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A major challenge for foresters in the future will be issues related to global change. Global change
expresses itself in a variety of ways, depending on regional vegetation and climate patterns, small-scale
topographic differences, tree species, and stand development stages. Using silviculture as an example,
the variety of steps linking global change—as a general concept—and actual management decisions
is explored. The first task is to relate global change aspects to silviculturally relevant scales. Second,
silvicultural responses must reflect the wide variety of changes, including their interactions. A number
of management recommendations have been proposed from the global scale to the application of
specific silvicultural treatments. These recommendations are mostly focused on increasing the resistance
of forests to perturbations. Increasing ecosystem adaptability and resilience through silvicultural
practices may benefit from developments in other scientific fields. Recent advances in the complexity
and ecosystem sciences may provide approaches that are better suited for a future with increased
variability and uncertainty in ecological and social conditions. Specifically, managing forests as complex
adaptive systems may provide a conceptual framework that can be useful for silviculture, even though
much work still must be done to fully explore the implications of such a new framework for silvicultural
decisionmaking.
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Global Change and Uncertainty

F orest managers must deal with nu-
merous developments that can be
summarized under the umbrella

term “global change.” Because many of these
developments may result in increased vari-
ability and uncertainty regarding future en-

vironmental, biological, and social condi-
tions, they provide new challenges for
silviculture. In terms of environmental con-
ditions, climate change with predicted in-
creases in temperatures and changes in pre-
cipitation patterns may result in more
variation in climate and weather patterns.

An increased frequency of extreme weather
events is expected to lead to an associated
shift in disturbance regimes (Dale et al.
2001). Increased variability and uncertainty
of biological conditions are, e.g., the result
of growing global trade and travel and the
associated increase in the likelihood of intro-
ducing new species (Haack 2006), which
may also benefit from climate change
(Walther 2003). In particular, invasive in-
sects or diseases can result in rapid changes
in species composition and ecosystem struc-
tures and functions (e.g., Anagnostakis
1987, Poland and McCullough 2006). So-
cial developments, including new environ-
mental and trade policies (Perez-Garcia et al.
2002), will provide new and unexpected
marketing challenges and opportunities for
wood and other forest products (Shanley et
al. 2002, Ragauskas et al. 2006). At the same
time, silvicultural investments are now
harder to justify, because of reduced budgets
for public landholding agencies and higher
economic expectations of private investors.

These trends suggest that forest ecosys-
tems are likely to experience large changes in
their structural and functional attributes.
Additionally, there will be different social
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demands and expectations placed on these
ecosystems than in the past. Ecosystems may
even be altered to a degree that does not have
a historical equivalent, which qualifies them
as “no-analog systems” (sensu Seastedt et al.
2008). This threshold is important because
many silvicultural practices are based on past
experiences or on the historical range of nat-
ural variability (Smith et al. 1997, Bergeron
et al. 1999, Nyland 2002). In no-analog eco-
systems, the record of historical conditions
cannot provide a straightforward guide for
future management goals and practices, not
even in the case of parks and wilderness areas
(Hobbs et al. 2010). Instead, such historical
insights may only enhance our understand-
ing of specific processes or interactions.
Consequently, future silvicultural practices
can not rely solely on our understanding of
ecological relationships derived from past
experience.

Managing ecosystems under new envi-
ronmental, social, and economic conditions
may therefore benefit from new and al-
though unproven practices and approaches
(Bolte et al. 2009, Puettmann et al. 2009).
Seastedt et al. (2008) suggest that the panar-
chy model (Gunderson and Holling 2002,
Drever et al. 2006) may be useful in the de-

velopment of management approaches that
address this issue. The panarchy model is
essentially a hypothesis that suggests that
disturbances and associated reassemblies are
crucial components that drive ecosystems’
ability to adapt to new environmental con-
ditions. Puettmann et al. (2009) go one step
further and suggest that future management
concepts should be based on complexity sci-
ence, i.e., managing forests as complex adap-
tive systems. Both of these approaches are
related to and focus on the concepts of
adaptability and resilience in ecosystems.
They are an extension of the long-standing
discussion in the ecological community re-
garding whether or not increased biodiver-
sity (mostly assessed as species diversity)
leads to ecosystem stability (e.g., Ives and
Carpenter 2007). In light of global change
issues, silviculturists can learn and contrib-
ute a great deal by participating in the dia-
logue around ecosystem adaptability and re-
silience.

The following section first highlights
the variety of aspects involved in “global
change” and the need to make this generic
term “operational” before it can provide a
basis for silvicultural decisionmaking. Next,
I briefly describe several options that have
been proposed to deal with implications of
global change. The third section provides a
brief description of advancement in theories
and concepts from the ecosystem and com-
plexity sciences that may benefit silvicultur-
ists in their search for a response to global
change. The final section details the ways in
which silvicultural practices could be modi-
fied to accommodate global change, with a
special emphasis on how managing forests as
complex adaptive systems may be incorpo-
rated into silvicultural decisionmaking.

The Diversity of Global Change
“Global change” has become an ever

present buzzword (more than 123 million
hits on Google.com). As a concept, it covers
a full suite of changes in the global environ-
ment (see sidebar). The large scale of this
concept contrasts with the relatively small
tree-, stand-, and landscape scales that are
typically the basis for silvicultural decision-
making. Making the concept of global
change useful for silviculture requires a more
detailed look at how global change is ex-
pressed at silviculturally relevant scales. Any
discussion of the impact of global change on
forest management must acknowledge that
it may directly affect plants by altering their
physiological processes or resource levels. Al-

ternatively, altered disturbance regimes are
examples of the indirect impact of global
change. Furthermore, forest ecosystems do
not react to global change as an entity. Every
species will respond differently and, at least
partially, independently to changes in its en-
vironment, thus altering a given ecosystem’s
processes and functions. This section pro-
vides examples of the diversity of scales and
aspects that must be considered when devel-
oping silvicultural practices that respond to
or deal with global change. The following
discussion focuses on climate issues because
of its prevalence in the literature. Other as-
pects, such as those regarding atmospheric
chemistry or the invasion of exotic plants
and diseases, must be evaluated and assessed
in a similar context.

A major challenge facing silviculturists
is the uncertainty associated with various as-
pects of global change. For example, more
than 23 general circulation models are cur-
rently in use to predict climatic changes.
Furthermore, much is unknown regarding
how ecosystems respond to climate change
and other perturbations. Even more uncer-
tainty exists regarding forest ecosystems’ re-
sponses to silvicultural manipulations under
altered conditions (Lawler et al. 2010), espe-
cially because the rates of change may be
quite a bit faster than a forest’s response to
manipulations. Additionally, there is no sin-
gle source of information about the predic-
tion of global change and the uncertainties
associated with it. This makes it difficult for
silviculturists to operationally assess what
specific challenges and uncertainties they
should expect in the coming years.

Climate models predict that global
mean temperature will increase from 1.8 to
4°C by the end of this century (Intergovern-
mental Panel on Climate Change [IPCC]
2007). However, general circulation models
and research results show a hierarchy of im-
pacts. For example, climate change impacts
vary across, but also within, regions (IPCC
2007). The sensitivity of an area to climate
change is influenced by a variety of factors,
including its adjacency to an ocean and
ocean currents and its proximity to moun-
tainous terrain or larger wind patterns (e.g.,
Mote et al. 2003, Lindner et al. 2007). At
the same time, smaller-scale differences are
also likely to influence changes in climatic
conditions. For example, in mountainous
terrain, temperature regimes on upper slopes
and ridgelines are closely related to larger-
scale circulation patterns. In contrast, tem-
perature regimes in valley bottoms and cold

Global changes are changes in the
global environment (including altera-
tions in climate, land productivity,
oceans and other water resources, atmo-
spheric chemistry, and ecological sys-
tems) that may alter the capacity of the
Earth to sustain life (from the Global
Change Research Act of 1990).

Complex adaptive systems contain
a population of diverse agents, all of
which are connected, with behaviors and
actions that are interdependent and that
exhibit adaptation or self-organization
(based on S. Page, The Great Courses,
U Michigan).

Engineering resilience is defined as
the rate at which a system returns to a
single steady or cyclic state following a
perturbation. Ecological resilience is the
response to change in a way that sustains
fundamental functions, structure, iden-
tity, and feedback (based on Petersen et
al. 1998).

Ecosystem service resilience is the
ability of an ecosystem to provide the
desired ecosystem goods and services
(based on Folke et al. 2002, Brand and
Jax 2007).
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air drainages are predicted to be relatively
independent of changes in regional circula-
tion patterns (Daly et al. 2009), which sug-
gests that climate change impacts will vary
across watershed scales and even within
stand scales.

Not all tree species, and thus forest
types, are similarly affected by changes in
temperature and moisture regimes. Some
simulation studies suggest that global
change will provide an improvement in
growing conditions for trees (e.g., Nabuurs
et al. 2002). Climate envelope models sug-
gest that species differ in the breadth of their
temperature and moisture niches and thus
their ability to withstand changes in climate
regimes (McKenney et al. 2007), especially
in situations involving extreme weather
events (Zimmermann et al. 2009). For ex-
ample, under climate change scenarios and
dispersal assumptions, changes in the cli-
mate envelopes of tree species in the United
States ranged from a 44% increase to a 94%
decrease in expected species ranges. The re-
sponses showed distinct regional patterns.
Tree species from the Southeast appear less
sensitive to climate change than do species
from other regions in the United States
(McKenney et al. 2007). Changes in envi-
ronmental and biological conditions are
likely more obvious in areas near the edges
of a species’ distribution but will also impact
areas in the central portion of the distribu-
tion (Griesbauer and Green 2010). A gen-
eral consensus appears to be the special con-
cern regarding areas where species grow at a
moisture-limited range of conditions.

Similarly, not all stages of tree and stand
development have the same sensitivity to
changes in climate. The specific impact
through changes in moisture regimes or
wind, snow, and fire disturbance will deter-
mine the stage of stand development most
heavily affected. For example, the regenera-
tion phase (sensu Oliver and Larson 1996)
appears to be quite sensitive to changes in
climate. Small changes in temperature and
moisture regimes can lead to problems in
chilling requirements for seed germination
(Kimmins and Lavender 1992) and for the
survival of germinants (Küssner 2003). On
the other hand, during most of typical rota-
tion period, trees are less sensitive to weather
patterns and associated disturbance regimes
(Franklin et al. 1987, Spiecker et al. 1997).

Finally, none of the components of
global change act in isolation. Impacts of
other aspects of global change, such as inva-
sive species or diseases, may be magnified or

tempered by changes in climate regimes
(Walther 2003). The discussion regarding
the diversity in interactions of factors and
scales points out that there is no single, co-
herent, “global change,” and that being in-
formed about emerging issues that affect
local management concerns is a major chal-
lenge for silviculturists (Stephens et al.
2010). In conjunction with other aspects,
including changes in social, political, and
economic settings, the variety of future man-
agement challenges also suggest that there
can be no simple general recommendations
or widely applicable silvicultural response to
global change.

Silviculture Recommendations at
a Hierarchy of Scales

Foresters have a long tradition of adapt-
ing practices to changing social, ecological,
and economic conditions (Puettmann et al.
2009), and global change issues are no ex-
ception. Much of the silvicultural response
to global change factors, such as the influx of
invasive species, has been locally developed
and implemented. By contrast, a wide array
of recommendations have been proposed
that cover a hierarchy of factors, from global
scales, to forests, farmlands, and other eco-
systems, to recommendations of specific sil-
vicultural treatments.

Global assessments, such as the IPPC
Fourth Assessment Report (IPCC 2007)
cover a wide array of issues, including water,
food, and fiber resources; human health; and
impacts of climate change on industry, set-
tlement, and society. The report includes
mitigation strategies for various industries
and fields, including the forestry sector, but
most of those are focused on forest policy.
On a national scale, the US Climate Change
Science Program (CCSP) Report (CCSP
2009) provided general recommendations
for a national program addressing climate
change issues. Their recommendations cov-
ered all ecosystems in the United States and
included general aspects, such as increased
research and monitoring efforts and the in-
stigation of institutional changes. The re-
port suggests increasing the adaptive capac-
ity of ecosystems, but does not provide any
specific treatments at silvicultural relevant
scales. National reports that specifically fo-
cus on forests, such as those by the Society of
American Foresters Climate Change and
Carbon Sequestration Task Force
(Malmsheimer et al. 2008), cover larger-
scale aspects, such as preventing and reduc-

ing greenhouse gases, forest carbon offset
projects, wood and biomass substitution,
and wildlife behavior modification.

Several publications focus specifically
on silvicultural recommendations. Similar
to the aforementioned reports, climate
change, rather than global change issues, has
received most of the attention. Most silvicul-
tural recommendations are based on the as-
sumption that climate change acts as a stres-
sor. Thus, suggestions for silvicultural
approaches have focused on treatments de-
signed to increase tree vigor (e.g., Spittle-
house and Stewart 2003, Anderson 2008,
Hemery 2008). Table 1 provides a list of
proposed silvicultural practices that did just
this (adapted from Spittlehouse and Stewart
2003, Anderson 2008, and Hemery 2008).
There are emerging concerns, however, that
global change may alter environmental con-
ditions such that these practices may need to
be modified to be effective in dealing with
future changes (Bolte et al. 2009).

A consistent theme in the literature is
the recommendation for applying a diverse
set of silvicultural prescriptions (Spittle-
house and Stewart 2003, Anderson 2008,
Hemery 2008, Campbell et al. 2009) with a
goal of creating a diversity of stand condi-
tions, ranging from even-aged monocultures
at various developmental stages to multiage
species mixtures. Other common sugges-
tions include applying silvicultural treat-
ments at a variety of spatial and temporal
scales (see Figure 1a in Seymour et al. 2002
and the following discussion). These recom-
mendations are based on the insurance hy-
pothesis (sensu Yachi and Loreau 1999).
The resulting diversity of species and vege-
tation conditions essentially insures that at
least a subset of the managed forests will not
be affected extensively by global change. By
simply spreading the risk through a diversity
of silvicultural practices and subsequent
stand conditions, silviculturists hope to in-
crease the likelihood that some stands will
continue to provide desired ecosystems ser-
vices under global change conditions. How-
ever, at the same time, the likelihood that
other stands will be even more negatively
affected by global change and not be able to
provide such services increases as well. Thus,
although the approach of diversifying silvi-
cultural treatments is very attractive and
seems intuitive, any insurance comes at a
cost. Rather than focusing on diversification
per se, the following sections provide ideas
detailing how a focus on diversity can be
tailored to increase the likelihood of the con-
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tinuous provision of ecosystem goods and
services under the wide variety of perturba-
tions expected under global change.

The Management of No-Analog
Ecosystems Requires No-Analog
Silvicultural Approaches:
Managing Forests as Complex
Adaptive Systems

If future forest ecosystems do not have a
historical equivalent (i.e., are no analog,
sensu Seastead et al. 2008), it may be necessary
to look for novel (no-analog) approaches to
silviculture and forest management. Puett-
mann et al. (2009) suggest that adapting con-
cepts and theories from the complexity sci-
ences and resiliency theories may be especially
timely in the context of global change. In the
following section, I will provide a brief over-
view of complex adaptive systems and resil-
ience theory, first attempts to quantify these
concepts, and how these concepts relate to
current management approaches.

The novel approach to managing forest
ecosystems is based on the observation that
forest ecosystems appear to be prime exam-
ples of complex adaptive systems (Levin
1998; see sidebar) and that viewing forests as
complex adaptive systems can provide in-
sights that are particularly relevant in times
of global change (Puettmann et al. 2009).
The approach takes advantage of research
and experience obtained through complex-
ity science, which became popular in physics
(for a detailed history, see the study by Wal-
drop 1992), and has been applied success-
fully within other disciplines, such as eco-
nomics, transportation, climatology, and
neurology (Delic and Dum 2006). Complex
adaptive systems are more than just compli-
cated, variable, or heterogeneous. Complex
adaptive systems consist of a diversity of
agents that interact at local levels and across

a variety of hierarchical scales (Figure 1).
These interactions include nonlinear rela-
tionships and positive and negative feedback
loops, which at higher scales lead to emer-
gent properties (i.e., properties that cannot
be predicted from information about the in-
dividual components). Important features
of complex adaptive systems include the in-
herent dynamics, i.e., stable states or equi-
libriums are the exception, rather than the
rule. Another important feature is the bot-
tom-up, decentralized control: the multi-
tude of agents and interactions at low-level
local scales are the drivers of ecosystem be-
havior and are thus critical for the ecosys-
tem’s ability to self-organize (i.e., to adapt to

changing conditions). This implies that eco-
system responses to perturbations are deter-
mined by the rules governing these local in-
teractions. Consequently, perturbations and
management practices have to be viewed
within the context of whether they can in-
fluence these rules and, if so, whether they
increase or decrease the adaptability of eco-
systems.

A consequence of nonlinear interac-
tions within and across scales and emergent
properties is the inherent unpredictability of
the behavior of complex adaptive systems.
Such interactions can result in threshold
patterns where small changes result in large
events (CCSP 2009, Brock and Carpenter

Table 1. List of silvicultural practices as suggested in response to climate change or other global change factors.

Silvicultural practice Goal

Thinning or removal of stressed or “susceptible” trees or species Maintain vigorous trees by providing more resources to remaining vegetation
Remove damaged or highly susceptible trees or species Remove “infection” centers to reduce susceptibility to pests, droughts, and more
Facilitate seed migration, plant seedlings adapted to predicted future environment Ensure propagules are adapted to future climate conditions or more stressful

environments
Underplant (thinned) stands Shift genetic composition to better adapted seedlings; provide tree cover in case

of overstory mortality
Establish mixed species or multiprovenance forest Decrease risk of damage due to pest outbreaks; provide greater genetic diversity
Reduce rotation ages Increase flexibility to alter species or management options
Leave vegetative buffers Protect unique habitat features, e.g., riparian areas or wetlands
Variable-density plantings or thinnings Increase spatial variability in growing conditions and habitat
Green tree and snag retention (legacies) Provide lifeboating, structural enrichment; enhance dispersal, connectivity

Adapted from Spittlehouse and Stewart 2003, Anderson 2008, and Hemery 2008.

Figure 1. Simplified diagram depicting forests as complex adaptive systems (modified from
Wikipedia.com). Low-level interactions include nonlinear relationships and positive and
negative feedback loops, which, at higher scales, lead to emergent properties. Ecosystem
behavior, including responses to global change, is meditated by the bottom-up, decentral-
ized control, i.e., the multitude of agents and interactions at low-level local scales.

324 Journal of Forestry • September 2011



2010). Alternatively, the interactions can act
as buffers and the system may be able to
withstand substantial perturbations. The in-
terplay between the system’s ability to adapt
and its ability to withstand changes and per-
turbations provides opportunities for silvi-
cultural management. These new concepts,
especially those associated with efforts to un-
derstand and manage ecosystem resilience
(e.g., Gunderson and Holling 2002, Drever
et al. 2006), have recently gained attention
in ecological (e.g., Levin 1998) and socio-
ecological sciences (Allen et al. 2003; see also
the bibliographic database of the Resilience
Alliance 2011). They have gained less atten-
tion in forestry, however, and their implica-
tions for silvicultural decisions are not yet
fully understood (Puettmann et al. 2009).

Ecosystem resilience is a theoretical
concept that needs to be “tailored” to be op-
erationally useful for silviculturists. Since its
inception, resilience has been defined in nu-
merous ways, reflecting different disciplines
and criteria (see sidebar; Holling 1996: for
an overview of definitions see Brand and Jax
2007). Because the goals of silviculture are
defined by ownership objectives, resilience
in managed forests is best defined operation-
ally as the ability to efficiently provide de-
sired ecosystem goods and services (Folke et
al. 2002, Brand and Jax 2007). This defini-
tion not only allows management flexibility,
but also allows for the natural adaptation of
ecosystems to new conditions, as long as eco-
system services are provided. Following this
definition of resilience, Figure 2 provides a
comparison of two silvicultural approaches
and their ability to provide desired goods
and services under increasing future variabil-
ity and uncertainty. “Traditional” silvicul-
ture has focused on efficiently providing
ecosystem services (single or in combina-
tion), such as timber, clean water, or wildlife
habitat. This approach has often been very
successful when ecological, social, and eco-
nomical conditions were more or less con-
stant or predictable and ample opportunities
for intensive silvicultural manipulations ex-
isted (e.g., Wagner et al. 2006). By contrast,
managing forests as complex adaptive sys-
tems shifts the emphasis of silvicultural ma-
nipulations away from direct aspects of pro-
ductivity and toward resilience and the
facilitation of the ecosystems’ ability to
adapt, i.e., respond to a wide variety of
changes in conditions. At low variability and
uncertainty, such an approach likely leads to
lower productivity. As future variability and
uncertainty increase, as has been predicted

under global change, the increased emphasis
on adaption will become more important.
The likelihood that desired ecosystem goods
and services will be provided under the wide
variety of possible future conditions will
eventually lead to higher productivity than
“traditional” silviculture can provide. In
other words, emphasizing adaptability and
resilience implies that silviculturists accept a
tradeoff. A reduction in the current produc-
tion of ecosystem goods and services will re-
sult in a higher probability of continued pro-
duction of these goods and services under a
wide variety of future conditions. Also, the
focus on the ecosystem’s ability to adapt to
perturbations reduces its reliance on man-
agement practices that are currently used to
counteract such disturbances, e.g., fertiliza-
tion and pest-control treatments. Thus, the
confidence of silviculturists regarding
whether or not they will be able to afford and
implement such practices in the future is an-
other factor that must be considered when
comparing these management approaches.

A major challenge in shifting the focus

of management activities from an efficiency
paradigm to a focus on adaptability and re-
silience is that these concepts are not easily
quantified (Parrott 2010). Much work re-
mains to be done on this subject, but recent
advancements have begun to provide poten-
tially useful measures that go beyond the call
for increased diversity (in the broadest
sense). For brevity, I will highlight only two
approaches. The focus on diversity at spatial
and temporal scales provides an example of
recent advancements (Peterson et al. 1998,
Seymour et al. 2002). Important ecosystem
functions and processes, such as herbivory,
act on various spatial scales to allow for over-
lap of functions by avoiding intense compe-
tition through spatial separations. In turn,
disturbances or changes act at distinct scales;
thus, any change will primarily influence
functions and processes at their respective
scales (see also Seymour et al. 2002). To
judge their impact on adaptability and resil-
ience, silvicultural practices can be quanti-
fied in terms of their impact on the range of
spatial and temporal scales at which ecosys-

Figure 2. The provision of ecosystem goods and services as related to the degree of future
uncertainty and variability. The figure uses timber production in industrial plantations
versus managing forests as complex adaptive systems as examples. With increased
variability, the level of services a forest can provide is bound to decline as uncertainty and
variability increase. Managing forests as complex adaptive systems may lead to lower
productivity than industrial plantations during stable and predictable conditions. However,
as uncertainty and variability increase, focusing forest management on the adaptive
capacity of ecosystems will likely result in higher production of ecosystem goods and
services than would typical industrial plantation management strategies.
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tem processes are acting (e.g., Coates and
Burton 1997, Cissel et al. 1999). This allows
for an assessment of whether such practices
increase or decrease the adaptability and re-
silience of an ecosystem to different pertur-
bations.

The second approach to quantifying
adaptability and resilience is based on a shift
from focusing on diversity of species, life-
form groups, and stand structures to a more
mechanistic view by focusing on plant traits
as they relate to ecosystems processes (Nor-
berg and Cumming 2008). Reflecting the
operational ecosystem service–based defini-
tion (resilience “of what . . . to what,” sensu
Carpenter et al. 2001), traits are sorted by
those that contribute to ecosystem functions
(“resilience of what”) and are quantified as
functional types (upper level in Figure 3).
Alternatively, traits that relate to an ecosys-
tem’s ability to respond to changes (“resil-
ience to what”) are quantified as response
types (middle level in Figure 3; Norberg and
Cumming 2008). Linking the response
types to potential perturbations allows a
quantitative assessment of the sensitivity
of various ecosystem functions to change
agents (lower level in Figure 3). Quantifying
response-type diversities for the various eco-
system functions will also allow an assess-
ment of whether silvicultural treatments in-
crease or decrease the resilience of these
functions to associated changes, such as
changes in drought, wind, fire, or tempera-
tures. For example, the cover of forage-pro-
ducing plants may increase after thinning
(e.g., from 30 to 60%) and most of this
change (e.g., 40% of the increase) may be
caused by the expansion of species that are
drought tolerant. The conclusion of such an
analysis would be that thinning increased
the likelihood that the forest can provide
forage under more intensive drought condi-
tions. At the same time, such an analysis may
provide guidance on how best to modify sil-
vicultural practices to increase their positive
impact on ecosystem resilience. For exam-
ple, results may suggest that thinning oper-
ations are designed specifically to protect
plants with desired response types, such as
drought tolerance. Much work must be
done to make these and other approaches
that quantify adaptability and resilience op-
erational (e.g., Carpenter and Brock 2006),
but initial efforts appear promising (e.g.,
Ares et al. 2010).

Many recent (and not so recent) devel-
opments in silviculture have been focused
on heterogeneity and diversity and, as such,

have been suggested as approaches to deal-
ing with global change issues (e.g., Schütz
2009). Most of these developments were ini-
tiated in response to changes in public per-
ception of forests or concerns about environ-
mental consequences stemming from the
intensive industrial plantation approach (see
the study by Paquette and Messier 2009).
The various approaches that can be grouped
under the close-to-nature (e.g., Jakobsen
2001) and the ecosystem management labels
(e.g., Kohm and Franklin 1997), as well as
work that focuses on natural disturbance
regimes (e.g., Bergeron et al. 1999) are
prominent examples of such developments.
Compared with intensive industrial planta-
tions, all of these approaches have an in-
creased emphasis on diversity regarding
spatial scales, species mixtures, and hetero-
geneous stand structures. Their manage-
ment goals and criteria reflect the local
conditions that instigated the search for al-
ternatives to intensively managed planta-
tions and cover a wide range of goals, in-
cluding ensuring continuous forest cover
( Jakobsen 2001, Schmidt 2009); maintain-
ing a diversity of wildlife habitat, especially
at larger scales (Kohm and Franklin 1997);
and emulating landscape and stand struc-
tures as found under natural unmanaged
conditions (e.g., Bergeron et al. 1999). At
the same time, opportunities to increase het-

erogeneity in plantations have received more
attention (Paquette and Messier 2009).

Managing forests as complex adaptive
systems can provide an overarching frame-
work that may be useful to further concep-
tual development of the approaches listed
previously (Figure 4). The practice of man-
aging forests as complex adaptive systems is
based on concepts and theories from a vari-
ety of scientific fields and thus is not mired
by any local heritage. It establishes adapt-
ability and resilience as general criteria for
evaluating management practices. These cri-
teria bridge the various aspects important for
the different management approaches de-
scribed previously, such as the spatial scale
and continuities of stand structures, species
and wildlife habitat diversity, and natural
disturbance regimes. Thus, rather than re-
placing any management approach, com-
plex adaptive systems theory can help fur-
ther these approaches and make them more
useful, especially in the context of the
changes and uncertainties associated with
global change. On the other hand, the prac-
tical experience of silviculturists with indus-
trial plantations, close-to-nature, ecosystem
management, and disturbance-based ap-
proaches may help make managing forests
as complex adaptive systems “operational.”

The question of how to manage a forest
(and train silviculturists) for adaptability

Figure 3. Conceptual model to facilitate quantification of resilience by separating species’
traits into those that influence specific ecosystem functions (upper level) and those that
reflect a plant’s—and thus an ecosystem’s—ability to respond to disturbances (middle
level). Such separation allows an assessment of which functions are more or less resilient
to selected disturbances or perturbations (lower level). Lines provide an example of the
resilience of forage production to drought, wind, fire, and temperature increases (see
numeric example in text).
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and resilience provides unique challenges
for research, education, and management. A
logical start is to investigate how ecosystems
have historically adapted to changes in cli-
mate or other conditions. The panarchy cy-
cle has been suggested as a useful concept
in understanding natural adaptations (for
more information, see the study by Gunder-
son and Holling 2002 and Drever et al.
2006). It emphasizes disturbances and asso-
ciated reassembly phases in terms of their
importance for an ecosystem’s ability to
adapt to new conditions. On the other hand,
the successional development or the stand
dynamics stages (as described by, e.g., Oliver
and Larson 1996), which have received a lot
of attention in silviculture teaching and ap-
plications (e.g., Smith et al. 1997), are less
dynamic and influential in this context. If
release and reassembly phases are an integral
and necessary part of maintaining and in-
creasing the adaptive ability of ecosystems,
they deserve more attention when designing
silvicultural prescriptions than they have
typically been given in the past (Smith et al.
1997, Nyland 2002). The next section will
provide several examples of how this could
be accomplished.

How Would Silvicultural
Decisions and Practices Differ?

The previous arguments about current
recommendations and the application of
new concepts in silviculture suggest that two
aspects of implementing silvicultural prac-
tices deserve discussion in this context. First,
silvicultural practices, such as presented in
Table 1, may need to be modified to accom-
modate new, no-analog conditions (Bolte et
al. 2009). Second, to facilitate an ecosys-
tem’s ability to adapt to new conditions,
silviculturists may need to expand their de-
cision criteria when choosing and imple-
menting practices (Puettmann et al. 2009).
Both will be discussed later.

As an example of the first point—the
need to modify current practices—the rec-
ommendations for increased thinning activ-
ities in response to concerns about global
change are based on the understanding that
reducing stand density increases water and
other resources available to the residual trees
(McDowell et al. 2003, Sala et al. 2005).
This, in turn, results in increased tree vigor
and thus higher ability to resist and recover
from drought (McDowell et al. 2006) and
damage from insects, diseases, and other
agents (Wallin et al. 2004). However, den-

sity management guidelines are based on our
current understanding of the balance be-
tween competitive relationships and other
plant interactions (e.g., Drew and Flewel-
ling 1979, Pretzsch et al. 2002), which may
or may not require revision if global change
results in different moisture regime and in-
sect and disease patterns. In the same light,
the management of overstory layers in shel-
terwoods is focused on the balance between
the facilitation and competition processes
necessary to provide optimal conditions for
tree regeneration. Overstory densities may
be determined by the seedlings’ inability to
withstand extremely high (Childs and Flint
1987) or low temperatures (Langvall and
Orlander 2001) while at the same time en-
suring sufficient light, moisture, and nutri-
ents for the seedlings to grow. Depending on
the specific impact of global change, the
need for facilitation may increase, e.g.,
higher overstory densities may be necessary
to protect seedlings from climate extremes.
Alternatively, and maybe even at the same
time, climate change may result in lower wa-
ter availability, which suggests using lower
overstory densities to decrease competition
for moisture.

In a similar context, the choice of spe-
cies mixtures may also require a reassess-
ment. As resource and environmental con-
ditions change, the relative importance of
competition and facilitation among species
may change as well (Forrester et al. 2005).
For example, the role of nitrogen fixation as
a facilitative process may change if soil nitro-
gen levels increase because of higher atmo-
spheric nitrogen deposition (Binkley 1983).
Also, lower rainfall levels may increase the

intensity and importance of competition for
water and require adjustments in species
mixtures, densities, or spatial arrangements
(Stephens et al. 2010).

Reforesting with local or locally
adapted seed sources has been a long-stand-
ing practice in silviculture (Nyland 2002)
and is of special interest in many silvicultural
approaches, such as “close-to-nature” silvi-
culture ( Jakobsen 2001, Schütz 2009).
However, its attractiveness changes in light
of concerns that locally adapted seed sources
may not be suitable for future conditions
(Brange et al. 2008). For example, chilling
requirements of the seed may not be fulfilled
(Kimmins and Lavender 1992) or physio-
logical processes, such as bud breaks, may no
longer be synchronized with the timing of
growing seasons (Aitken et al. 2008). If ex-
treme weather events, rather than average
conditions, determine the success of man-
agement efforts (Smit et al. 1999, Zimmer-
mann et al. 2009), genetic guidelines for
seed movements should be reassessed. For
species with small populations, fragmented
distributions, low fecundity, and low seed
and pollen dispersal rates, facilitated migra-
tion through seed or seedling movements
may be necessary to ensure future presence
of tree species in the landscape (Aitken et al.
2008). New guidelines may suggest a diver-
sity of seed from local and adjacent seed
zones (St. Clair and Howe 2009) and may
even blend the distinction between native
and introduced species (Brange et al. 2008).

In contrast to “simple” modifications of
current practices, managing forests as com-
plex adaptive systems suggests a shift in
viewpoint, which can be integrated into the

Figure 4. Schematic depicting the interactions between established silvicultural approaches
and managing forests as complex adaptive systems. Rather than replacing any established
approach, managing forests as complex adaptive systems provides a conceptual frame-
work that will facilitate further development of the established systems. On the other hand,
the practical experience gained from the implementation of established systems will help
make the theories and concepts derived from complexity science “operational.”
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decision criteria for silvicultural prescrip-
tions (Puettmann 2009). Tying silvicultural
practices to new theories and concepts from
ecosystem and complexity sciences may be
best simplified as “emphasizing how silvicul-
tural practices can increase the ecosystems
ability to respond to likely and unexpected
changes in future conditions.” For example,
thinning prescriptions typically aim at im-
proving growing conditions for the trees
that are left behind (Smith et al. 1997, Ny-
land 2002). Other aspects of thinning, re-
lated to the ecosystem’s ability to adapt, in-
clude the potential establishment of
advanced regeneration (Kuehne and Puett-
mann 2008). Furthermore, thinning can
also increase the amount and diversity of un-
derstory vegetation, especially the establish-
ment of early successional species (Wilson
and Puettmann 2007, Ares et al. 2010). In
the aftermath of extensive overstory tree
mortality, such as found after mountain
pine beetle outbreaks (Griesbauer and
Green 2006), advanced regeneration and
vigorous understory vegetation may provide
crucial ecosystem services, such as carbon se-
questration, soil stabilization, and nutrient
cycling. Another factor related to ecosystem
adaptability is that the increased vigor of re-
sidual trees may eventually lead to higher
seed production (Greene et al. 1999), which
facilitates tree reestablishment after distur-
bances (Shatford et al. 2007). Understory
vegetation, advanced regeneration, and in-
creased tree vigor can thus be viewed as leg-
acy elements that are crucial for the reassem-
bly of an ecosystem after disturbances
(Gunderson and Holling 2002). As can be
gleaned from this brief discussion, density
management regimes aimed to prepare for-
ests for global change by increasing the
ability of ecosystems to adapt to altered
conditions may be quite different from pre-
scriptions designed to improve timber pro-
ductivity.

Variable-retention and variable-density
thinning treatments provide a second exam-
ple of changes in decision criteria when
managing forests as complex adaptive sys-
tems. Variable-density treatments are a com-
mon suggestion for increasing spatial vari-
ability in homogenous stands, often with the
goal of increasing the diversity of wildlife
habitat (e.g., Carey 2000). Linking variable-
density treatment more directly to aspects of
adaptability and resilience will influence de-
cisions about the spatial layout of silvicul-
tural treatments. In addition to aspects such
as wildlife habitat or light requirement for

tree regeneration, silviculturists managing
forests as complex adaptive systems would
also consider whether any prescriptions in-
crease or decrease the number of spatial
scales at which various ecosystem functions
and processes are acting (see discussion
above, Peterson et al. 1998) and modify the
spatial layout accordingly.

Shifting from monoculture to mixed-spe-
cies stands has long been viewed as increasing
the forest’s ability to deal with disturbances
(e.g., Gayer 1886, Kelty et al. 1992). Tradi-
tionally, the species choice is typically driven
by compatibility ingrowth patterns, e.g., a
shade-intolerant species that will overtop a
shade-tolerant species (Pretzsch 2005). Man-
aging forests as complex adaptive systems
would add other factors to these decisions,
again providing a closer link to aspects of
adaptability and resilience. One such aspect is
whether or not the “added” species increase the
response-type diversity of key ecosystem func-
tions. For example, species mixes that increase
the diversity of regeneration modes (e.g.,
sprouting, serotinous cones, and seedbanking)
are more likely to ensure the forest’s ability to
regenerate naturally after a wider range of per-
turbations, and species choices would reflect
this.

The previous discussion of silvicultural
treatments focused on tree establishment
and growth. However, it is important to
keep in mind that all plant and animal spe-
cies may be affected by global change and by
silvicultural treatments. The knowledge
base detailing such impacts is often slimmer
than our understanding of tree responses.
Thus, several authors suggest that other as-
pects, such as protection of sensitive areas or
silvicultural practices modified to accommo-
date the “lifeboating function,” may become
even more important (e.g., Franklin et al.
1997, Rosenvald and Lohmus 2008). It is
important that legacy components will not
only be selected for lifeboating and struc-
tural enhancement, however, but also with
ecosystem adaptability in mind. This should
include aspects discussed previously, such as
increasing the variety of regeneration modes,
as well as increasing the range of spatial and
temporal scales of ecosystem processes.

Act Now or Time to Wait?
What Can I Do Differently
Tomorrow?

Silviculture has a long history of suc-
cessfully adapting to changing conditions
(Puettmann et al. 2009), but the challenges

provided by global change are daunting.
Obviously, silviculturists can not afford to
wait until researchers have worked out the
solutions, such as specific operational guid-
ance for the purpose of increasing the adap-
tive capacity and resilience of forest ecosys-
tems. However, proactive silviculturists have
numerous options that can be tailored to
their specific situations. Whichever option
silviculturists choose, no single practice will
work in isolation; applying practices in the
context of adaptive forest management
within a monitoring framework may be our
best option at this time (Bolte et al. 2009).

The diversity of conditions likely re-
quires a suite of different silvicultural treat-
ments in response to global change (Camp-
bell et al. 2009). Based on their objectives, it
is useful to organize treatments into silvicul-
tural practices that aim to increase resistance
to change, practices that promote resilience
to change, and practices that facilitate the
ecosystem’s ability to adapt to changing con-
ditions (Millar et al. 2007, Stephens et al.
2010). Several silvicultural treatments, such
as fuelbreaks, thinning operations, and weed
and pest control practices can simultane-
ously increase resistance and resilience. As-
sisted migration and, more generally, man-
aging forests as complex adaptive systems
(e.g., by increasing the diversity of func-
tional and response-type traits), would be
examples of enabling forest ecosystems to
adapt to change (Campbell et al. 2009).

At one end of the spectrum, there may
be no need to do anything differently (Brang
et al. 2008). For example, in even-aged
stands with healthy, fast-growing trees close
to rotation age, slow-acting changes such as
temperature increases may not be enough to
appreciably impact the forest ecosystem be-
fore harvest—at least in terms of tree growth
and vigor. Even faster-acting disturbances,
such as newly appearing diseases, can be ac-
commodated simply by harvesting earlier
than the planned rotation age and replanting
with a species not affected by the disease. In
other settings, silviculturists may focus on
increasing the resistance of forests and be
best served by applying multiple treatments
from a suite of silvicultural practices, such as
those listed in Table 1 (with adjustments to
reflect no-analog conditions in the future as
discussed previously). However, all these
practices will increase the costs and short-
term environmental impacts of forest man-
agement. Additionally, they may have only
limited value if climate and other ecological
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and environmental conditions continue to
change.

Increasing the ability of forests to adapt
to changing conditions may be the best
long-term solution. Managing forests as
complex adaptive systems is still a theoretical
concept, and research into practical applica-
tions is just beginning. The examples de-
scribed previously highlight how a shift in
focus can be initiated within the current set
of management practices, however, by more
formally assessing silvicultural treatments in
relation to their impacts on adaptability and
resilience, i.e., by shifting the emphasis of
decisionmaking criteria for silvicultural pre-
scriptions. Many of these criteria are not yet
determined, and much work needs to be
done before this approach can become a
standard, reliable option for management.
Some of these changes in decisionmaking
criteria will likely lead to increased costs or
short-term reductions in productivity. This
may be the price we pay to increase manage-
ment flexibility and create options that en-
sure ecosystem adaptability and long-term
forest productivity in a changing and uncer-
tain world. On the other hand, managing
forests as complex adaptive systems may
provide opportunities to reduce manage-
ment inputs, and thus, costs (e.g., by accept-
ing natural regeneration of different species
in areas with high mortality of planted seed-
lings, if this leads to an increase in response
type diversity). Finding such opportunities,
as well as finding an appropriate balance be-
tween current ecosystem productivity and
future adaptability, will require much work
from researchers and practitioners. If history
is any indication, silviculturists are up to the
challenge.
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