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Forest ecosystems are strongly impacted by continuing climate change and increasing
disturbance activity, but how forest dynamics will respond remains highly uncertain.
Here, we argue that a short time window after disturbance (i.e., a discrete event that
disrupts prevailing ecosystem structure and composition and releases resources) is piv-
otal for future forest development. Trees that establish during this reorganization phase
can shape forest structure and composition for centuries, providing operational early
indications of forest change. While forest change has been fruitfully studied through a
lens of resilience, profound ecological changes can be masked by a resilience versus
regime shift dichotomy. We present a framework for characterizing the full spectrum of
change after disturbance, analyzing forest reorganization along dimensions of forest
structure (number, size, and spatial arrangement of trees) and composition (identity
and diversity of tree species). We propose four major pathways through which forest
cover can persist but reorganize following disturbance: resilience (no change in structure
and composition), restructuring (structure changes but composition does not), reassem-
bly (composition changes but structure does not), and replacement (structure and com-
position both change). Regime shifts occur when vegetation structure and composition
are altered so profoundly that the emerging trajectory leads to nonforest. We identify
fundamental processes underpinning forest reorganization which, if disrupted, deflect
ecosystems away from resilience. To understand and predict forest reorganization,
assessing these processes and the traits modulating them is crucial. A new wave of
experiments, measurements, and models emphasizing the reorganization phase will
further the capacity to anticipate future forest dynamics.

forest disturbance | recovery | tree regeneration | forest structure | forest composition

The biosphere is undergoing rapid transformation as global climate change increasingly
alters ecosystem structure and composition (1, 2). In response to more-frequent and
severe disturbances, forests are becoming younger and more open (3). Furthermore, cli-
matic extremes increasingly favor trees with lower stature (4). Forest tree species com-
position is shifting toward more warm-adapted and drought-tolerant species at local to
global scales (5, 6). Important thresholds could be crossed as a consequence of these
ongoing changes, resulting in regime shifts in the Earth system (7, 8). Understanding
ongoing change and anticipating future change in ecosystems is one of the most press-
ing issues of contemporary ecology.

In many ecological systems, change happens in pulses that interrupt phases of relative
stability. Theory suggests that ecosystems continually shift through an adaptive cycle con-
sisting of the phases of exploitation, conservation, release, and reorganization (9).
Whereas change is gradual in the exploitation and conservation phases, disturbances
[here defined as discrete events, such as wildfires or disease outbreaks, that disrupt pre-
vailing ecosystem structure and composition (10)] trigger an abrupt release of resources
and catalyze change. The reorganization phase is a relatively short window of time after
disturbance in which a system either renews itself (i.c., follows a development trajectory
similar to the one before the disturbance) or changes to a different trajectory that leads
to the emergence of an altered ecosystem. Once the ecosystem has reorganized and
moves into the exploitation and conservation phases, the propensity for fundamental
change [i.e., regime shifts sensu Andersen et al. (8)] declines rapidly—the system is
increasingly locked into its trajectory (11, 12). This process of post-disturbance reorgani-
zation and lock-in is particularly pronounced for ecosystems dominated by sessile, long-
lived species, such as trees: Individuals that establish in the first years after a disturbance
often determine forest structure and composition for decades and centuries to come, fre-
quently until another disturbance occurs. Thus, the reorganization phase is a critical win-
dow that determines the occurrence, direction, and magnitude of forest change (13, 14).
Studying the patterns and processes of ecosystem reorganization can help to contextualize
observed changes in the environment, answering central questions such as: is the current
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period of accelerated ecosystem dynamics a transient phase of
turnover that will return to systems similar to those of the past,
or is the current development the first step toward a fundamental
regime shift? A better understanding of ecosystem reorganization
can increase predictive capacity regarding long-term consequences
of global change for ecosystems. Yet, a conceptual framework for
studying the reorganization of ecosystems in a changing world is
still missing to date.

Resilience has been the prime lens through which questions
of ecosystem stability and change have been investigated. The
concept of resilience was first used in an ecological context five
decades ago (15), and its broad application in recent years has
produced major advances in the understanding of ecosystem
dynamics. Notions such as alternative stable states, critical tran-
sitions, and hysteretic behavior are now well established in ecol-
ogy (8, 16-20). However, translating theoretical advances of
resilience to real-word systems has been more difficult for some
ecosystems than for others. In forest ecosystems, for instance,
while the resilience concept is increasingly being used (21), it
remains difficult to operationalize. Reasons for this difficulty
include 1) the longevity of trees (the foundational organisms in
forests), making regime shifts rare at time scales for which
robust observational data exist; 2) time lags in forest dynamics,
making it difficult to link drivers to novel responses; and 3)
challenges of experimentally manipulating forests at scales on
which processes of reorganization play out (i.e., landscapes and
regions). As a consequence, many applications of the resilience
concept in forest ecology have focused on regime shifts from
forest to nonforest (22-24). These are important and ecologi-
cally significant transitions worthy of investigation. However,
these transitions remain rare thus far in many parts of the
world, despite an increasing rate of global change. In Europe,
for instance, areas where the rate of disturbance exceeds the
rate of forest recovery (indicating an increased propensity for
impending regime shifts) make up only 6% of the total forest
area (25). Consequently, limiting the investigation of forest
responses to global change to regime shifts is not sufficient to
grasp the full breadth and depth of ongoing changes. In the
worst of cases, focusing solely on regime shifts could suggest
resilience where forest structure and composition are changing
drastically, with considerable implications for the functions and
services provided by forests (26, 27). Thus, there is a pressing
need to consider a broad spectrum of responses between resilience
and regime shift to capture the complex nature of forest change.
Such a more nuanced approach is supported by a growing body
of information on changes in forest structure and composition
(28-31). However, lack of a comprehensive framework for diag-
nosing and contrasting altered dynamics across ecosystems limits
the ability to understand ongoing forest change.

Here, we describe how forest ecosystems reorganize along a
spectrum from resilience to regime shift. Our specific objectives
were 1) to present a framework that allows a consistent and com-
prehensive assessment of changing dynamics within and among
forest ecosystems, focused on the reorganization phase; 2) to syn-
thesize the processes that determine reorganization and highlight
where deflections in ecosystem processes are likely to result in
forest change; 3) to give examples of distinct pathways of reorga-
nization in forests around the globe; and 4) to propose a research
agenda focused on forest reorganization in a changing world.

Forests are responding to myriad drivers of global change, yet
it is important to recognize that change is ubiquitous in forests
even in the absence of human activity. Thus, changes that occur
naturally because forests are dynamic systems need to be dis-
tinguished from altered forest dynamics that reflect ecological
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responses to anthropogenic changes in the Earth system. We use
“forest dynamics” and “forest reorganization” (the latter when
addressing forest development after disturbance in particular) to
reference the natural dynamics of forest ecosystems, even in the
absence of global change. In contrast, we use “forest change” or
“altered forest dynamics/reorganization” to describe deflections
from natural dynamics that represent new pathways in response
to drivers of global change.

A Framework for Investigating Forest
Reorganization in a Changing World

Forest Reorganization in Response to Global Change. We char-
acterize forest reorganization along dimensions of forest structure
(i.e., number, size, and spatial arrangement of trees) and forest
composition (i.e., the identity and diversity of the tree commu-
nity). We focus on structure and composition [but not function,
which is the third dimension characterizing ecosystems (32)] for
two main reasons. First, forest development is largely locked in
after the reorganization phase, which makes this relatively short
time window after disturbance disproportionally important for
long-term forest dynamics. While this lock-in occurs for forest
structure and composition, it does not happen in the same way
for forest function, as fluxes of carbon, water, and energy can fluc-
tuate strongly between years. Second, while structure and compo-
sition are largely independent dimensions (e.g., forests can be
dense or sparse, regardless of their composition), function depends
on these two dimensions (e.g., the number, size, and identity of
trees determine leaf area, which, in turn, governs carbon uptake
and the transpiration of water). Focusing on forest structure and
composition, we simplify the continuous variation in these dimen-
sions to categories to illustrate distinct pathways of forest reorgani-
zation in response to global change; we refer to these as resilience,
restructuring, reassembly, and replacement (Fig. 1).

Resilience means that the system emerging from the reorga-
nization phase will be structurally and compositionally equiva-
lent to the pre-disturbance system. Resilience thus describes
situations in which disturbance-recovery processes remain
intact relative to historical conditions. Resilience (and a loss
thereof) has received considerable attention in the literature,
but we here characterize three additional pathways in which
forests can persist but change qualitatively after disturbance.
Restructuring takes place when the number, size, and spatial
arrangement of trees change in the reorganization phase but
species composition remains unchanged. An example is a post-
disturbance stem density at the end of the reorganization phase
that is much lower than pre-disturbance stem density (13).
Reassembly denotes a change in the identity and diversity of
the tree community while forest structure is sustained. This
happens, for example, when species of the pre-disturbance com-
munity are outcompeted by other species (12) such that stem
density recovers, but the tree community composition shifts.
Replacement of the previously dominant ecosystem happens if
forest structure and composition are both changed in the reor-
ganization stage. An example is the disturbance-mediated tran-
sition from a dense, conifer-dominated, closed-canopy forest to
a sparse, broadleaf-dominated, open forest (5). While the eco-
system remains forested, it differs from the pre-disturbance sys-
tem in both structure and composition. Beyond these four
responses wherein a forest reorganizes but remains a forest,
regime shifts occur when reorganization alters vegetation struc-
ture and composition so profoundly that the emerging trajec-
tory leads to a nonforest ecosystem. In current studies, a loss of
ecological resilience is most frequently described by such regime
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Fig. 1. Response pathways of post-disturbance forest reorganization to global change. Reorganization is one of the four phases of the adaptive cycle (sensu
Holling (9)—central figure eight). The response of forest reorganization to global change can be characterized along dimensions of forest structure (number,
size, and spatial arrangement of trees) and composition (identity and diversity of tree species): resilience (no change in structure and composition), restructur-
ing (structure changes), reassembly (composition changes), and replacement (structure and composition change). Regime shifts occur when vegetation struc-
ture and composition are altered so profoundly that the emerging trajectory leads to nonforest, representing a transition to an alternative adaptive cycle.

shifts (33). An example is a transition to grassland or shrubland
because of the lack of viable tree propagules that can establish
under emerging environmental conditions (22). We refer
herein to ecological resilience (21) and use the term resilience
in a strict sense (i.e., resilience of forest structure and composi-
tion) to characterize one end point of the spectrum of responses
to global change (with regime shift being the other end point).
When adopting a broader definition of resilience (e.g., resil-
ience of forest cover), restructuring, reassembly, and replace-
ment would also be considered resilient; yet we deem more
nuanced categories of reorganization responses to global change
important for clearly diagnosing forest change.

On Quantifying Forest Reorganization. To describe forest reor-
ganization responses to global change, three elements must be
specified: 1) reference conditions against which to measure
change (34), 2) methods to quantify change, and 3) ecological
evaluations of change. A widely applied approach for establishing
reference conditions is to use pre-disturbance forest structure and
composition (12, 13, 35). Other reference conditions, such as
old-growth structure and composition or certain desired vegeta-
tion states (e.g., in the context of management), can also be
used (36). It is important to note that a single value is not suffi-
cient to characterize reference conditions. Rather, variation around
the central tendency (e.g., mean + SD) is necessary because of
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intrinsic variability of ecosystems in time and across space, for
example, as captured in the historical range of variability of a sys-
tem (37-39). As variation in ecological variables is contingent on
spatial and temporal scales of observation, it is necessary to specify
these aspects explicitly. Whether forest ecosystems are found to be
resilient or undergoing restructuring, reassembly, or replacement
after disturbance depends on the reference conditions specified
and the scales over which change is assessed.

Second, quantifying change in ecosystems requires more
than the calculation of statistically significant numerical differ-
ences from reference conditions, because ecological context is
critical for interpreting change. We suggest considering multi-
ple forest attributes to evaluate reorganization trajectories, as
resilience in a single indicator (e.g., tree species composition)
does not necessarily equate to resilience of the ecosystem, and
could even mask changes in other dimensions (e.g., forest struc-
ture). Rather than asking multiple “resilience of what” ques-
tions (40) to address this issue (and potentially introducing
ambiguity in outcomes because of diverging responses), we sug-
gest the use of the four categories introduced above to describe
the response of ecosystems in comprehensive yet accessible
terms. Furthermore, it can be valuable to consider both abso-
lute and relative differences in response variables relevant for
forest reorganization, as absolute and relative changes might
result in widely differing signals of change, depending on the
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ecological context. We note that, particularly for variables of
forest composition, relative values of change might not be com-
putable, as the denominator is zero, for example, when a species
establishing after disturbance was not present under reference
conditions.

Third, global change responses of reorganization (sensu restruc-
turing, reassembly, or replacement) must be distinguished from
the dynamics expected under the historical range of variability,
given past patterns of disturbance and succession. Stem density,
for instance, can be low immediately after disturbance, then
increase sharply upon the successful establishment of trees, only
to decrease again from self-thinning after the canopy has closed. A
key challenge is to distinguish altered stem density in response to
global change (sensu a restructuring of the system) from that
expected during succession. As a powerful means for increasing
the signal-to-noise ratio in this context, we suggest the analysis of
functional traits. Functional traits are well-defined and measurable
properties of an organism that strongly influence its performance
(41). Response traits (42) are of particular relevance in the context
of reorganization. These include traits associated with disturbance
resistance and recovery as well as traits related to environmental
filters and competitive performance (see the next section, as well
as refs. 43 and 44). Shifts in functional traits can help distinguish
altered dynamics in response to global change from the expected
successional dynamics of forest ecosystems. For instance, if the
vegetation composition at the end of the reorganization phase
consists of tree species that are more light demanding than the
pre-disturbance reference conditions (e.g., as measured by
community-weighted mean shade tolerance), this shift may reflect
expected successional dynamics after disturbance (e.g., early estab-
lishment of light-demanding pioneer species that subsequently
yield to more shade-tolerant species). Such a shift does not give a
strong indication for reassembly in response to global change.
Alternatively, if the post-disturbance community is more shade
tolerant than the pre-disturbance community (which can happen,
e.g., when light-demanding trees in the overstory are killed by
windthrow, but shade-tolerant understory trees survive), develop-
ment toward more light-demanding species is unlikely over the
course of stand development, suggesting ecosystem reassembly.

Processes of Forest Reorganization. Identifying processes that
underpin forest reorganization pathways (resilience, restructur-
ing, reassembly, and replacement) is central for making accurate
predictions of forest change. Building on more than 100 y of
research on forest development and succession (45-49), we
identified five processes that are crucial for determining path-
ways of forest reorganization (Fig. 2): disturbance, reproduc-
tion, establishment, modification, and interaction.
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First, the disturbance event [i.e., the type of disturbance as
well as its size, intensity, and severity (10, 50)] that triggers reor-
ganization is of key importance for reorganization outcomes.
The disturbance event determines the information and material
legacies that are carried over from the pre-disturbance forest to
the post-disturbance forest (51), and it establishes the physical
template (e.g., in terms of patch sizes and microclimate) against
which reorganization takes place. Beyond the individual event,
the disturbance regime (i.c., the frequency and timing of distur-
bances as well as the distribution of the characteristics of individ-
ual disturbance events over extended spatiotemporal scales) also
influences reorganization, determining the spatiotemporal con-
text for an individual stand undergoing reorganization. For
example, changes in disturbance frequency (e.g., as a result of cli-
mate change) can restructure forests (e.g., when forests regener-
ate only sparsely after two disturbances in close succession), lead
to reassembly (e.g., when changed disturbance frequency alters
the competitive balance between species), or even lead to replace-
ment with a different forest ecosystem (e.g., when disturbance
intervals become so short that regeneration of the pre-disturbance
cohort fails because of immaturity risk, but new tree species estab-
lish) (Fig. 3).

The second critical process is reproduction, including repro-
duction from seeds as well as resprouting. Seeds can originate
from trees surviving the disturbance or from parts of the land-
scape that have not been disturbed. They can be produced in the
years following a disturbance, or can be stored over extended
periods of time pre-disturbance in the form of seed banks in the
canopy or soil. Sprouts can appear from buds on roots or stem
parts surviving the disturbance. Changes in reproduction can lead
to restructuring (e.g., when a failing seed bank results in
decreased stem densities) or reassembly (e.g., when the seed rain
of a species that was present previously decreases sharply) of forest
ecosystems, and can even trigger the replacement of the current
forest type (e.g., when a changing frequency in mast years alters
regeneration structure and composition; see Fig,. 3).

Third, tree establishment is an important determinant of for-
est reorganization. This process entails seed germination and
the early seedling survival and growth. Tree establishment is
crucial for vegetation development, because of the high sensitiv-
ity of tree seedlings to abiotic and biotic stressors (52, 53).
Changes in the strong climatic filters on tree establishment can
lead to a reassembly of forest ecosystems, and seed predation
can reduce stem densities and restructure the ecosystem. Com-
bined changes in biotic and abiotic influences can also result in
replacement (Fig. 3).

Fourth, the regenerating tree cohort increasingly modifies
the environment as it grows up. For example, it modifies the
light regime on the forest floor, thus influencing subsequent

ification
Modi atin

—
Interaction

Fig. 2. lllustration of one exemplarily pathway of forest development, highlighting the five key processes influencing forest reorganization. Disruption of any
one of these five processes or shifts in respective process rates in response to global change can lead the system away from resilience, toward restructuring,
reassembly, replacement, or regime shift (Fig. 1). For more details on processes and examples for their influence on reorganization pathways, see Fig. 3.
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modulate

Traits Processes

Chemical defenses Disturbance

Bark thickness

Rooting depth Severity Patch size
Wood density Intensity Type
Drought tolerance Frequency Agent
Dormant buds Reproduction
Seed weight
Seed longevity Seed bank
Maturity age Seed rain
Seed viability

Frequency of mast years

Seed production Resprouting ability

Frost tolerance Establishment

Drought tolerance

Light demand Climate niche
Dormancy Litter & soil properties
Resistance to fungi Herbivory
Modification
Leaf area index
L|tter‘1‘alll Light regime
UELEGIE el Microclimate
Allelopathy

Litter & soil properties

Height growth potential
Shade tolerance
Temperature response
Nutrient demand
Water demand
Susceptibility to herbivory

Interaction

Competition with other trees
Competition with other plants
Facilitation
Herbivory

Fig. 3.

determine

Pathways

Increasing severity results in fewer live tree legacies
Increasing frequency can lead to immaturity risk
Increasing patch size can reduce seed availability because of dispersal limitations

Novel disturbance agents (e.g., invasive alien insects or pathogens) can reduce
the propagule availability of affected species

Seed bank (canopy or soil) fails (e.g., due to an increased influence of pathogens)
Seed rain increases because of higher frequency of mast years
Decreasing seed viability because chilling requirements are not met

Resprouting decreases because an increased disturbance intensity kills
vegetatively regenerating plant organs

Climatic conditions beyond its climate niche can exclude certain tree species from
the assembly process (e.g., by exceeding physiological tolerance limits)

Soil loss during/ after disturbance inhibits the successful establishment of trees

Increased herbivory prohibits the successful establishment of trees or selects
against certain tree species

Change in light availability (e.g., through canopy closure) alters the establishment
success and performance of species

The establishing tree cohort alters microclimatic conditions, modifying tree growth
and survival

The establishing tree cohort alters litter quality and/ or quantity (e.g., changed
decomposition), modifying tree growth and survival

Competition within the tree community excludes certain tree species from the
assembly process

Competition with the forest floor vegetation excludes certain tree species from the
assembly process

Increased herbivory prohibits the successful growth of trees or selects against
certain tree species

Processes of forest reorganization (compare Fig. 2) and illustrative pathways of how a disruption in these processes can lead to forest change

(i.e., reorganization trajectories beyond resilience; Fig. 1). Traits give examples of plant properties that modulate processes of reorganization. The processes
column gives illustrative examples of characteristics useful for quantifying and monitoring the five major processes influencing forest reorganization.
Pathways describe ways in which disruption of reorganization processes can initiate trajectories leading away from resilience.

vegetation establishment and growth. In addition, the establish-
ing tree cohort modulates microclimate and alters licter quality
and quantity (via changed rates of litter input and decomposi-
tion). These modifications can result in restructuring (e.g.,
where altered microclimate improves regeneration success and
increases stem density), reassembly (e.g., where allelopathic
compounds accumulating in the litter prohibit the regeneration
of certain species), or replacement (e.g., where altered light
regimes change the survival rate of the recovering tree cohort,
and thus alter forest structure and composition) (Fig. 3).

Fifth, biotic interactions also influence the outcome of forest
reorganization. Plant competition for resources, including inter-
actions among trees and between trees and other forest floor
plants, is particularly important during the reorganization phase.
Furthermore, interactions exist between the regenerating tree
cohort and herbivores such as ungulates and rodents (with trees
modulating herbivore habitat, and herbivores reducing tree
biomass). Pests and pathogens can also strongly influence post-
disturbance forest development. Changes in prevailing interac-
tions can restructure forests (e.g., when high levels of herbivory
reduce stem density), lead to reassembly (e.g., when a changing
climate alters the competitive balance between species), or result
in a trajectory toward replacement (e.g., when intense competi-
tion with forest floor vegetation reduces the success of tree regen-
eration and filters out certain tree species) (Fig. 3).

These five processes critically determine the response of forest
reorganization to global change. Disruption of these processes rel-
ative to how they operated under reference conditions (e.g., the

PNAS 2022 Vol. 119 No.28 2202190119

historical range of variability) will lead away from resilience and
toward restructuring, reassembly, replacement, or regime shift.
Various functional traits modulate each process (Fig. 3). Distur-
bance and reproduction processes are mainly influenced by resis-
tance and recovery traits, describing the ability of trees to survive
or regenerate following disturbances. For instance, tree species
with thicker bark are more likely to survive fire, increasing live
tree legacies. Tree species that mast (i.e., substantial interannual
variability in seed production) cause variation in the quantity and
quality of seed rain, which modulates the process of reproduction.
Processes of establishment, modification, and interaction are
influenced by traits that determine the relationship of trees with
their abiotic (environmental filtering traits) and biotic (competi-
tion traits) environment. Drought tolerance can, for instance,
modulate establishment success, while a higher leaf area and
higher growth rate alter how critical variables like light are modi-
fied. Shade tolerance, in turn, modulates the interactions between
trees in competing for light.

Forest Reorganization Responses Exemplified

Resilience. The Diirrenstein Wilderness Area, located in the
Northern Front Range of the Alps in Austria, is the only Inter-
national Union for Conservation of Nature (IUCN) category I
protected area in the Eastern Alps. It contains one of the last
primary forests of Central Europe (54), whereas other parts of
the landscape have a varied history of human land use. Using a
220-y chronosequence of forest development after human

https://doi.org/10.1073/pnas.2202190119 5 of 10
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Fig. 4. lllustrative examples of the four response pathways of forest reorgani-
zation from around the globe. (A) Resilience (Durrenstein Wilderness Area,
Austria; photos by Rupert Seidl). (B) Restructuring (Bohemian Forest Ecosystem,
Germany/Czechia; photos by R.S.). (C) Reassembly (black spruce forests of boreal
North America; photos by Jill F. Johnstone). (D) Replacement (southern beech
forests of New Zealand; photos by Monica G. Turner). See text for details.

disturbance, Albrich et al. (36) showed that out of six indicators
of forest structure and composition investigated, five indicators
returned to primary forest reference conditions within two cen-
turies. In addition, Albrich et al. (36) investigated forest devel-
opment trajectories after recent bark beetle disturbance to test
whether reorganization trajectories differed between past
human disturbance and more recent natural disturbance. Simu-
lated forest development did not indicate significant changes in
forest structure and composition after recent natural distur-
bance. The forests of the Diirrenstein Wilderness Area are thus
resilient to these disturbances (Fig. 4).

Restructuring. The Bohemian Forest ecosystem, situated in Cen-
tral Europe at the border between Germany and Czechia, is a
mid-elevation mountain range dominated by closed-canopy Nor-
way spruce (Picea abies (L.) Karst.) forests. The area was affected
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by two consecutive waves of high-severity bark beetle outbreaks
between 1995 and 2010, creating the single largest bark beetle
patch in all of Europe (55). Intensive studies of reorganization
after bark beetle disturbance using both field-based approaches
and remote sensing documented swift establishment of the
regenerating tree cohort. Fifteen years after disturbance, regener-
ating trees occupied 76% of the disturbed area, with average
stem densities reaching 2,000 stems per hectare (56). The regen-
erating cohort consisted almost exclusively of Norway spruce,
indicating no change in composition after disturbance. Yet, for-
est structure deviated from the homogeneous pre-disturbance
state because of patchy establishment on favorable microsites
(e.g., nurse logs) (57). Forest structure was highly variable, with
stem densities varying by four orders of magnitude 15 y after dis-
turbance, and structural variation persisted for at least several
decades (30, 56). The development trajectory away from the
structurally homogeneous pre-disturbance condition makes the
Bohemian Forest ecosystem an example of ecosystem restructur-

ing (Fig. 4).

Reassembly. Black spruce (Picea mariana (Mill.) B.S.P.) is one
of the dominant species of the current boreal forest of North
America. The species has successfully self-replaced from aerial
seedbanks after wildfire throughout the Holocene, indicating
high resilience. A recent increase in fire severity and/or
decrease in fire return interval have reduced the regeneration
success of black spruce (58) and triggered a reassembly to
broadleaved forests or jack pine (Pinus banksiana Lamb.).
Across the North American boreal forest, Baltzer et al. (12)
found that black spruce either regenerated poorly or failed to
regenerate after fire on 38% of sites where it dominated before
fire. Interestingly, reassembly trajectories differed between
ecoregions, with broadleaved species gaining dominance over
black spruce in western North America, and jack pine taking
over in eastern North America. The decline in black spruce
forests is an example of the reassembly of ecosystems after dis-

turbance (Fig. 4).

Replacement. Prior to human settlement, most of New Zealand
was dominated by evergreen forests that included kauri (Agathis
australis (D. Don) Loudon), conifers (Podocarpaceae, Phyllocla-
daceae, Cupressaceae), and southern beech (Nothofagus spp.).
Today, the most extensive tracts of remaining native forests are
dominated by five species of beech, all of which are obligate
seeders with thin bark and shallow roots. These beech forests are
extremely vulnerable to fire; however, natural ignition sources
(lightning or volcanic eruptions) are scarce, and fire was infre-
quent throughout most of the Holocene (59). Anthropogenic
ignitions increased with settlement and fundamentally altered the
fire regime. Beech forest regeneration is very slow because propa-
gule supply is spatially limited by short-distance dispersal and
temporally limited due to masting (60). After fire, beech forests
are thus often replaced by a short-statured open forest dominated
by manuka (Leptospermum) and kanuka (Kunzea) with bracken
fern (Pteridium esculentum (G. Forst.) Cockayne) and indigenous
shrubs in the understory. These emerging forests have open cano-
pies that do little to modify microclimate, thus enhancing persis-
tence of understory vegetation. Furthermore, a positive feedback
to fire has perpetuated a fire-prone, short-statured, open forest,
because manuka and kanuka shoots and bark are highly flamma-
ble, and some manuka are serotinous. Leptospermum woodland
has formed a quasi-permanent stable state that now occupies
~50% of Great Barrier Island (61), and similar replacement
dynamics have occurred in Patagonia (59). Such fire-driven
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Box 1. Twelve questions for future forest reorganization research
1) How long is the critical reorganization window?

What influences the duration of the reorganization phase, and does it differ between ecosystems? Which indicators best capture when the
critical window of reorganization has closed? Will climate change prolong or shorten the reorganization phase?

2) How strong is the lock-in after the reorganization phase?

Which factors strengthen or weaken the lock-in after the reorganization phase? Do ecosystems differ in the degree to which the reorgani-
zation phase determines future stand development? Will climate change increase or decrease the strength of lock-in after reorganization?

3) Which traits influence forest reorganization and how?

Trait-based ecology has made important leaps over recent years, yet the traits most frequently measured are effect traits (42) and not the
response traits that are crucial for forest reorganization (compare Fig. 3). As relevant traits are difficult to measure (82), their specific
influence remains unknown.

4) What is the role of intraspecific variation in traits for reorganization?

The intraspecific variation within tree populations is large, and can influence forest trajectories significantly [e.g., when intraspecific varia-
tion in resistance traits modifies disturbance severity, or when variation in prevalence of serotiny influences postfire regeneration density
(10)]. Ye, it remains incompletely quantified in most analyses, and is widely ignored in simulation models (83).

5

=

What is the role of compounding and linked disturbances in reorganization?

As disturbance frequency increases, the probability of compounding and linked events also rises (84, 85). Understanding when com-
pounding and linked disturbances will amplify or dampen the rate or magnitude of ecosystem change is incomplete. Specifically, com-
pounding disturbances could modify the pathways of reorganization [e.g., from restructuring to replacement in the example of the Bohe-
mian Forest given above (86)].

6) What is the contribution of individual processes to observed reorganization outcomes?
It remains easier to quantify the outcomes of reorganization than to identify the underlying drivers that lead to the emergence of a spe-
cific reorganization pathway. However, improved understanding of the underlying processes is needed to robustly predict change. For

example, it remains unclear whether changes in different processes could lead to similar reorganization pathways, or whether alterations to
each individual process result in distinct signatures of forest change.

7) Are trajectories of forest reorganization reversible?

Can a forest developing along a pathway of restructuring/reassembly/replacement revert back toward resilience, and, if so, under
which circumstances? Do restructuring, reassembly, and replacement differ in terms of reversibility? Is there hysteresis in reorganiza-
tion pathways (5)?

8) Is there a consistent sequence of change in the different pathways of reorganization?

Does restructuring or reassembly always precede replacement, or can systems change directly from resilience to replacement? Does restruc-
turing or reassembly eventually lead to replacement [ratcheting down (28)], or are there stabilizing feedbacks in restructuring and reassem-
bly pathways?

9) Where are thresholds for changes in forest structure and composition?

What level of change in structure and/or composition is needed to constitute a restructuring or reassembly of forest ecosystems? Are
changes from the reference condition gradually (87), or are there discontinuities? Do novel feedbacks establish to stabilize the new forest
state?

10

=

What are the implications of reorganization for forest functioning and ecosystem services?

How are carbon, nutrient, and water cycles affected by restructuring, reassembly, and replacement? How are important provisioning, regu-
lating, and cultural ecosystem services affected by the different pathways of reorganization?

11

~

What are the implications of reorganization for biodiversity?

How are different taxa affected by pathways of restructuring, reassembly, and replacement? What are the effects of different forest reorga-
nization responses across trophic levels?

12

~

To what extent can forest reorganization be managed and how?

How strong is the leverage of management to influence forest reorganization? Can restructuring, reassembly, or replacement trajectories
be reverted to resilience by means of management? To what extent can forest reorganization be managed to direct forest change (75)?
Which management measures result in desired outcomes of forest reorganization?
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transitions in both forest structure and composition are examples
of forest replacement.

All Reorganization Responses in the Same Landscape. We have
described distinct pathways of forest change on three different
continents, but all four response categories of forest reorganiza-
tion can also be found within the same landscape. A prime

PNAS 2022 Vol. 119 No.28 2202190119

example is the Greater Yellowstone Ecosystem (GYE) in the
northern US Rocky Mountains, for which studies suggest
potential for drastic vegetation changes in response to changes
in climate and fire (14, 28, 62). Dominant forest types include
tree species with varied fire-related traits, including thick-
barked fire resisters (Douglas-fir, Pseudotsuga menziesii var. glauca
(Beissn.) Mayr) and resprouters (aspen, Populus tremuloides Michx.)
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common at lower elevations; seed bankers (serotinous lodgepole
pine, Pinus contorta var. latifolia (Engelm.) Crichfield) throughout
midelevation plateaus; and fire-sensitive shade tolerants (Engel-
mann spruce, Picea engelmannii Parry ex Engelm), subalpine fir,
(Abies lasiocarpa (Hook.) Nutt.), and nonserotinous lodgepole
pines at higher elevations. The disturbance regime was dominated
by infrequent, stand-replacing fires that occurred at intervals of
100 y to 300 y throughout the Holocene (63). After the historic
1988 Yellowstone fires, most forests rapidly recovered their prefire
structure and composition, demonstrating remarkable resilience to
extensive high-severity fire (64). However, there was also reassem-
bly where seedlings of aspen colonized burned forests at elevations
well above and locations far from their prefire distributions (65).
This expansion of aspen led to stand densities similar to the prefire
forest but a compositional change to lodgepole pines and aspens
(66). Increased fire activity is now initiating further change.
Restructuring  occurred  where young lodgepole pine forests
reburned at high severity in <30 y, well before recovering their
prefire biomass and cone production. Lodgepole pine often
remained dominant, but a 95% reduction in postfire establishment
converted dense forests to sparse ones (67). Furthermore, replace-
ment was also observed in some short-interval fires where sparse
lodgepole pine establishment was augmented by vigorous resprout-
ing of aspens that had established from seed after the previous fire,
leading to a pine-aspen woodland.

Taking the Pulse of Reorganizing Forests

The future of forests is crucial for the Earth system. Forests are
a central component of the global climate system, taking up
large amounts of carbon and altering the albedo of the Earth
surface (68, 69). Forests cover just over 30% of the global land
surface but harbor ~80% of the world’s amphibian species,
75% of bird species, and 68% of mammals (70). Forests are
thus crucial for addressing global climate change and biodiver-
sity loss, two of the most pressing issues of the 21% century.
That forest ecosystems will be changing in response to global
change is virtually certain. Yet, what remains widely unclear is
how these changes will unfold, and what they will entail.

We identified the reorganization phase as the time window cru-
cial for understanding and predicting change in forest ecosystems.
Resilience research has generated novel tools and perspectives for
understanding past and future changes, including theoretical early
warning signals founded in system analysis (71, 72). Yet, the
applicability of these tools to complex and long-lived ecosys-
tems such as forests has been limited. We suggest that the
reorganization phase can provide a window into the future of
post-disturbance forest development—the seedlings and saplings
of today are the towering forest giants of the future. As forests are
increasingly locked into their development trajectory after the
reorganization phase, this phase holds great potential for provid-
ing a different class of early warning indicators (i.e., one rooted
in ecological process understanding rather than in theoretical con-
siderations of system dynamics). Focusing on reorganization pro-
cesses (Fig. 2) is informative because disruption of these processes
or shifts in their rates can lead the system away from resilience.
Monitoring reorganization processes could thus provide an early
indication of disturbance-mediated forest change.

Our framework provides the foundation for a new wave of
monitoring, experimentation, and modeling focused on forest
reorganization (Box 1). Historically, the reorganization phase
has not been a primary focus of forest science and has even
been called the “forgotten” phase of forest succession (73).
Given the importance of the reorganization phase for the future
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trajectories of forests and its relevance for projecting and man-
aging change, we maintain that this must change. Forest moni-
toring activities, for instance, were largely designed to quantify
timber (and, more recently, carbon) stocks. As a consequence,
they often fall short in adequately characterizing the reorganiza-
tion phase of forest dynamics. We argue that improved moni-
toring of the five cardinal processes of reorganization identified
here—disturbance, reproduction, establishment, modification,
and interaction—is critically needed. Such enhancements will
provide early indications of forest change and give managers
and policy makers opportunities to counteract undesired devel-
opments as they unfold (rather than having to cope with the
end points of such developments). Decisions about where and
when to resist, accept, or direct change (74, 75) in forest eco-
systems require this information.

Experiments focused on forest reorganization are needed to
better understand forest change and develop more robust simula-
tion models. Experimental manipulation is a powerful means to
gain insights into the effects of disturbance on future stand devel-
opment, and to determine what drives reproduction and limits
establishment. Furthermore, experiments are uniquely able to
address the complex interplay between the next generatdon of
trees and their abiotic and biotic environment in the form of
modification and interaction. In addition to manipulative experi-
ments, we also stress the value of natural experiments, that is,
quasi-experimental studies that make use of the inherent variabil-
ity in ecosystems. This is particularly relevant in the context of
disturbances (76), as conditions created by disturbances are often
difficult to mimic in manipulative studies. Furthermore, experi-
ments conducted in silico (i.e., in a simulated ecosystem) comple-
ment manipulative and natural experiments, especially with
regard to exploring long-term consequences over greater spatial
extents. Simulation models also are the prime tools for projecting
future forest development. Because a historical focus of forest
modeling was on tree growth, disturbance and regeneration pro-
cesses are not well specified in many models. For example, the
dynamic vegetation models widely used to make inferences about
the future development of forests often neglect important pro-
cesses of disturbance and regeneration (33). A new wave of model
development is thus needed—guided by data from improved
monitoring and novel experiments—to simulate future trajecto-
ries of forest reorganization more robustly.

To understand the responses of forest reorganization to global
change, joint analysis of tree mortality and regeneration processes
with consideration of both forest structure and composition is
needed (compare Figs. 1 and 2). In this regard, our framework
extends previous approaches that have largely focused on individual
components of forest change (20, 77, 78). Studying tree mortality
and regeneration together will increase the inferential potential
regarding future forest trajectories, given the strong interdependen-
cies between these two demographic processes. Furthermore, a
nuanced framework that incorporates both forest structure and
composition is needed for a comprehensive view of forest change
as well as for anticipating future forest ecosystem functioning. The
dichotomy of resilient versus not resilient is insufficient to capture
the intricacies of forest responses to global change and might mask
profound ecological change in forests. Alterations in forest structure
and composition have major implications for biodiversity and eco-
system services, and these changes might go unnoticed when apply-
ing coarse and/or dichotomous frameworks of forest change.

Forest change is inevitable, given the magnitude and rate of
environmental change. We maintain that it is not necessary to
wait a century or two to understand how forest change will
unfold. Rather, trajectories of change can be anticipated by
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focusing on the reorganization phase, that is the critical period
after disturbance in which “the deck is reshuffled,” determining
the pathways of forest development for decades to centuries. As
such, the reorganization phase is also a critical window for man-
agement, because future stand development trajectories are not
yet locked in and can still be steered toward desired trajectories.
The ongoing wave of disturbance in forests around the globe
(79-81) offers a unique opportunity for initiating new research
programs focused on forest reorganization. Such research can
offer a much-needed glimpse into the future of our forests.
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