FIGURE 2 | Individual process impacts on structural change (left) and compositional change (right) per landscape under reference climate with
all other processes kept at their reference level. Bars show the mean and error bars show the standard deviation in change values in simulation year
80 over all 5 replicates. The x-axis is linear but change levels increase non-linearly; the y-axis range differs by landscape.

the simulation period due to forest loss. Results for forest loss
and forest change along elevational gradients can be found in the
Supporting Information (Sections B1 and B2). Data preparation
and all analyses were performed using the R project for statistical
computing version 4.2.2 (R Core Team 2024; a list of all packages
used can be found in the Section A5 in Supporting Information).

3 | Results

3.1 | How Do Changes in Disturbance
and Regeneration Processes Affect Forest Change
Individually?

In Grand Teton, the landscape with the highest reference distur-
bance level, changes in disturbance processes were more impactful
than changes in regeneration (Figure 2). In contrast, Shiretoko, the
landscape with the lowest regeneration rate under reference condi-
tions, was most sensitive to changes in regeneration processes. In
Berchtesgaden, the landscape with intermediate disturbance and
regeneration rates, disturbance and regeneration change had sim-
ilar effects on forest structure and composition.

Overall, forest structure responded more strongly to pro-
cess change than forest composition in all three landscapes.

However, the absolute values of forest change differed among
landscapes and were small for Berchtesgaden, moderate for
Shiretoko and high for Grand Teton (Figure 2). In Shiretoko
and Berchtesgaden, forest structure was buffered against low
levels of disturbance change. Conversely, composition already
responded strongly to low levels of disturbance and regenera-
tion change but stabilised at higher rates of change. Increases
in the two disturbance processes investigated (i.e., disturbance
frequency and size) had largely similar effects on forest struc-
ture and composition. The effects of decreases in the two re-
generation processes (i.e., seed production and sapling growth)
differed. Particularly for higher levels of regeneration change,
reduced sapling growth had a stronger effect on forest structure
than reduced seed production across all landscapes.

3.2 | How Do Changes in Disturbance
and Regeneration Processes Interact to Drive Forest
Change?

Simultaneous changes in disturbance and regeneration processes
led to substantial compound effects: Forest change was ampli-
fied tenfold when disturbance and regeneration changed simul-
taneously compared to individual changes in the same variables
(Figure 3, for a colorblind safe option see Supporting Information,
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FIGURE 3 | Impact of disturbance and regeneration rate on structural change (left) and compositional change (right) under reference climate in

simulation year 80. Colours indicate the percentage of the landscape area affected by forest change. Inset A shows the region of the data space cov-
ered by each study landscape (STK = Shiretoko, BGD = Berchtesgaden, GTE = Grand Teton). The values were predicted by LOESS based on results
of 3840 simulation runs (see Inset B for data space). Regions of the plot surface beyond the data space are greyed out. x-axes have logarithmic scales.

Section B5). For example, in Berchtesgaden, 88.1% instead of 8.0%
of the landscape saw declines in forest structure under interact-
ing instead of individual process changes. Interactions between
disturbance and regeneration change led to distinct non-linear ef-
fects, and both facilitated and dampened forest change depending
on the level of disturbance change. For instance, at very low distur-
bance rates (<0.1% year™!), increasing disturbance-created canopy
openings counterbalanced the effect of decreasing regeneration
on forest structure (negative slope of contour lines in Figure 3).
Inversely, at intermediate levels of disturbance (i.e., between dis-
turbance rates of 0.1% and 1.0% year™'), high levels of regenera-
tion substantially dampened the effect of increasing disturbances
on forest structure (positive slope of contour lines). At high levels
of disturbance, interactive effects were weak and responses were
mainly driven by disturbance change, with little effect of regener-
ation rate (vertical contour lines).

Composition showed similar patterns to those described above
for structure, but was, overall, less sensitive to increasing dis-
turbance rates and decreasing regeneration rates. However, a
notable deviation from the congruence of structural and compo-
sitional responses was observed at high disturbance rates (> 3%
year~!), where high regeneration rates tended to facilitate com-
positional change.

3.3 | How Does Climate Change Modulate
the Interactive Effect of Changes in Disturbance
and Regeneration?

Simulating the impacts of changing disturbance and regener-
ation under a changed climate affected the responses of forest
structure and composition in distinctly different ways (Figure 4;

for a colorblind safe option see Supporting Information
Section B5). Climate change mostly dampened the effect of
changes in disturbance and regeneration on forest structure
(mean decrease in structural response of —5.7% across all land-
scapes and process change levels), especially at low regeneration
rates (below ~20 trees recruited ha-!year™). Conversely, com-
positional change was generally amplified by climate change
(mean increase of 4.1%), especially when disturbance rates were
low and regeneration rates were high. The modulating effects
of climate change were strongest in Shiretoko, which was the
landscape responding most strongly to regeneration change. In
contrast, in Grand Teton, disturbance change was the process
dominating forest change, and the modulating effects of climate
were weak.

4 | Discussion

4.1 | The Response to Changes in Individual
Processes

Studying three temperate landscapes spanning a wide range of
disturbance and regeneration dynamics (Dollinger et al. 2024;
Sommerfeld et al. 2018), we found that systems were particu-
larly susceptible to changes in the process that is already cur-
rently limiting. In landscapes with high current disturbance
activity, increasing disturbance frequency and size—at fixed
severity—had a greater impact on forest structure and com-
position than declines in seed production and sapling growth.
Conversely, landscapes with low current disturbance activity
were not particularly sensitive to changes in disturbance. We
found similar patterns for regeneration, where highest sensi-
tivities to declining seed production and sapling growth were
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observed in landscapes with currently low regeneration rates.
These findings underscore that similar levels of change in in-
dividual processes can have distinctly different impacts on eco-
systems, depending on their local context. In Shiretoko, declines
in regeneration processes emerged as highly potent drivers of
change, while increased disturbances were the main drivers of
change in Grand Teton. In Berchtesgaden, both aspects were
similarly important but led to the lowest levels of forest change
overall.

Notably, the effects of disturbance frequency and size were simi-
lar (Figure 2); that is, similar levels of change in these processes
led to similar levels of forest change. This implies that even
though frequency and size affect forest dynamics via different
mechanisms—more frequent disturbances increase immatu-
rity risk, while bigger patches increase the distance to live seed
sources (Gill et al. 2021)—the landscape-scale outcomes are
similar for the response indicators investigated here. However,
the ecological outcomes of changes in disturbance frequency
and size could also be modulated by disturbance severity. We
note that while we here simulated near stand-replacing distur-
bances, the simulations were able to capture realistic ecological
patterns, such as the dampening feedback between disturbance
frequency and severity. When disturbance intervals become
shorter than recovery intervals, disturbance severities tend to
decrease due to declines in tree vegetation (Parks et al. 2016;
Turner et al. 1993). Reduced sapling growth generally had a
stronger effect on forest change than reduced seed produc-
tion in the context of regeneration change. This might be be-
cause trees remain in the sapling stage for many years (up to
decades in slow-growing mountain forest systems, Mori and
Hasegawa 2007), with the effect of reduced sapling growth
accumulating over time, while germination from seeds is a
process that needs to happen only once for trees to establish.

This underscores the impact that ungulate herbivory can have
on forest change (Dobor et al. 2024; Nishizawa et al. 2016), as
ungulates can effectively reduce sapling growth over multiple
years if population densities are high. While we found that all
landscapes were buffered against moderate increases (up to a
factor of two) in single processes of disturbance, similar levels
of reduction in regeneration processes resulted in considerable
changes across all systems investigated. This could be the result
of an adaptation of forest ecosystems to generally high variabil-
ity in disturbance, while regeneration rates are generally more
stable over time. As such, systems might react more strongly to
variation in regeneration rates than disturbance rates.

4.2 | Compound Effects of Simultaneous Changes
in Disturbance and Regeneration

We demonstrated that simultaneous changes in disturbance and
regeneration processes can have strong compound effects on
forest structure and composition, going considerably beyond the
impact of changes in individual processes. Structure responded
more strongly to compound changes than composition, support-
ing observations that composition is less sensitive to change
(Winter et al. 2015). We note, however, that we focused on only
80years of forest dynamics, and compositional effects might
unfold over considerably longer time scales (Thom et al. 2022).
Notwithstanding the strong interaction effects, increasing dis-
turbance rates emerged as the single most influential driver of
forest change in our analyses, determining structural change
regardless of regeneration rate once disturbance rates exceeded
~1% year~!. This threshold of disturbance rate has been crossed
in recent years even in systems that historically had lower levels
of disturbance (Senf and Seidl 2021; Washaya et al. 2024), mak-
ing profound changes in forest structure likely in these systems
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(Hagmann et al. 2021). These changes have implications for the
functioning of forest ecosystems, as declines in basal area can be
linked to lower rates of carbon storage (Thom and Keeton 2019),
weakened protection from natural hazards (Moos et al. 2021),
and reduced habitat for species requiring closed canopies and
large diameter trees (Richter et al. 2024).

Furthermore, our results support the notion that the impacts of
change in ecological processes are strongly modulated by their
ecological setting (Sommerfeld et al. 2018). A 100-fold increase
in disturbance rate did, for instance, not have any major ecolog-
ical effects at Shiretoko because reference levels of disturbance
are very low. Similarly, Grand Teton—a system with high refer-
ence regeneration rates—was relatively unaffected by a strong
reduction (more than 70%) in regeneration rates.

Interactive effects between disturbance and regeneration change
were pronounced, but they varied across the parameter space
investigated and the response variable considered. Increasing
disturbances compensated for low regeneration rates when dis-
turbance rates were generally low (Figure 3). The underlying
mechanism is likely related to a disturbance-driven increase in
resource availability (mainly light) for tree regeneration (Kéber
et al. 2023). Conversely, high regeneration rates compensated for
the effects of disturbances at intermediate rates. This is likely
because high regeneration rates allow a swift recovery from dis-
turbance, and thus buffer disturbance effects on forest structure
(Kleinman et al. 2019). A third interaction was mainly observed
for species composition, where the joint occurrence of high dis-
turbance and regeneration rates facilitated species change. This
possibly results from the increased opportunity for new species
to establish when disturbance rates are high (i.e., establishment
is not restricted by low light levels at the forest floor) and seed
availability is high (Anoszko et al. 2022). Overall, these findings
illustrate that the interactions between disturbance and regener-
ation can change in direction and effect size depending on local
context, with important implications for forest structure and
composition. As such, the impacts of disturbance change cannot
be understood without considering regeneration, and vice versa.

4.3 | Climate Change Modulates the Effects
of Changing Disturbance and Regeneration

Climate change is a main driver of changing disturbance and re-
generation dynamics in forests (Davis et al. 2019). However, we
experimentally studied the effect of climate change separately
from the effect of disturbance and regeneration change to inves-
tigate how climate modulates the effect of changes in ecological
processes. Climatic changes mostly had a dampening effect on
structural change across the disturbance and regeneration space
investigated, with less of the landscape experiencing structural
decline compared to runs under reference climate, especially
when regeneration rates were low. This could be explained by the
fact that warming alleviates the thermal limitations on sapling
growth in our mountain forest landscapes where cold tempera-
tures constrain tree growth (Tourville et al. 2023). In contrast,
compositional change was amplified by climate change, espe-
cially at low disturbance rates and high regeneration rates. This
highlights that climatic change alters establishment and com-
petition among species, inciting a compositional shift to more

warm-adapted species (Brice et al. 2019), particularly where
seed availability is high and juvenile growth not prohibited (e.g.,
by pathogens or browsing). At high disturbance rates, however,
the modulating effects of climate change were small, and forest
change was primarily driven by disturbances. This underscores
that in real-world systems, climate-mediated increases in distur-
bances are likely among the most severe climate change impacts
across temperate forests (Seidl et al. 2017).

4.4 | Methodological Considerations

Several important limitations need to be considered when in-
terpreting our findings. Our study focused on the interactive
changes of four processes (disturbance frequency and size, seed
production and sapling growth). Other important processes
influencing disturbance and regeneration rate, such as dis-
turbance severity, relative frequency of different disturbance
agents, within-patch variability or germination rate, were not
considered even though they have been shown to be important
drivers of forest change (Kroiss and HilleRisLambers 2015).
Disturbance severity, in particular, is a critical and increas-
ingly variable dimension of disturbance regimes under global
change (Parks and Abatzoglou 2020). While severity is gen-
erally expected to increase (Kautz et al. 2017), in some cases,
dampening effects such as fuel limitations due to increased dis-
turbance sizes and frequency (Parks et al. 2016) could lead to
reductions in severity. We here report forest change under an
assumed disturbance severity of 90%, but note that the actually
realized severity was still patch- and agent-specific. The amount
of killed basal area was restrained by both the amount of basal
area present within the patch perimeter and the host specificity
of the disturbance agent (e.g., bark beetles limited to trees of spe-
cific species and dimensions). Our analysis of reduced severities
(Figure S2) revealed that while the overall magnitude of forest
change was lower, the interactive patterns between disturbance
and regeneration persisted. Patch locations were randomised on
the landscape, which could have led to greater disturbance im-
pacts compared to real disturbance regimes. For instance, if a
disturbance event was simulated in a forest that previously was
not exposed to this type of disturbance due to its specific location
and site characteristics (e.g., topography, climate), adaptations
might be lacking, increasing simulated impacts. Additionally,
processes beyond disturbance and regeneration are influenced
by global change, such as tree growth responding to changed
water supply and demand (Fu et al. 2020). In Shiretoko, we only
considered one disturbance agent (wind) while considering two
each in Berchtesgaden and Grand Teton. This is owed to the fact
that no other significant disturbance agents have been described
for Shiretoko; nonetheless, this might have contributed to the
only small effect of disturbance change in this landscape.

Moreover, we studied discrete levels of change for each process
and only considered unidirectional changes in our simulation
experiment. We did not include combinations such as decreas-
ing disturbance rates paired with increasing regeneration—a
limitation that may underrepresent compensatory dynamics.
We note that the levels of change analysed here for the four focal
processes should not be understood as expected or projected
changes; rather, they were selected to broadly investigate the
parameter space across temperate forests (cf. Figure 3). This in
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silico experiment allows testing for emergent dynamics, includ-
ing potential thresholds and nonlinearities, which are difficult
to assess empirically at landscape scales. Naturally, our find-
ings depend on the ability of the model to realistically represent
forest processes under change. While iLand has high process
resolution compared to many other forest landscape models
(Bugmann and Seidl 2022), important processes determining
the effects of disturbance (e.g., with regard to nutrient feedbacks,
Maynard et al. 2014) and regeneration (e.g., the role of mycorrhi-
zae in tree establishment, Delavaux et al. 2023) on forest dynam-
ics are not explicitly included in the model version used here.
Notwithstanding these limitations, the model has performed
well in model intercomparison studies (Bugmann et al. 2019;
Diaz-Yafiez et al. 2024; Petter et al. 2020) and was extensively
evaluated against independent data for all three study sites
(Braziunas et al. 2018; Dollinger et al. 2024; Hansen et al. 2020;
Thom et al. 2022), lending confidence to our findings.

5 | Conclusions

Compound perturbations are long recognised for their poten-
tial to produce ecological surprises (Paine et al. 1998). Here we
show that simultaneous changes in key ecological processes—as
brought about by global change—have strong compound effects
on distinct forest ecosystems on three continents, highlighting
the general nature of compound effects. Efforts to tackle the im-
pacts of increasing disturbances (e.g., by establishing fire exclu-
sion zones, Keller et al. 2025) or decreasing regeneration (e.g.,
via tree plantings, Roitsch et al. 2023) should be applied deliber-
ately and should consider the interactive effects of these changes
and responses. Forests of the future will be determined by the
interactive outcomes of simultaneous changes in ecological
processes. Focusing on changes in single drivers may mislead
or underestimate the magnitude of likely changes, as interac-
tive drivers hold the strong potential for nonlinear behaviour
(Stevens-Rumann et al. 2018), thus amplifying the potential
threat of climate change. We argue for increased efforts in ecol-
ogy to understand these interactions in order to anticipate future
ecosystem trajectories.
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