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Summary

1. The provisioning of ecosystem services to society is increasingly under pressure from glo-
bal change. Changing disturbance regimes are of particular concern in this context due to
their high potential impact on ecosystem structure, function and composition. Resilience-
based stewardship is advocated to address these changes in ecosystem management, but its
operational implementation has remained challenging.

2. We review observed and expected changes in disturbance regimes and their potential
impacts on provisioning, regulating, cultural and supporting ecosystem services, concentrating
on temperate and boreal forests. Subsequently, we focus on resilience as a powerful concept
to quantify and address these changes and their impacts, and present an approach towards its
operational application using established methods from disturbance ecology.

3. We suggest using the range of variability concept — characterizing and bounding the long-
term behaviour of ecosystems — to locate and delineate the basins of attraction of a system.
System recovery in relation to its range of variability can be used to measure resilience of
ecosystems, allowing inferences on both engineering resilience (recovery rate) and monitoring
for regime shifts (directionality of recovery trajectory).

4. It is important to consider the dynamic nature of these properties in ecosystem analysis
and management decision-making, as both disturbance processes and mechanisms of resili-
ence will be subject to changes in the future. Furthermore, because ecosystem services are at
the interface between natural and human systems, the social dimension of resilience (social
adaptive capacity and range of variability) requires consideration in responding to changing
disturbance regimes in forests.

5. Synthesis and applications. Based on examples from temperate and boreal forests we syn-
thesize principles and pathways for fostering resilience to changing disturbance regimes in
ecosystem management. We conclude that future work should focus on testing and imple-
menting these pathways in different contexts to make ecosystem services provisioning more
robust to changing disturbance regimes and advance our understanding of how to cope with
change and uncertainty in ecosystem management.
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Introduction

Ecosystems contribute to human well-being by providing
a wide range of ecosystem services to society (MA 2005).
As ecosystems are subjected to mounting pressure from
global change, their functions and services are at risk or
declining (Carpenter et al. 2009), while societal demands
for goods and services increase. A major challenge for
current ecosystem management is to sustain the provision-
ing of ecosystem services in a rapidly changing world.

A primary concern is the growing mismatch in tempo-
ral scales between anthropogenic alterations of the envi-
ronment and ecological mechanisms of adaptation. The
high rate of global change makes it increasingly difficult
for the biotic world to adapt (Burrows et al. 2011), espe-
cially in forest ecosystems characterized by long-lived,
immobile vascular plants. Profound changes in the climate
system are expected to unfold within one tree generation
or less. This rate of change may exceed the capacity of
many species to adapt through processes such as regenera-
tion, range shifts and genetic change (but see Hamrick
2004) and increases the potential for disruptive changes in
biological systems.

Natural disturbances cause abrupt changes in forests
with a lasting effect on forest dynamics and succession
over decades to centuries (Carpenter & Turner 2001).
Disturbance by, for example, wildfire, bark beetles or
windstorms causes pulses of tree mortality, disrupts
ecosystem structure, community or population, and
changes resource availability in the biophysical environ-
ment (Turner 2010). Forest species are well adapted to
and have co-evolved with disturbance regimes (Gutschick
& BassiriRad 2003). However, disturbance regimes are
changing as a result of global change (Westerling et al.
2006; Seidl et al. 2014), and implications of these
changes for forests and the services they provide to soci-
ety are uncertain.

Considering the rate of environmental changes relative
to time-scales of natural adaptation in forest ecosystems
and long lead times associated with forest management,
responses to ongoing changes require timely implementa-
tion. One such response strategy prominently discussed in
the recent literature is to foster resilience (Biggs et al.
2012). Resilience has been defined in many ways (Brand
& Jax 2007) including engineering resilience (recovery to a
previous state), ecological resilience (remaining within the
prevailing system domain through maintaining important
ecosystem processes and functions or shifting to an alter-
native ecological domain) and socio-ecological resilience
(the capacity to reorganize and adapt through multi-scale
interactions between social and ecological components of
the system) (Carpenter et al. 2001; Holling & Gunderson
2002). Here, we address all levels of resilience which have
relevance at different spatiotemporal and administrative
levels of ecosystem management. Promoting resilience
through management is especially relevant in the context
of changing disturbance regimes, because increasing
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resistance to disturbance and reducing risk are limited by
the uncertainty and stochasticity of disturbance processes
(Seidl 2014). Implementing resilience concepts in forest
management is challenging because it is difficult to define
indicators of resilience, mismatches in scale exist among
social, management and ecological processes, and knowl-
edge gaps remain about underlying processes (Puettmann,
Coates & Messier 2009; Reyer et al. 2015).

In response, we (i) highlight why a focus on resilience
towards changing natural disturbance regimes is needed
in forest ecosystem management; (ii) present an opera-
tional description of resilience in the context of distur-
bance management, and (iii) discuss how to foster
resilience of forest ecosystem services in changing distur-
bance regimes. To address the first objective, we follow
the questions suggested by Carpenter et al. (2001) — resi-
lience of what, to what — and review recent and expected
future changes in disturbance regimes and their effects
on forest ecosystem services. Subsequently, to aid applied
ecologists, we operationalize resilience by describing how
theoretical concepts of ‘resilience thinking’ link to estab-
lished approaches of disturbance ecology and adaptive
ecosystem management. Finally, addressing the current
need of forest ecosystem managers, we present principles
and pathways for fostering resilience in ecosystem man-
agement, detailing how changing disturbance regimes can
be tackled in management. We draw on experiences with
disturbance from wind, bark beetles and wildfire in tem-
perate and boreal forest ecosystems [see Allen et al.
(2014) and Nash et al. (2014) for information on other
ecosystems].

Resilience to what: changing forest
disturbance regimes

OBSERVED CLIMATE-RELATED CHANGES IN
DISTURBANCE REGIMES

Forest disturbance regimes are highly sensitive to climate
(Dale et al. 2001; Turner 2010). Consequently, the ongo-
ing changes in the global climate system have already
altered disturbance regimes in some ecosystems. For
example, insect outbreaks have spread to higher latitudes
and altitudes as a result of reduced thermal constraints by
warming temperatures (Weed, Ayres & Hicke 2013). The
positive influence of warming on insect population
dynamics — increasing reproductive rate and reducing win-
ter mortality — has led to increasing damage in some for-
est ecosystems (Seidl ez al. 2014; Creeden, Hicke & Buotte
2014). Concurrently, climatic extremes such as longer and
more intensive droughts are increasing the susceptibility
of trees to insect attacks via exhaustion of non-structural
carbohydrate reserves, weakening secondary defence reac-
tions to bark beetles (Bentz ez al. 2010).

Water deficit and temperature are also important con-
stituents of fire weather, and the observed increases in fire
weather severity are linked to changes in these climate
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variables (Aldersley, Murray & Cornell 2011). As a result,
fire probability and area burned have already increased in
some forest ecosystems (see Soja et al. (2007) for an anal-
ysis of boreal forests). The fire season has lengthened due
to earlier snowmelt and a prolonged period capable of
propagating fire, for instance in the western USA since
the mid-1980s (Westerling er al. 2006). Furthermore, cli-
mate change is likely also linked to recently observed
‘mega-fires’ (Stephens et al. 2014), inter alia through an
increased propensity for and severity of climatic extremes.
While a strong link exists between global warming,
drought severity and heat waves (IPCC 2012), possible
changes in extreme events such as windstorms are still
under debate. Trends in cyclonic storms in Europe and
hurricanes in eastern North America are still inconclusive
(e.g. Knutson et al. 2010), although links have been sug-
gested for some trends in storms. Nonetheless, climatic
changes have contributed to observed increases in wind
disturbance in Europe by reducing tree soil anchorage by
decreasing winter soil frost (Usbeck et al. 2010).

OTHER CAUSES OF RECENT DISTURBANCE CHANGE

Beyond climatic change, changes in land use and forest
management, driven by global economic and social
forces, can also affect disturbance regimes. For example,
management-mediated alterations of forest structure and
composition were important factors contributing to the
observed increase in wind disturbance in Europe (Seidl,
Schelhaas & Lexer 2011), and changes in land use have
affected fire regimes of the Mediterranean basin (Pausas
& Ferndndez-Munoz 2012). Furthermore, fire suppres-
sion policies in the 20th century have led to increasing
fuel loads in many US forests (Stephens et al. 2013).
These policies have facilitated a shift from fire-adapted
(and typically light-demanding) tree species to shade-tol-
erant species (Merschel, Spies & Heyerdahl 2014), which
are generally more susceptible to fire and drought, and
increase the risk of crown fires in dense, vertically struc-
tured canopies.

Likewise, the recently observed bark beetle outbreaks
in North America and Europe are not solely a result of
climate change, but also relate to forest structure that is
prone to such disturbances (i.e. well-connected land-
scapes of mature host trees for bark beetles; Hicke &
Jenkins 2008). Furthermore, a focus on commercially
valuable conifer species in management has additionally
increased the susceptibility to bark beetles in areas such
as Central Europe (Seidl, Schelhaas & Lexer 2011).
Observed trends in disturbance frequency and severity
are thus driven by combined effects of past manage-
ment, climatic variation (e.g. Pacific Decadal Oscillation)
and climate change. Therefore, a long-term perspective
is needed to detect changes in forest disturbance
regimes, and landscape patterns and processes as well as
the local context need to be considered in their attribu-
tion (Littell ez al. 2009).

POTENTIAL FUTURE CHANGES IN FOREST
DISTURBANCE REGIMES

The climatic influences on disturbances described above
are likely to continue in the coming decades. Fire weather
will become more severe around the globe (Flannigan
et al. 2013), and insect population dynamics will be fur-
ther affected by continuing climate change (Bentz et al.
2010). This could lead to situations in which large distur-
bance events of the past, like the Yellowstone Fire of
1988, could become the new norm in the future (Wester-
ling et al. 2011). For Europe, it has been estimated that
what was statistically a once-in-32-years bark beetle dam-
age level between 1971 and 2001 could be reached every
other year in 2021-2030 (Seidl ez al. 2014). However, the
complexities and interactions between climate, forest and
disturbance are not fully considered in most projections
of future disturbance change, which contributes to
remaining uncertainties on future disturbance regimes. It
has, for instance, been shown that climate-mediated
increases in disturbance will eventually lead to reorganiza-
tion of the system (e.g. towards species less susceptible to
bark beetles, or more adapted to frequent fires), causing a
dampening system-level feedback on disturbance regimes
(Temperli, Bugmann & Elkin 2013). However, although
such feedbacks are an important pathway for forest
ecosystems to adjust to changing disturbance regimes, an
autonomous reorganization of ecosystems would require
many decades to centuries and might not result in a soci-
etally desired set of ecosystem services. Therefore, an
important task for ecosystem management is to support
adaptive pathways of forest ecosystems that are also con-
gruent with social systems.

Resilience of what: ecosystem services
provisioning under disturbance

PROVISIONING AND REGULATING ECOSYSTEM
SERVICES

Many of the short- to mid-term changes expected in distur-
bance regimes and long-term reorganizations in their wake
will challenge efforts to sustainably and continuously pro-
vide ecosystem services. Timber, fibre and fuelwood are
important provisioning services. Disturbances interfere
with these services in a variety of ways, including the loss
of biomass through consumption by fire, the devaluation of
timber by wind breakage and fungal infections following
bark beetle infestations, and the reduced increment through
premature mortality (Gardiner et al. 2010). Moreover,
both biological aspects and economics of biomass produc-
tion are negatively affected by disturbance, for example
through increased harvesting costs in post-disturbance sal-
vaging and market depressions as a result of disturbance-
induced pulses in supply (Prestemon & Holmes 2004).
Freshwater supply, an important provisioning service,
can be negatively affected by increasing disturbance.
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Disturbances can lead to increased soil erosion and to
leaching of nitrate, reducing water quality (Mikkelson
et al. 2013). An important regulating service of forests
also related to water is the protection of society and
human infrastructure against natural hazards such as
flooding and snow avalanches. Disturbances diminish the
buffering effect of forests on water runoff and provide
reduced long-term protection against the initiation and
flow of snow avalanches (Zurbriggen et al. 2014).

Although these regulating services are of central impor-
tance for human well-being particularly in densely popu-
lated mountain areas, forest ecosystems also have a global
regulation function regarding the climate system. They are
the largest terrestrial carbon (C) storage and buffer cli-
mate change through taking up a considerable proportion
of anthropogenic CO, emissions from the atmosphere. In
the wake of a high-severity disturbance event, a large
share of the stored C can be rapidly released back to the
atmosphere. Climate-mediated increases in disturbances
can thus create an amplifying feedback to the global cli-
mate system (Kurz et al. 2008; Seidl ez al. 2014).

CULTURAL AND SUPPORTING ECOSYSTEM SERVICES

In addition to provisioning and regulating services, cul-
tural and supporting services are also affected by intensi-
fying disturbance regimes. The recreational value of forest
landscapes, for instance, can be strongly diminished by a
disturbance event (Sheppard & Picard 2006), as dead trees
are frequently perceived as less scenic then live stands and
create hazards for tourists. Consequently, recreational
sites such as campgrounds and trails are often closed after
severe disturbances because of the risk of falling trees.
Human health might also be negatively affected by chang-
ing forest disturbance regimes (Embrey, Remais & Hess
2012). Furthermore, important supporting services such as
soil formation and primary production are interrupted by
disturbance. Losses can occur through reduced leaf area
and an extended post-disturbance period lacking substan-
tial canopy cover (Peters ef al. 2013). In summary, all
four categories of ecosystem services recognized by the
Millennium Ecosystem Assessment (MA 2005) — provi-
sioning, regulating, cultural and supporting services — are
predominately negatively affected by increasing distur-
bance frequencies and severities (Thom & Seidl 2015).

Assessing and quantifying resilience to
changing disturbance regimes

RESILIENCE AND ECOSYSTEM MANAGEMENT

Much of natural resource management world-wide has
been an effort to control nature in order to harvest its
products, reduce its threats and establish predictable out-
comes for the short-term benefit of humanity (Holling &
Meffe 1996). Socioeconomic goals have driven efforts to
completely suppress natural disturbances. A frequent
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result of such a command-and-control approach is a
reduced range of natural variation of ecosystems in an
attempt to increase their predictability or stability (Dun-
can, McComb & Johnson 2010). This commonly results
in ‘the pathology of natural resource management’ (Hol-
ling & Meffe 1996): when the natural variation is reduced,
the system loses resilience. The end result is ecosystems
that may become more vulnerable to undesirable change
both in fundamental character and in services they pro-
vide.

In response, resilience is becoming a guiding principle
for ecosystem management, as many ecologists and man-
agers realize that stability and fixed reference conditions
are not consistent with functioning of ecosystems, which
in turn is the prerequisite for many desired ecosystem ser-
vices. Resilience per se is not a normative concept because
it describes dynamic behaviour regardless of its desirabil-
ity. Resilience can be positive (e.g. rapid recovery of clean
water production in a watershed after a wildfire) or nega-
tive (e.g. persistence of an invasive species after distur-
bance). In most management-related uses, particularly in
the context of global change, resilience is mostly associ-
ated with a positive or desired outcome. However, in
ecosystems that are unresponsive or resistant to efforts to
sustain or promote ecosystem services, resilience can be
an undesired system property.

KEY DETERMINANTS OF FOREST RESILIENCE TO
NATURAL DISTURBANCE REGIMES

Regimes

Resilience in the context of disturbance is best examined
through the lens of disturbance regimes. Disturbance
regimes are described at large enough spatial and tempo-
ral scales for characteristics of disturbances to emerge
with distinctive distributions of type, severity, frequency
and size (Turner 2010). The concept assumes that charac-
teristic species and ecosystem functions are contingent on
the collective behaviours of disturbances. When we talk
about resilience to changes in disturbances, it is important
to address disturbance regimes and their specific spa-
tiotemporal time frames, rather than focusing on individ-
uval disturbance events. The main constituents of
disturbance regimes, such as the main disturbance agents
of a regime, are generally well known for many land-
scapes and ecosystems (e.g. Hessburg & Agee 2003;
Nagel, Svoboda & Kobal 2014). However, in much fewer
cases, it is currently possible to quantify the bounds of
their behaviours in terms of ranges and probabilities for a
number of disturbance-mediated ecological states and pro-
cess metrics.

Ecosystem attractors and recovery

Central for characterizing disturbance regimes and their
outcomes in terms of ecosystem processes and services is
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Fig. 1. (a) Schematic visualization of the constituents characterizing an ecosystem’s resilience to novel disturbance regimes. Changes in
the disturbance regime can push the forest system (dot) outside of its past basin of attraction (defined as grey ovals). The resilience to
such a change describes if (ecological resilience) and how fast (engineering resilience) the system returns to the past basin of attraction
(e.g. a closed forest; green trajectory), or if instead the system shifts to a state within an alternative basin of attraction, such as a shrub-
land (red trajectory). (b) Application of this concept for a forest landscape in western Oregon, USA. The location and size of the past
attractor is described by the historical range of variability (HRV), here illustrated for two crucial properties in the context of ecosystem
services, the presence of late-seral species and above-ground live carbon storage. Values are derived by means of simulations with a for-
est landscape model (representing a total of 30 000 simulation years). The system state in 10-year time-steps is illustrated by circles
(semi-transparent to display local point density), and the HRV is approximated as a convex hull around these states (dashed line). After
an unprecedented disturbance (here a mega-fire affecting nearly the entire landscape with high severity), the system is temporarily pushed
outside of its past basin of attraction (black circle). Yet, this disturbance does not exceed a tipping point towards an alternative state
here: the simulated 500-year recovery trajectory (green) shows that after a brief reorganization phase, the system re-converges with its
past HRV (and thus is ecologically resilient). It, however, takes more than eight decades for the two ecosystem properties to recover to

historic values, which is an indication of only moderate engineering resilience (source: Seidl, Rammer & Spies 2014).

the concept of historical range of variation (HRV), that is
the historical envelope of possible ecosystem conditions
under the prevailing disturbance regime (Keane et al.
2009). In the parlance of the ball-and-cup metaphor of
resilience (Carpenter ef al. 2001; Brand & Jax 2007), the
HRYV delineates the past basin of attraction of the system
(the location and extent of the cup) in phase space
(Fig. 1). HRV has been characterized through historical
studies (e.g. dendroecology
inventories) and modelling, but specific details remain
difficult to empirically validate because of extended

and historical forest

temporal scales and interference of historic land use and
management.
Successional and recovery processes are a second
important descriptor of ecosystem resilience, as they form
the engines of ecosystem responses to disturbances
(Fig. 1). In the ball-and-cup metaphor of resilience, they
represent the strength of the attractor, or the slope of the
cup. However, succession and recovery are controlled by
a large number of factors including species life histories,
community interactions, soil, climate and disturbance
legacies, and are considerably more complex than a simple
return to equilibrium. In fact, multiple pathways of
succession and recovery exist in many systems, where

ecological responses to disturbance events do not always
proceed along the same pathway, and ‘endpoints’ of suc-
cession are not necessarily the same (especially at fine
scales) over a series of disturbance and recovery cycles
(Tepley, Swanson & Spies 2013).

As proposed by the panarchy model of nested adaptive
cycles (Holling & Gunderson 2002; Allen et al. 2014),
such complexities result from variations in the interplay
between the stabilizing effect induced by large-scale sys-
tem memory and a cascading effect of destructive distur-
bances from lower to higher system levels. This complex
interplay across scales is one reason why high-resolution
landscape-scale approaches are required to describe and
evaluate attractors and recovery in the context of forest
resilience, addressing scales above and below the focal
scale of management (i.e. the stand scale).

Social dimension

The resilience of ecosystem services provision is deter-
mined not only by ecological processes and dynamics but
also by social dimensions. Of central importance is the
adaptive capacity of societies with regard to (disturbance-
related) changes in ecosystem services provisioning. In

© 2015 The Authors. Journal of Applied Ecology © 2015 British Ecological Society, Journal of Applied Ecology, 53, 120-129



some instances, the social system might be able to buffer
or adapt to climate-mediated changes in ecosystems, and
thus maintain human well-being. In the context of
provisioning services such as timber production, a
disturbance-related change in the provisioning of large
diameter timber could, for instance, be substituted by a
shift to engineered wood products (e.g. composite lumber)
based on smaller diameter trees. However, maintaining
ecosystem services through societal adaptation can come
at a considerable cost (e.g. resulting from the required
changes in the wood-processing industry in the above-
mentioned example). Furthermore, such adaptive
behaviour is generally easier to implement for ex situ
ecosystem services (i.e. consumed outside of the landscape
from which they are supplied) compared to in situ ecosys-
tem services (i.e. where supply and demand are not spa-
tially disparate). Altered disturbance regimes have the
potential to diminish locally important regulating services
and might require technical measures such as dams and
avalanche barriers to protect humans and infrastructure.
This is an example in which a change in ecosystem service
supply is compensated through an engineering solution,
which might be considerably more expensive and could
have other negative side effects. Because ecosystems fre-
quently provide more than a single ecosystem service to
society, trade-offs need to be considered in both assess-
ment and response to changing disturbance regimes.

CHANGING DISTURBANCE REGIMES AND RESILIENCE
PROPERTIES

Using its above-described constituents, the resilience of
forest ecosystem services to changing disturbance regimes
can be operationally quantified. The impacts of observed
or simulated alterations on disturbance regime can be
compared to HRV to determine whether they are likely to
push the system outside its domain of operation, and are
thus likely to exceed ecological resilience. Furthermore,
recovery rates and successional trajectories under altered
disturbance regimes can be evaluated to gain further
insights into resilience, with high recovery rates along typ-
ical successional pathways being an indicator for strong
attractors and high resilience. However, we also note that
high rates of recovery of certain system properties (e.g.
tree canopy closure) are not necessarily the best indicator
of resilience for all ecosystem functions and services
(Swanson et al. 2011; Beudert et al. 2015). Notwithstand-
ing the fact that meaningful indicators might vary across
systems and spatial scales, these general concepts of
assessing and quantifying resilience to changing distur-
bance regimes can be applied in the context of a wide
range of ecosystems and services.

However, resilience is a dynamic property, and climate
change might not only change the disturbance regime
(forcing the system towards the edges or even beyond its
basin of attraction) but also impact the range of variabil-
ity and recovery rates of an ecosystem (Fig. 2). Although
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the concept of the HRV was initially conceived as a sta-
tionary or quasi-equilibrium concept, we thus also need to
explicitly consider the future range of variation (Duncan,
McComb & Johnson 2010) resulting from the combined
effects of global change to describe future system resili-
ence. Although climate change is likely to increase pres-
sure on ecosystem services, its effects on ecological
resilience can be both positive (e.g. when increased pro-
ductivity in high elevation areas leads to faster recovery
of C stocks after disturbance) and negative (e.g. where
systems become increasingly water-limited, leading to
shifts in species composition or ecosystem function).

Furthermore, societies are also changing, and with them
both the demand for ecosystem services and the ability to
adapt to changes in their provisioning are changing over
time. In order to assess future resilience of ecosystem ser-
vices, also the future social range of variability (Duncan,
McComb & Johnson 2010) and corresponding changes in
social preferences and acceptance of ecosystem states need
to be considered (Fig. 2).

Fostering resilience to changing disturbance
regimes

PRINCIPLES

To foster resilience we suggest the following management
principles:

* Manage dynamically and experimentally. This is accom-
plished through commitment to adaptive management
over several decades, including feedbacks from monitoring
(Dale et al. 2001). Such adaptive feedbacks are particu-
larly important considering the above-described dynamic
nature of disturbance regimes and resilience properties
(Fig. 2). They also enable management to adjust to shift-
ing societal values and accommodate the changing needs
for ecosystem services.

* Manage for process. Management should focus on
maintaining or enhancing ecological processes and func-
tional characteristics, rather than specific structures and
species compositions. Changes in disturbance regimes will
likely alter forest structure and composition, but the pro-
cesses relevant in the context of locally important ecosys-
tem services (e.g. productivity in the context of C storage,
water filtering and retention in the context of freshwater
provisioning) might persist despite these changes (e.g.
Beudert et al. 2015). Also, a focus on maintaining ecosys-
tem functioning and processes could help ecosystem man-
agers to accommodate changes in societal preferences.

e Consider trade-offs and conflicts. Integrate ecological
and socioeconomic sensitivities into management planning
to provide a realistic context for considering different
options for ecosystem services provisioning. Changing dis-
turbance regimes affect ecosystem properties and pro-
cesses at multiple levels, which is why assessing resilience
needs to consider multiple indicators from the ecological
and social spheres. Likewise, trade-offs and conflicting
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Fig. 2. Climate change is likely to change the system’s attractor landscape. The speed of recovery (arrow) as well as the location, size
and depth of the past basins of attraction (red and green ovals) could be modified by climate change (grey ovals). To assess the effect of
these changes on ecosystem service provision, they need to be evaluated in the context of the social acceptance of the changed ecosystem
properties. Here, a recovery towards a future modified basin of attraction (green dot) would retain the system within the social range of
variability (Duncan, McComb & Johnson 2010), although the probabilities of social acceptance of the new state are considerably
decreased compared to the historical range of variability (cf. the grey marginal probabilities). A regime shift following an unprecedented
disturbance (red dot) would result in a loss of ecosystem services and push the system outside of the range of socially accepted system
states. In response, societies can either try to compensate this loss (e.g. through technology), adapt their preferences (indicated here by a
second set of dashed marginal probabilities) or engage in restoration efforts aiming to reverse the ecological regime shift brought about

by the unprecedented disturbance.

signals are possible and need to be addressed in manage-
ment [e.g. increasing disturbance decreases C storage but
increases albedo and thus has simultaneous positive and
negative effects on the climate regulation function of for-
ests (Thom & Seidl 2015)].

* Prioritize. Resource managers have many choices but
minimal financial and human resources, so prioritizing
areas that are crucial for ecosystem services provisioning
and will be most affected by changing disturbance regimes
is critical. Likewise, identifying and prioritizing treatments
that are likely to work in a range of possible futures will
help address uncertainty (Millar, Stephenson & Stephens
2007).

* Manage for realistic outcomes. Projects that are cur-
rently highly optimized for a specific (and usually nar-
row) set of ecosystem services may have a higher failure
rate in a changing environment. In the face of altered
disturbance regimes, it will become increasingly impor-
tant to assess the viability of management goals and
desired outcomes (Hobbs et al. 2006). Novel ecosystems
hold the potential for new ecosystem services in the
future, while some ecosystem services might be reduced

through exceeded resilience and regime shifts (Reyer
et al. 2015).

e Treat disturbance as a management opportunity. Distur-
bance can cause profound changes in ecosystems, but also
provides opportunities to apply adaptation strategies
(Millar, Stephenson & Stephens 2007; Peterson, Halofsky
& Johnson 2011). Plans, management projects and experi-
ments should be designed and approved prior to large dis-
turbances, in order not to default to simplified treatments
post-disturbance. Furthermore, the complexity created by
disturbances should be incorporated into the post-distur-
bance landscape and disturbance legacies maintained
where possible, because they benefit biological diversity
(Swanson ef al. 2011) and foster recovery and system
memory in the context of a multi-scale panarchy (Allen
et al. 2014; Seidl, Rammer & Spies 2014).

PATHWAYS

These principles apply widely across the range of issues
encountered in management planning under changing cli-
mate and disturbance regimes; specific pathways towards
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resilience in management, however, depend on local social
and ecological contexts. Possible pathways towards resili-
ence include:

* Increasing structural diversity. This option focuses on
increasing variety in structures at different scales (from
within-stand heterogeneity to diversity in structures across
large landscapes), avoiding ‘one size fits all’ management
prescriptions that curtail heterogeneity (Millar, Stephen-
son & Stephens 2007). This includes applying forest thin-
ning to increase variability in stand structure, as well as
using a variety of harvest patterns, from single tree selec-
tion to patch cutting (Puettmann, Coates & Messier 2009;
Nagel, Svoboda & Kobal 2014). Allowing fires to burn
unsuppressed may in some cases emulate landscape pat-
terns that are more congruent with their domain of natu-
ral variation (Hessburg & Agee 2003; Stephens et al.
2013), and thus help to put them in their historic basin of
attraction (Fig. 1). However, trade-offs need to be consid-
ered between using disturbances to increase long-term
resilience and potential short-term negative effects on
selected ecosystem services (Seidl 2014).

* Increasing species diversity. Resource managers can
‘hedge their bets’ by diversifying the phenotypic and geno-
typic template on which climate and disturbance interact.
Species diversity increases the response diversity to chang-
ing environmental conditions (Mori, Furukawa & Sasaki
2013), and buffers the effects of larger and more frequent
disturbances on ecosystem functioning (Silva Pedro, Ram-
mer & Seidl 2015), supporting ecosystem services provi-
sioning under changing disturbance regimes.

* Increasing the spatial scope of management. Increasing
the size of management units to thousands or tens of
thousands of hectares across biogeographic entities such
as watersheds will decrease ‘administrative fragmentation’
over space and time, and improve the likelihood of
accomplishing objectives also under increasing distur-
bances (Smith & Lenhart 1996). For example, large strate-
gically located blocks of forest land subjected to fuel
treatments will reduce fire spread more effectively than
smaller, randomly located units, helping to create fire-re-
silient landscapes. Where such a large spatial scope of
management is not possible due to a small-scaled, hetero-
geneous ownership structure, coordination across owner-
ships and collectivization of risk (e.g. through insurance)
should be considered to hedge against the risk of a com-
plete loss of ecosystem services for individual landowners.
Cross-border initiatives can help to increase the leverage
of ecosystem management in the face of increasingly
large-scale disturbance events (Heurich ez al. 2010).

* Matching infrastructure to expected future conditions.
Forest management infrastructure, such as roads and
drainages, need to accommodate future disturbance-re-
lated changes, for example in hydrology (Spittlehouse &
Stewart 2003). It might also be beneficial to reconsider the
design and density of road networks to make them more
effective in responding to disturbances while reducing
their impact on ecosystems. Furthermore, infrastructure
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such as wet storage facilities can help to buffer ecosystem
services provisioning from negative effects such as the
devaluation of salvaged timber from fungal infection and
the need to sell timber in an oversaturated market (Gar-
diner et al. 2010).

e Collaborating and educating. Working with a diversity
of landowners, agencies and stakeholders will help define
desired and/or socially accepted ecosystem conditions and
build support for management aiming to increase the resi-
lience of services to changing disturbance regimes. Fur-
thermore, education on global change in general and the
impact of changing disturbance regimes in particular
should emphasize the role, potential and limitations of
active management in adaptation. These activities can aid
social adaptive capacity (Elbakidze ef a/. 2010) and the
development of means to buffer decreasing ecosystem ser-
vices provisioning after a disturbance in local communi-
ties (e.g. through redundancy). They can further empower
individuals to take action, such as clearing brush around
homes to reduce fire hazard.

While not in the focus of this contribution, another
important response of management to changing distur-
bance regimes is to increase resistance and reduce undesir-
able disturbance risks and impacts (Millar, Stephenson &
Stephens 2007; DeRose & Long 2014). Measures include
increasing tree vigour and stability through thinning (Spit-
tlehouse & Stewart 2003), selecting species and genotypes
that are better adapted to the anticipated future condi-
tions (Millar, Stephenson & Stephens 2007) and reducing
rotation age to reduce risks. Such measures aiming to
reduce risk are complementary to those focusing on resili-
ence, although trade-offs can complicate a joint imple-
mentation. Under high uncertainty, resilience is a more
robust strategy than anticipating and mitigating (poorly
understood and unpredictable) risks (Seidl 2014).

Conclusions and Outlook

Towards the implementation of ‘resilience thinking’ in dis-
turbance management, we identify three challenges that
should be addressed in future work:

* A better quantitative understanding of resilience to chang-
ing disturbance regimes. We propose measurable, well-de-
fined indicators to describe resilience to changing
disturbance regimes, such as range of variation (describing
the basin of attraction, cf. ecological resilience) and recov-
ery rate (as an indicator of engineering resilience).
Because many systems lack the information required to
quantify these properties, future research should focus on
an operational quantification of resilience as a prerequisite
for implementation in management. In the context of
ecosystem services, better integration of social and ecolog-
ical dimensions of resilience is needed, that is addressing
forests as coupled human and natural systems (Spies et al.
2014).

e Testing and implementing measures to sustain ecosys-
tem services in the face of changing disturbance regimes.
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Based on experiences and suggestions in the literature,
we compiled principles and pathways towards fostering
resilience in ecosystem management. Good examples are
needed for implementing these ideas and integrating
them into forestry practice. Scientists in cooperation
with managers and stakeholders need to scrutinize the
specific efficacy of individual management measures and
evaluate trade-offs between their effects on multiple
ecosystem services. Only if the benefits of resilience-fo-
cused management in addressing changing disturbance
regimes are clearly identified and communicated with
managers and stakeholders will a wide implementation
of such measures be successful. Because temporal and
spatial scales of relevance in the context of resilience
often exceed those of management, a stronger consider-
ation of model-based projections will be needed in the
future (Seidl ez al. 2013).

* A broad exploration of novel futures. Both disturbance
agents and ecosystem services might vary in the future,
that is the answers to the questions ‘resilience of what, to
what’ are subject to change. Examples include the possi-
bility of invasive non-native species acting as novel distur-
bance agents, as well as a rapid change in societal needs.
Because the time horizons of forest management decisions
are decades to centuries, it is advisable to actively explore
scenarios of novel ecosystems and novel societies, and
accommodate uncertainties and surprises more centrally
into management planning.
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